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ABSTRACT

and the atmosphere, and therefore, modulate the rate of photosynthesis (i.e. plant

energy production) and transpiration (i.e. plant water loss). It is well known that
carbon gain and water loss through stomatal regulation is critical to plant growth
and development, which is impacted by the diurnal cycle and stress. During stress,
rapid accumulation of GABA (y-aminobutyric acid) can occur through the GABA shunt,
which bypasses two stress-inhibited reactions of the mitochondrial based TCA cycle.
This observation makes GABA well known as a stress metabolite in plants. Far beyond
this, evidence in the literature is emerging that GABA may act as a signal to impact
stomatal regulation was demonstrated in multiple dicot plants to enhance plant water
use efficiency and drought resilience. However, the interaction of GABA in regulating
the stomata of cereal monocots such as barley, which provides a large proportion of food
worldwide, has been less well explored. Considering the economic importance of barley
in Australia and preventing yield loss from more frequent environmental challenges
due to climate change, studying GABA signalling in barley stomatal regulation would
be a meaningful topic to the agriculture industry.

S tomatal guard cells are the primary gatekeepers for gas exchange between plants

Here, it was found through physiological assays GABA inhibited light-induced stomatal
opening of barley on both epidermal strips and reduced gas exchange in intact leaves. In
contrast, GABA inhibition of dark-induced stomatal closure was only seen on epidermal
peels. Like darkness-induced closure, GABA reduced the ABA sensitivity of stomatal
response in epidermal strips but did not reduce water loss from leaves during steady
state conditions. The inconsistent results between experimental systems suggests mes-
ophyll cells may contributes to GABA regulation of stomatal pore movement.

Transcriptionally, gene expression profiling was explored following manipulation of
GABA. With the external application of GABA and ABA on barley guard cell sam-
ples, the expression pattern of differentially expressed genes (DE genes) were distinct
between GABA and ABA treatment with distinct Gene Ontology (GO) and Kyoto En-
cyclopedia of Genes and Genomes (KEGG) pathways highlighted for the different
treatments. Alternatively, in the leaf samples from GABA deficient Arabidopsis mu-
tants, many stress defence signals related GO terms were commonly down-regulated
across mutants due to the absence of GABA. The results indicated that GABA could
interact with other signals transcriptionally, and suggests that it may contribute to
stress defence. Interestingly, the convergence point for the defence-signalling network —
the MAPK signalling pathway was shown as enriched regardless of GABA deficiency or
external application. The MAPK signalling pathway could be a point of interaction of



ABSTRACT

GABA with other signals including ABA.

Stomatal assays, such as those reported above, represent a significant bottleneck
in research pipelines, adding much time as a large repetitive workload for researchers.
StomataAl (SAI) was developed as a reliable and user-friendly tool that is able to
measure the stomatal pore aperture of the model plant Arabidopsis (dicot) and the crop
plant barley (monocot) via the application of deep computer vision. The reliability of
predicted measurements was examined with the designed Average-Human/Machine
Test. Throughout the test, SAI was capable of producing measurements in line with
human experts and reproducing conclusions of published datasets in a fraction of the
time taken manually. Hence, SAI boosts the number of images that biologists could
evaluate at one time to obtain more accurate measurements.

Overall, this thesis illustrated that GABA is likely to act as a signal at both phys-
iological and transcriptional level. SAI provide a reliable, efficient and high-throughput
solution for stomatal pore measurement. The above biological outcomes contribute to
further knowledge base on GABA regulation of stomata, particularly in the monocot
barley. We highlight future areas that now can be explored including GABA dose-
dependency effects and GABA-ALMT interaction.
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CHAPTER

INTRODUCTION

arley (Hordeum vulgare), an annual monocotyledon crop from the grass (Poaceae)
family, is one of the world’s most widely grown and consumed cereals. Barley
is predominantly grown in temperate climates globally and is a major source of
animal feed, but it is also used for human nutrition. In some developing country, barley
is the primary carbohydrate source. Another major use of barley is the production of

malt, which is a key ingredient in beer and whisky production (Lee et al., 2020).

Australia produces high-quality 2-row barley from southern Queensland through to
Western Australia, averaging over 10 million tonnes of annual production (FAOSTAT,
2020a). According to the Food and Agriculture Organization of United Nations, Aus-
tralia is the world 4 largest barley producer in terms of tonnage in 2018, the second-
highest net production value producer after France in 2016 and the world biggest barley
exporter in 2017 (FAOSTAT, 2018, 2019, 2020b). Barley, therefore, is a significantly
important cereal crop for both local and export markets of Australia. Besides, barley
is an important model monocot species with the barley genome sequence having been
recently completed and annotated (Mascher, 2019). As such, new tools are available for
enhancing physiological and genetic investigation of barley, and for breeding. Further-
more, knowledge gained from barley research can be transferred to research on other

crop species, such as wheat, rye, rice or oats.



CHAPTER 1. INTRODUCTION

1.1 Stress and crop production: the big battlefield in

agriculture

According to the Intergovernmental Panel on Climate Change (IPCC) special report
in 2017, the human-induced global warming has already gone 1 °C above the level
during the pre-industrial period (1850-1900) (Allen et al., 2018). If the trend follows the
current warming rate, human-induced global warming will reach 1.5 °C around 2040
(Allen et al., 2018). Temperature rises are predicted to result in a series of alterations
to natural systems, such as more frequent droughts, floods, heatwaves or other types
of extreme weather, sea-level rises and even loss of biodiversity (Allen et al., 2018;
Mittler and Blumwald, 2010; Mysiak et al., 2016). These changes cause severe threats

to agricultural regions with significant yield loss.

Differences in yield performance can be often explained by exposure to unfavourable
environmental conditions which can trigger a series of stress responses from crops rang-
ing from gene expression and cellular metabolism alteration to growth rate and crop
productivity changes (Shao et al., 2008). Abiotic stresses such as heat, drought, cold,
flooding and salinity are serious threats to agriculture and can result in yield losses
for major crops by more than 50% (Wang et al., 2003). Water shortages limit rain-fed
cereal production, which frequently reduces yield potential by about 30-50% (Mueller
et al., 2012). Crop plants also have to protect themselves from pest and pathogens
(biotic stress) including bacteria, viruses, fungi or herbivorous insects, and following
abiotic stress susceptibility to biotic stresses can increase (Atkinson and Urwin, 2012).
To prevent damage and ensure survival, plants employ a complicated cellular and
molecular defence response system, but this results in a reduced growth or yield as a
trade-off (Bechtold et al., 2010; Herms and Mattson, 1992; Smith and Stitt, 2007).

1.2 Stomata and stress response: the signal from

environment to plants

Heat, drought or water-logging (anoxia) are primary limiters of Australian crop pro-
ductivity and food production (Turral et al., 2011). Anoxia reduces cereal yield by, in
part, preventing the opening of stomata (the pores on leaves that control gas exchange
between plants and the atmosphere), which limits carbon gain and productivity (Sojka,
1992). In pea and maize, seed abortion in response to drought and heat stress is, in part,
the consequence of the carbon starvation (Guilioni et al., 2003; McLaughlin and Boyer,

2004a,b). These observations suggest that carbon supply is a critical factor linking plant

3



CHAPTER 1. INTRODUCTION

growth and productivity (Smith and Stitt, 2007). In order to have sufficient carbon
intake from the environment, the plant’s stomata, as the main pathway of carbon gain,

has become an area of extensive research activity.

Stomatal guard cells are a specific type of cell found in aerial plant tissues that regulate
the size of the stomatal pore. They play a crucial role in modulating the rate of COg
entry into leaves as the substrate of photosynthesis (plant energy production), and
the rate at which plants move water through the plant (transpiration). CO9 gain and
water loss are regulated by mediating the degree of stomatal opening in response to
environmental changes, such as atmospheric humidity, COg concentration and light
including daily rhythms with stomata closing at night in C3 and C4 crops (Hetherington
and Woodward, 2003; Kim et al., 2010; Roelfsema and Hedrich, 2005). Likewise, abiotic
stress such as heat, drought or water-logging (anoxia) also has an affect upon stomatal
aperture. Some plants survive during excessive heat by keeping stomata open to cool
down leaves via water evaporation, and close stomata to prevent water loss when
facing drought stress (Rizhsky et al., 2004). Therefore, the gas exchange and water use

efficiency are controlled by stomata.

1.3 GABA regulation: from Arabidopsis to barley

The stresses that are predicted to increases in frequency related to global warming are
all known to increase GABA (y-aminobutyric acid) content in plants (Kinnersley and
Turano, 2000; Turral et al., 2011). Recently, it has been discovered that both exoge-
nously applied and endogenously manipulated GABA can change stomatal aperture. It
has been proposed that GABA acts as a brake on stomatal pore movement stimulated by
other signals (Xu et al., 2021a). When the year of this PhD work started, unpublished
data was obtained by our lab on the impact of GABA on the stomata of Arabidopsis
thaliana, a dicotyledonous plant, with no knowledge of GABA’s impact on the cereal

monocots that produce the majority of the world’s staple foods.

Understanding if GABA has a role in the control of stomatal aperture in barley, and
especially during the critical stresses such as drought, heat or anoxia would provide
a meaningful advance. This knowledge is also highly desired to provide new insights
to the industry devising breeding and management strategies for yield improvement,
especially under sub-optimal conditions, which might lead to higher yields under a vari-
able climate. Improving water use efficiency of crops grow in water limited conditions is

known to improve yield for crops such as barley (Condon et al., 2002; Hatfield and Dold,

4



CHAPTER 1. INTRODUCTION

2019). Besides, 40% of calories are grown under irrigated agriculture worldwide (Turral
et al., 2011). Finding new ways to limit water loss and improve water use efficiency
through influencing plant gas exchange may reduce environmental impacts and costs

associated with irrigation of agricultural crops.

In this thesis, the role of GABA as a regulator of stomatal aperture control, GABA’s
relationship to the amino acid glutamate and its associated signalling roles, and, the
potential cross talk with hormonal signals is reviewed in Chapter 2 (this is an abridged
version of a published paper (Xu et al., 2021b) which is included as Publication I in
Appendix A to this thesis). The question of whether GABA regulates the aperture of
barley stomata is examined in Chapter 3. Some of the results in Chapter 3 on the
regulation of barley stomata by GABA were included in the publication (Xu et al.,
2021a,b; Appendix A). Chapter 4 is an attempt to understand the potential mechanisms
of barley stomatal control via transcriptional analysis of barley guard cell enriched
RNA-Seq data performed to examine GABA and abscisic acid (ABA) induced changes
and the potential intersection between the two signals. RNA-Seq data of Arabidopsis
GABA deficient mutants was examined in Chapter 5 to explore the transcriptional
changes that occurred in response to reduced GABA content to obtain several candidate
genes that possibly contribute to GABA related stomatal phenotypes. In Chapter 6, a

new software tool was developed to accelerate the data retrieval for stomatal assays.
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CHAPTER

LITERATURE REVIEW

he non-proteinogenic amino acid y-aminobutyric acid (GABA) has been proposed

to be an agent of cellular communication that emerged very early in evolution,

being conserved across modern animals and plants (Ben-Ari et al., 2007; Ramesh
et al., 2016; Shelp et al., 2006; Zérsky, 2015). GABA is primarily synthesized from
glutamate by glutamate decarboxylase (GAD) in the cytosol, and is degraded by GABA
transaminase (GABA-T) into succinic semialdehyde (SSA) in mitochondria, bypassing
two stress-inhibited reactions of the mitochondrial-based tricarboxylic acid (TCA) cycle
(Bouché et al., 2003; Bown and Shelp, 2016). Polyamine derived GABA synthesis can
also have a significant impact on plant function under certain scenarios (Zarei et al.,
2016). GABA synthesis in plants is stimulated by stress and its known or proposed
roles — as a metabolite in plants — were traditionally thought to be confined to processes
such as pH regulation, redox status and carbon-nitrogen balance (Batushansky et al.,
2014; Bor and Turkan, 2019; Bouché and Fromm, 2004; Shelp et al., 1999). Beyond
the above physiological role, GABA was proposed to play a signalling role in plants,
and here we explore the ways in which it may interact with other known signals to

modulate plant physiology.
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2.1 GABA shunt is a substitute for particular steps
of the TCA cycle

Cellular GABA metabolism (synthesis and catabolism) predominantly occurs via the-
GABA shunt pathway and is enacted by orthologous key enzymes in animals and plants
(Bouché et al., 2003; Bown and Shelp, 2016). The three main steps of the GABA shunt
are catalyzed by glutamate decarboxylase (GAD), GABA transaminase (GABA-T) and
succinic semialdehyde dehydrogenase (SSADH) shown in Figure 2.1.
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Figure 2.1. The illustration of the GABA shunt and its regulation
in plants. The GABA shunt is connected with darker purple arrows and
important metabolites/transporters in the GABA shunt are marked in
lighter purple. Glutamate decarboxylase (GAD) is regulated (yellow) by the
Ca2*-calmodulin (CaM) complex indicated as a star. ATP and NADH can
inhibit (yellow) the activity of SSADH. GDH, Glutamate Dehydrogenase;
GAD, Glutamate Decarboxylase; GABA-T, GABA-Transaminase; SSADH,
Succinic Semialdehyde Dehydrogenase; a-KGDH, a-Ketoglutarate Dehy-
drogenase; SCS, Succinyl-CoA Synthetase; ALMT, Aluminium-Activated
Malate Transporters. This figure was generated through Biorender.

The first step of the GABA shunt is to convert glutamate that from a-ketoglutarate to
GABA through the irreversible a-decarboxylation by GAD in the cytosol. GAD is a cy-
tosolic enzyme that is specific for L-glutamate and is pyridoxal-5’-phosphate-dependent
(Bown and Shelp, 1997). Initially, studies with petunia GAD showed the enzyme has a
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calmodulin (CaM) binding domain and later on it was found that GAD activity from
extracts in many plant species such as rice, soybean, Arabidopsis, and tobacco is mod-
ulated by Ca%*-CaM (Aurisano et al., 1995; Baum et al., 1993; Snedden et al., 1995;
Yun and Oh, 1998). Moreover, detailed molecular analysis and characterization of the
CaM-binding domain in petunia GAD provided one possible theory to explain the rapid
GABA accumulation under various stress situations, which is that the stress elicited cy-
tosolic Ca2* concentration changes stimulate GAD activity (Arazi et al., 1995; Snedden
et al., 1996) The demonstration that GAD activity is stimulated in response to anoxia
provides supporting evidence that this process involves Ca2*-CaM. GAD has an acidic
pH optimum around 5.8 and has up to 40% of its maximal activity around pH 7 (Bown
and Shelp, 1997). Therefore, apart from Ca?*-CaM, reduced cytosolic pH by anoxia
can stimulate GAD activity. Evidence showed that stress-induced GABA synthesis
due to cytosolic acidosis induced GAD activation demonstrating an increase of H*
precedes GABA accumulation (Crawford et al., 1994; Snedden et al., 1992). Moreover, in
a detailed study which investigated the role of Ca2*-CaM in cold shock induced GABA
accumulation, stress-induced GABA synthesis was inhibited by Ca?* channel blockers
or CaM antagonists, but cytosolic acidification stimulated GABA synthesis was not
inhibited (Cholewa et al., 1997). Thus, both Ca?* and H* appear sufficient for GAD
activation but may occur independently and result rapid GABA accumulation under

stress.

The second step is of the GABA shunt is the reversible conversion of GABA to succinic
semialdehyde in mitochondria, which relies on GABA transport into the mitochondria
via GABA permease (Michaeli et al., 2011). This conversion catalysed by GABA-T used
either pyruvate (GABA-TP) or a-ketoglutarate (GABA-TK) as amino acceptor. GABA-T
activity appears to prefer pyruvate rather than a-ketoglutarate in vitro (Bouché and
Fromm, 2004; Shelp et al., 1995; Van Cauwenberghe and Shelp, 1999). In mammals,
only GABA-TK seems to be present while both GABA-TP and GABA-TK can be detected
in crude plants extracts (Bouché and Fromm, 2004; Shelp et al., 1999). Arabidopsis
knockouts which are disrupted GABA-T (pop2-1), result in a 113-fold and 23-fold GABA
content increase in flowers and leaves compared to the wild-type plants (Palanivelu
et al., 2003). This result confirmed that GABA-TP is the functional enzyme in the GABA

shunt in vivo.

The last step involved in the GABA shunt pathway is catalysed by SSADH, which
irreversibly converts succinic semialdehyde (SSA) to succinate by oxidization, which
then feeds into the TCA cycle. SSADH is localised in mitochondria with an alkaline
pH optimum around 9 (Bouché and Fromm, 2004; Shelp et al., 1999). In vitro analysis
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revealed SSADH is specific to succinate and uses NAD" to produce NADH exclusively.
Succinate and NADH are the substrates of the respiratory chain in mitochondria
that produces ATP as final product, and negatively regulate SSADH activity (Bouché
and Fromm, 2004). Interestingly, the negative regulation of SSADH activity by ATP
indicates a tight feedback control on substrates produced from GABA.

2.2 GABA: from a stress metabolite to a signaling

molecule

2.2.1 GABA is a guard cell signal regulating plant water loss

Stomatal guard cells delineate the stomatal pores on plant aerial surfaces and respond
to environmental signals by regulating the stomatal pore aperture to modulate plant
water loss and carbon assimilation (Hetherington and Woodward, 2003; Kim et al., 2010;
Murata et al., 2015; Xu et al., 2021a). It has been shown numerous times that water
loss was minimised from a variety of plants when GABA was applied as a treatment
(Farooq et al., 2017; Krishnan et al., 2013; Li et al., 2016; Razik et al., 2020). GAD1I
and GADZ2 are the major GAD isoforms in roots and leaves of Arabidopsis thaliana
respectively, and their knockout leads to negligible GABA concentrations in tissues;
further, it was proposed that depletion of GABA concentration in gad1/gad?2 leaves led
to plants that were more drought prone (Mekonnen et al., 2016).

The greater stomatal conductance and drought sensitivity of gadl/gad2 mutants
was initially attributed to their more open stomatal phenotype and greater stomatal
density (Mekonnen et al., 2016). The minor developmental phenotype of gad1/gad2
is likely to be due to the smaller leaves of the line tested compared to wildtype, as
other GAD mutants do not share this feature (Xu et al., 2021a), so it is unlikely that
GABA plays a significant role in stomatal development. The greater stomatal aperture
of gadl/gad2 was proposed to be due to H -ATPases mediating a greater proton (H*)
efflux across the plasma membrane leading to greater pore opening and inhibition of
stomatal closure; this was inferred after it was observed that gadl/gad2 roots had a
greater acidification capacity of the surrounding media (Mekonnen et al., 2016). In-
terestingly, when direct microelectrode-based measurements of gad1/gad2 roots were
made, it was found that their H" efflux capacity was diminished compared to wildtype
plants, but was increased in GABA overaccumulating mutants, and that the membrane
potential was relatively depolarised in gad1/gad2 roots when exposed to 100 mM NaCl
(Su et al., 2019). It was suggested that GABA inhibited NaCl stimulated K*-efflux from
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roots and that this was correlated to a greater ability to quench reactive oxygen species
(ROS), whereas gadl/gad2 had greater K*-efflux, which was proposed to occur via
GORK (Guard cell outwardly rectifying K* channel; Su et al. 2019). GABA has previ-
ously been implicated in activating transcription of 14-3-3 proteins, which are known
activators of H"-ATPases and GORK (Alsterfjord et al., 2004; Lancien and Roberts,
2006; van Kleeff et al., 2018). Furthermore, GORK has been shown to be activated by
ROS (Demidchik et al., 2010; Wang et al., 2016), and GABA has been implicated in
ROS detoxification through an unidentified mechanism (Wu et al., 2021). In a further
study, 10 mM GABA was shown to activate K*-efflux from roots in a GORK-dependent
manner, and it was argued that GORK shared the same putative GABA sensitive motif
found in ALMTSs (Adem et al., 2020; Wu et al., 2021).

In Ramesh et al. (2015) it was proposed that negative regulation of anion efflux via
ALMT would indirectly reduce the activity of the plasma membrane H*-ATPase. ALMT
activity is a prime candidate for contributing to the short circuit (equal and opposite
charge exchange) that maintains H*-ATPase activity by preventing it stalling at ex-
tremely hyperpolarised membrane potentials. This hypothesis is compatible with the
above observations of altered membrane potential, and is a possible explanation for the
inconsistencies observed for K* and H*-fluxes between studies if the H*-ATPase and
K* channels are not direct targets of GABA. The hypothesis that GABA regulation of
ALMT constituted a physiological signal was furthered in Xu et al. (2021a) using the

stomatal guard cell as an experimental system.

Similar to gad1/gad2 mutants, gad2 mutants exhibited high stomatal conductance and
drought sensitivity; however, gad2 mutants do not share the developmental differences
of gadl/gad2 when compared to wildtype plants e.g. smaller rosettes or higher stomatal
densities (Mekonnen et al., 2016; Xu et al., 2021a). Furthermore, the high stomatal
conductance and drought sensitivity of gad2 plants was complemented by the additional
loss of ALMT9 (Xu et al., 2021a). ALMT? is a tonoplast localised anion transporter that
catalyses malate and chloride (C17) uptake across the vacuolar membrane of the guard
cell to contribute to the osmotic increase that is required for stomatal opening (De
Angeli et al., 2013; Kovermann et al., 2007). The loss of ALMT9 impairs light-induced
stomatal opening and led to a/mt9 mutants being more drought tolerant (De Angeli
et al., 2013); ablation of ALMT9 also abolished the ability of GABA to inhibit stomatal
opening, which was restored by native ALMT9 complementation (Xu et al., 2021a).
This signifies that GABA inhibits stomatal opening via acting on ALMT9 (Figure 2.2).
Attempted complementation of almt9 plants with ALMT9¥243C/Y245C (¢ontaining mu-

tations within the putative GABA interacting motif first characterised in the wheat
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(Triticum aestivum) TaALMT1 (Long et al., 2020; Ramesh et al., 2015, 2016) failed
to restore the sensitivity of stomatal opening to GABA, but instead phenocopied the
higher stomatal conductance of the gad2 mutant (Xu et al., 2021a). These data are
consistent with ALMT9 being the predominant ‘GABA receptor’ in guard cells and when
GABA synthesis is inhibited, ALMT?9 is deregulated resulting in increased opening
and pore aperture, and an increase in drought sensitivity of the plant (Figure 2.2, Xu
et al. 2021a). It is noted that a range of candidates for interaction with GABA were
nominated by Ramesh et al. (2016) based on the presence of a putative GABA binding
site within a number of plant proteins, with none of these other candidates yet being

examined in planta.

Control !

i
V' o
@]
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g

Arabidopsis thaliana Hordeum vulgare

Figure 2.2. Proposed model of GABA-improved water use efficiency
in plants. Left: A proposed model of GABA supplementation reducing
stomatal opening in dicots A. thaliana. Increases in cellular GABA have
an inhibitory effect on anion uptake through tonoplast ALMT9 into guard-
cell vacuoles, reducing stomatal opening and water loss through stomatal
pores. Right: A proposed model of GABA-enhanced water-use efficiency in
monocot H. vulgare. GABA may be associated with negative regulation of
anion uptake through unidentified anion channels, perhaps e.g. tonoplast-
localised HVALMT(s) in guard cells to reduce opening extent of stomatal
pores; however it is unknown whether GABA acts in subsidiary cells in
this regulation, as stomatal opening of barley plants is modulated by ionic
influx into guard cells and efflux from subsidiary cells Chen et al. (2017).
Figure was adapted from (Xu et al., 2021b)

There were a number of other significant observations in regard to the nature of

GABA as a signal stemming from Xu et al. (2021a). Firstly, overproduction of GABA in
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wildtype plants improved water use efficiency and led to an improvement in drought
resilience (Xu et al., 2021a). This suggests that GABA metabolism can be manipulated
to improve stress tolerance in plants over and above wildtype levels. Secondly, Xu et al.
(2021a) showed supplementation to epidermal peels of GABA or muscimol (a GABA
analogue) suppressed stomatal movement in response to multiple opening (e.g. light
and coronatine; Melotto et al., 2006; Shimazaki et al., 2007; Sussmilch et al., 2019) or
closing signals (e.g. dark, low-dose ABA and HyOg; Shimazaki et al. 2007; Sussmilch
et al. 2019). This differentiates it from many of the more well-defined guard-cell signals,
such as abscisic acid (ABA), hydrogen peroxide (Hy02) and calcium (Ca?*) (Kim et al.,
2010; Murata et al., 2015), as GABA itself does not stimulate stomatal movement when
its treatment falls within the physiological range (i.e. under non-stressed and stressed
conditions e.g. 1 umol g1 fresh weight (FW) and 2 pmol g1 FW, equivalent to 1 — 2
mM respectively) (Deng et al., 2020; Ramesh et al., 2015, 2018; Xu et al., 2021a). When
GABA was fed to leaves through the petiole to corroborate the findings in epidermal
peels it was found that GABA only impacted stomatal opening, not closure (Xu et al.,
2021a), indicating the loss of the mesophyll in epidermal peels impairs the ability to
reproduce the standard physiological response of intact plants (Lawson et al., 2008,
2014; Lee and Bowling, 1992). This finding also suggests that GABA does not regulate
stomatal closure, nor activate GORK under the conditions tested. The physiological
conditions where GABA impacts closure in planta are yet to be determined. However, it
was found that GABA was unable to inhibit, in epidermal peels, closure of knockout
mutants of ALMT12 (otherwise known as QUAC1 — quickly activated anion channel 1;
(Xu et al., 2021a)) and so this is likely to represent a mechanism by which GABA could

inhibit guard cell closure.

The high stomatal conductance, low water-use-efficiency (WUE) and drought sen-
sitivity of the gad2 mutant could be complemented to wildtype levels by guard cell
specific expression of GAD2A (a constantly active form of GAD2 with truncation of a
Ca?*/Calmodulin (Ca?*/CaM) binding domain), but not by mesophyll-cell complementa-
tion of GAD2A (Akama and Takaiwa, 2007; Turano and Fang, 1998; Xu et al., 2021a; Zik
et al., 1998). This suggests, on first examination, that the generation of GABA within
the guard cell cytosol is sufficient to constitute a signal, and that mesophyll GABA
accumulation does not overtly contribute to stomatal regulation. However, full-length
GAD2 complementation driven by a constitutive 35S promoter recovered the higher
stomatal conductance of gad2 to wildtype levels under normal conditions, whereas gain
of GAD2 in guard cells only complemented gad2 under water-deficit stress (Xu et al.,
2021a). This indicates the importance of post-translational control in shaping GABA
signals, and that different cell types are likely to contribute to the nature of the signal
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under different conditions.

GABA synthesis is stimulated by acidification of the cytosolic pH and Ca?*/CaM-
dependent activation of GAD (Carroll et al., 1994; Crawford et al., 1994; Turano and
Fang, 1998; Zik et al., 1998). GABA breakdown is catalysed by GABA-T in mitochondria
(Clark et al., 2009). Both synthesis and degradation elements (GADs and GABA-T
respectively) have distinct expression patterns in plants (Clark et al., 2009; Renault
et al., 2010; Scholz et al., 2015). It is possible, therefore, that GABA metabolomic
levels may be differentially controlled in different cell types. Intracellular pH and
Ca?* signals, the key regulators of GAD-catalysed GABA synthesis (Zik et al., 1998)
are known to be spatially and temporally regulated in response to the environment
(Behera et al., 2018; Li et al., 2021). It can therefore be expected that cellular GABA
signals are dynamically shaped in plant tissue, and this will need to be investigated
with the application of technologies such as intensity-based GABA sensing fluorescence
reporters (e.g. iIGABASnFR) in planta (Fromm, 2020; Marvin et al., 2019).

GABA’s impact on stomatal pore movement occurs across a range of crop plants and
relatives, including Vicia faba, Glycine max and Nicotiana benthamiana (Xu et al.,
2021a). In this thesis the effect of GABA on the stomata of the monocot grass barley will
be examined. Initial results for the effect of GABA on barley stomata from epidermal
strips were included in (Xu et al., 2021a) and are detailed in Chapter 3 — so further

discussion of this is not included here.

2.2.2 Communication between glutamate and GABA signals in

plants

GABA and glutamate are intimately linked through the synthesis of GABA via GAD.
Not only is glutamate the substrate for GABA synthesis but also glutamate may stim-
ulate Ca?* entry into cells to activate GAD. Both glutamate and GABA have been

implicated in playing a role in plant responses to wounding.

Plants generate long-distance electrical signalling in response to wounding, such as
systemic surface potential changes and action potentials (APs; Farmer et al., 2020;
Hedrich et al., 2016). Glutamate-dependent Ca?* channels (i.e. GLR3.3 and 3.6) mediate
wound-induced transient long-distance Ca?* signal transduction and surface electrical
changes via plasmodesmata that later stimulate distal jasmonate biosynthesis and

systemic ROS propagation; this has been recently reviewed (Johns et al., 2021).
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Wounding caused by the robotic caterpillar MecWorm on Arabidopsis (on leaf 8, the
typical leaf for testing signal transduction to younger leaves) is also known to provoke
systemic GABA accumulation in distal leaves (i.e. leaf 5, 11 and 13) (Farmer et al.,
2013; Scholz et al., 2015, 2017). It is unclear whether such systemic GABA accumu-
lation is linked to glutamate-dependent Ca2* activation of GAD(s), but the role of
tonoplast-localised Two Pore calcium Channel protein 1 (TPC1) in increasing cytosolic
Ca?* was ruled out (Scholz et al., 2017; Toyota et al., 2018). Cellular GABA metabolic
status has been observed to affect stress (i.e. NaCl and hypoxia) triggered H* flux,
membrane potential changes and ROS signalling, where greater GABA accumulation
is associated with faster restoration from stress-depolarised membrane potential and
less ROS production (Su et al., 2019; Wu et al., 2021). Therefore, the question arises
of whether GABA can facilitate the recovery of local cell membrane potential and/or
mitigation of ROS damage if both are primed by glutamate-activated (GLR-mediated)
Ca?" influx during wound responses (Fichman et al., 2021; Lew et al., 2020).

Similar to surface potential changes, wound-stimulated APs involves long-distance
transmission (Felle and Zimmermann, 2007; Hedrich et al., 2016; Zimmermann et al.,
2009). APs can be propagated in barley by the application of many substances, such as
NaCl, KCl, CaCly, glutamate and GABA (Felle and Zimmermann, 2007). Amongst these,
glutamate and GABA were proposed to act on putative “receptors” to prime Ca?* influx,
Ca®*-dependent Cl~ efflux and initiate APs together with transient apoplastic pH regu-
lation (Felle and Zimmermann, 2007). Later, Hedrich et al. (2016) proposed that AP are
excited by membrane depolarisation via anion efflux through R-type anion channels
(e.g. ALMT12/QUAC1), followed by depolarisation-activated K* release through GORK
and/or Shaker-like Outwardly-Rectifying K* channel (SKOR) to re-hyperpolarise mem-
brane potential. Indeed, the Arabidopsis GORK knock-out mutant (gork) had impaired
APs in magnitude and duration when generated by electrical stimulation (Cuin et al.,
2018)), and GABA-stimulated K* efflux was abolished in the root epidermis of gork1
mutants (Adem et al., 2020).

Although it has been noted that both glutamate and GABA may facilitate long-distance
electrical signal transmission through plants, such as APs (Felle and Zimmermann,
2007), it is unclear whether they interact to shape such signals. On one hand, intracel-
lular Ca?* signal modulated by glutamate-dependent GLR may shape GAD activity
and GABA signals (Shao et al., 2020; Toyota et al., 2018; Xu et al., 2021a; Zik et al.,
1998); on the other hand, GABA may be associated with apoplastic pH balance and
cellular H* flux via ALMTSs and/or H"-ATPases that work together with glutamate to

regulate the activity of GLR-mediated Ca?* influx, membrane potential changes and
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ROS propagations (Kamran et al., 2020; Ramesh et al., 2018; Shao et al., 2020; Wu
et al., 2021).

2.2.3 Cross talk between GABA and plant hormones

Emerging evidence suggests that GABA as a signalling molecule interacts with other
signals to coordinate particular physiological processes. In terms of guard cell signalling,
ABA closes stomata via activation of Open Stomata 1/Snfl-Related protein Kinase 2.6
(OST1/SnRK2.6)- and/or CPK(s)-dependent phosphorylation on SLAC1/SLAH3 and
ALMT12 to release anions (Brandt et al., 2012, 2015; Geiger et al., 2011; Gutermuth
et al., 2018; Imes et al., 2013; Mori et al., 2006). ABA also phosphorylates tonoplast-
localised ALMT4 to activate anion release from guard cell vacuoles to facilitate stomatal
closure (Eisenach et al., 2017). GABA can attenuate ABA-induced stomatal closure at
low doses (2.5 uM), presumably acting via the inhibition of ALMT12, since the loss of
ALMT12 function in the almt12 mutant reduced stomatal sensitivity to both signals
(Imes et al., 2013; Meyer et al., 2010; Xu et al., 2021a). However, it is unknown whether
GABA attenuates ABA’s effect also via reducing ALMT4-mediated anion release from
vacuoles in this process. This could play out in a physiological scenario when cellular
GABA increases to reduce the sensitivity of the guard cell to low ABA concentrations.
However, GABA has no impact on the effect of high concentrations of ABA (25 M) on
stomatal closure implicating that reduced anion efflux via ALMT12 by GABA may not
reverse guard-cell membrane depolarisation and anion efflux through SLAC1/SLAH3
in such circumstances (Brandt et al., 2012, 2015; Geiger et al., 2011; Kollist et al., 2014;
Xu et al., 2021a). Collectively, this suggests that GABA homeostasis may fine adjust
tissue sensitivity to cellular signals when the stimulus is of low intensity, but not antag-
onise the plant response when these signals are of sufficient magnitude. Intriguingly,
a high dose of ABA (25 uM) does not fully close stomata on epidermal peels of gad2
mutants (Xu et al., 2021a). The open stomata phenotype here was proposed to be due to
de-regulation of ALMT9 in gad2 mutants as discussed in section above; as such ALMT9
appears not to be a target of ABA. This suggests that some GABA-mediated processes
may be not overwritten by amplifying other signals, and therefore provides an opportu-

nity to engineer GABA responses in plants for altered outcomes to environmental stress.

Wound or herbivory attack on leaves stimulates systemic jamsonate (JA) and GABA
biosynthesis in plants, as discussed above. JA accumulation promotes biosynthesis
of secondary metabolites (e.g. glucosinolates) and proteinase inhibitors to repel her-
bivory attack, such as the Arabidopsis herbivore —Arion lusitanicus and rice root-

feeding insects —Diabrotica balteata and Lissorhoptrus oryzophilus (Falk et al., 2014;
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Lu et al., 2015; Wang et al., 2019). GABA production reduces insect growth and survival
(e.g Spodoptera littoralis larvae), probably due it its effects on invertebrate (insect)
ionotropic GABA receptors at neuromuscular junctions (Bown et al., 2006; Scholz et al.,
2015, 2017; Tarkowski et al., 2020). GABA depletion (in gad1/gad2) or overaccumula-
tion (in pop2-5) does not alter JA biosynthesis stimulated by S. littoralis and MecWorm
feeding (Scholz et al., 2015, 2017), this implicates that endogenous GABA metabolism
does not regulate of JA synthesis. But mutation in JAsmonate Resistant 1 (JAR1), in
Jarl, did cause greater GABA accumulation when attacked by S. littoralis (Scholz et al.,
2015), and JAR1 encodes a jasmonate-amido synthetase that catalyses the formation of
JA-Ile that structurally is an amino acid (Ile) conjugated JA and directly facilitates the
JA-signalling core target interaction (i.e. SCFCON-JAZ1; (Katsir et al., 2008; Staswick
et al., 2002)). The loss of COI1 —the key JA-Ile receptor (in coil) and lowering JA-Ile
stimulation (in ¢ml37) both resulted in greater susceptibility to S. littoralis (Scholz
et al., 2014). Taken together, JA signalling may affect the levels of wound-stimulated
GABA production in plants or render the plant more susceptible to insect attack, dam-

age and consequently stimulate more production of GABA.

Exogenous application of 10 mM GABA stimulates ethylene biosynthesis in sunflower
(Helianthus annuus L.) and the Caryophyllaceae Stellaria longipes via up-regulation
of ethylene signalling genes — 1-aminocyclopropane-1-carboxylic acid (ACC) synthase
(ACS) and ACC oxidase (ACO) (Booker and DeLong, 2015; Kathiresan et al., 1997,
1998). Salt stress increased ethylene biosynthesis at 24 h and GABA production at 48 h
in Caragana intermedia roots (Shi et al., 2010). Interestingly, 10 mM GABA supple-
ment suppressed this early 24-h ethylene accumulation, whilst promoting ethylene
production and further enhancing endogenous GABA accumulation 48 h post treatment
(Shi et al., 2010). Similarly, GABA treatment has also been found to affect ethylene
production in poplar (Populus tomentosa Carr) with a low dose of GABA (0.25 mM)
enhancing ethylene synthesis, again through up regulation of ACS and ACOs (Ji et al.,
2018). Together, this suggests that the GABA metabolism appears to affect ethylene
synthesis response to salt stress in plants, and different plant species may vary in

sensitivity to endogenous GABA in order to stimulate ethylene synthesis.

In plants, ethylene is a key hormone that controls (climacteric) fruit ripening and
malate impacts fruit flavour (Alexander and Grierson, 2002; Hu et al., 2019; Liu et al.,
2015; Wege, 2020). The down-regulation of ethylene biosynthesis via silencing ACS
an ACO genes is associated with low ethylene production in apple (Malus domestica)
fruits (Dandekar et al., 2004; Defilippi et al., 2004). The malate content in apple fruit

is expected to be significantly reduced at 2 weeks post-harvest; however, it remains
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unchanged in low-ethylene transgenic apple fruits that can be reversed by exogenous
ethylene application (Dandekar et al., 2004; Defilippi et al., 2004). Exogenous GABA
treatment (10 mM) increases GABA and malate contents, but lowers ethylene synthesis
in apple fruit during storage up to 70 days (Han et al., 2018). Malate storage in apple
and tomato (Solanum lycopersicum) fruit is respectively linked with MdALMT9/MdMa1
and SIALMT9 (Li et al., 2019; Ye et al., 2017). MAALMT9/MdMal, an ortholog of
ALMTY9 from Arabidopsis, encodes a tonoplast-localised channel catalysing malate
uptake into the vacuoles and facilitating malate accumulation in apple fruit (Li et al.,
2019)). Moreover, MAALMT9/MdMal contains identical amino-acid residues (FIYPI-
WAGEDLH) of the GABA regulation motif within Arabidopsis ALMT9, in which the
mutation of two aromatic residues (F243 and Y245) abolished its GABA sensitivity
in planta (Li et al., 2019; Ramesh et al., 2016; Xu et al., 2021a), implicating that
MdJALMT9 might have GABA sensitivity as well. Intriguingly, both ethylene and GABA
have been demonstrated to negatively regulate malate efflux through TaALMT1 at
wheat root apices (Ramesh et al., 2015; Tian et al., 2014). Accordingly, the equilibrium
between ethylene and GABA signalling may regulate fruit taste via the modulation of
tonoplast-localised ALMT-mediated malate storage within fruit during ripening and
postharvest storage. This provides a mechanistic link between GABA and ethylene that
goes beyond the proposed correlation of GABA and ethylene production with malate
metabolism (Defilippi et al., 2004; Han et al., 2018).

In summary, GABA can fulfil a signalling role in plants that ultimately may reg-
ulate key growth, development and stress tolerance processes. As GABA synthesis
increases during stress, to sustain energy production via the TCA cycle (Bown and
Shelp, 2016; Gilliham and Tyerman, 2016), GABA has the potential to modulate other
signals; cross talk of GABA therefore has the potential to fine tune plant physiology
rather than initiating a physiological response per se. This appears to the case with
the interaction with known signals such as ethylene and ABA, and in the regulation
of guard cell movement. Of the knowledge reviewed, several questions are remaining

unanswered:

1. Considering the morphological differences in stomata between dicots and mono-
cots, does GABA regulate stomatal pore movement along with gas exchange in
barley?

2. GABA likely interacts with other hormones, what is the possible mechanism of
this interaction?

3. What physiological roles does GABA fulfil to have an impact on stomatal regula-

tion?
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CHAPTER

(GABA RESPONSES OF BARLEY STOMATA

tomata are the primary gatekeepers for plant gas exchange, a process that
involves the transfer of COg9 into the plant and water vapour out. Stomatal
pore movement (opening or closure) occurs in response to internal signals (e.g.
plant hormones, abscisic acid (ABA)) and environmental stimuli (e.g. day/night cycles,
temperature, drought and pathogens). GABA has been shown to inhibit stomatal pore
movement in the dicot model plant — Arabidopsis thaliana, however, monocot grass
crops, such as barley, have a distinct stomatal morphology from those in dicot plants.
Therefore, GABA may have a differential effect on barley stomatal pore movement.
Thus, investigating whether GABA regulates barley stomatal movement would provide

insights into whether GABA may have an impact on crop performance.
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3.1 Results

3.1.1 Light/dark transition: the everyday signal controlling

stomatal movement
3.1.1.1 Stomatal assay on epidermal peels

To determine whether GABA may have a role as a physiological signal regulating
stomatal pore movements in barley, a stomatal assay was performed with a light/dark
transition as described in methods section 3.3.2. To give enough statistical power, over
170 stomata in each group were sampled, and the stomatal width (aperture) were
measured. Under constant dark or light, exogenous GABA (1 mM) application did
not elicit changes to stomatal width (Figure 3.1). In contrast, during a light to dark
transition, exogenous GABA treated stomata showed a higher mean value in stomatal

width compared to control (p < 0.001, Figure 3.1(a)). Following a dark-to-light transition,

(a) Light-to-dark transition (b) Dark-to-light transition
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Figure 3.1. GABA inhibits stomatal pore movement during a light-
to-dark (a) and dark-to-light (b) transition. (a) Epidermal strips were
incubated under light for 2 hours followed by constant light or a light-
to-dark transition for an additional 1 hour as illustrated by white (light)
and black (dark) bars. (b) Epidermal strips were incubated under dark
for 1.5 hours followed by constant dark or a dark-to-light transition for an
additional 1 hour as illustrated by white (light) and black (dark) bar. The
pre-treatment was applied 30 minutes before transition with or without
1 mM GABA as indicated by the red vertical line. Each stomatal image
is representative of the average stomatal pore width of each group with
scale bar represent 10 pym. Box plots represents second quartile, median
and third quartile. A two-way ANOVA were performed with HSD test (N >
220 for light-to-dark and N > 170 for dark-to-light per sample group, ****
p <0.0001).
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the stomatal width was narrower for the GABA treated stomata than control (p < 0.001,
Figure 3.1(b)).

3.1.1.2 Leaf gas exchange

Stomatal aperture assays may not always represent the gas exchange responses of
intact leaves to the environment, which is thought to occur due to the loss of the
mesophyll layers as seen in Arabidopsis (e.g. Xu et al. 2021). The direct measurement
of transpiration rate, stomatal conductance and net COg assimilation from detached
intact leaves is expected to better reflect plant response to treatment by putative sig-
nalling molecules than occurs via epidermal strips. For instance, aperture assays from
Arabidopsis epidermal strips showed that GABA can antagonise both stomatal opening
and closure, whereas in intact leaf feeding assays, it appears that GABA predominantly
suppressed stomatal opening instead of closure (Xu et al., 2021). Therefore, the stomatal

aperture assay was further validated in intact leaves.

Considering that the amount of GABA intake through the transpiration stream will not
be directly equivalent to the GABA used for the stomata assay where guard cells are in
directly contact with the buffer, and the concentration cannot easily be controlled, the
pilot study explored a series of GABA concentrations (2, 4, 8 mM) through intact leaf
feeding. All concentrations tested did not change the rate of water loss over 2.5 hours of
recording in the constant light (for details see Appendix Section B.2). So in further ex-
periments the highest concentration, 8 mM, was used in gas exchange experiments, as
it did not itself close stomata and it was would maximize the most chance of inhibiting

stomatal pore movement.

Overall results of time-resolved gas exchange recording

Our light-to-dark transition recordings included 3 phases: the pre-treatment phase (45
minutes), to allow leaves to reach a steady state, which involved feeding an artificial
xylem sap prior to treatment; followed by the GABA-feeding phase (60 minutes), allow-
ing GABA uptake from the sap solution into leaves and the dark phase (45 minutes),
to initiate stomatal closure to examine whether GABA had a statistically significant
effect on inhibiting the stomatal closing process, as occurred for the aperture assays
(Figure 3.2). No difference in the pre-treatment and GABA-feeding phase were observed
between the control and 8 mM GABA treated groups in all three measurements as
evidenced by the Welch two sample t-test. Stomatal conductance and transpiration rate
was significantly lower with dark induced closure with GABA fed samples compared
to non-GABA fed samples at later points the in dark phase (during the 127%"—149%"
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(starts 22 minutes in dark, 82 minutes in GABA treatment) and the 130*"—149%" minute
(starts 25 minutes in dark, 85 minutes in GABA treatment); Figure 3.2(b) and 3.2(c)).
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Figure 3.2. Time-resolved net CO; assimilation (a), stomatal con-
ductance (b) and transpiration rate (c) during a light-to-dark
transition. The whole 2.5 hours of the recording contains a pre-treatment
phase (45 minutes), GABA-feeding phase (60 minutes, 8 mM GABA, indi-
cated by an arrow) and a dark phase (45 minutes, indicated with shade).
The net CO4 assimilation (a), stomatal conductance (b) and transpiration
rate (c) were recorded every minute, and statistical analysis was deter-
mined by two-sided Welch two sample t-test. Data represent the mean +
SE with N = 4 per treatment group, * p < 0.05.

The dark-to-light recording was similar to the procedure described above, with an
additional light phase and each phase being 30 minutes in duration. The extra light
phase allowed stomata to re-open in response to light stimuli with or without GABA.
The same measurement was recorded as above with three biological replicates (Figure
3.3). During the pre-treatment, GABA-feeding and dark phases, no significant differ-
ence was found in all measurements between control and GABA fed samples with a
similar starting point right before entering the light phase. Stomatal conductance was
significantly reduced upon light induced reopening in the presence of GABA compared
to the non-GABA treated plants during the 102?*—119" minute (starts 12 minutes in
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light, minutes 72 in GABA treatment) while the significant reduce present during the
112t"-115*" minute (starts 22 minutes in light, 82 minutes in GABA treatment) in
transpiration (Figure 3.3(b) and 3.3(c)).
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Figure 3.3. Time-resolved net COy assimilation (a), stomatal con-
ductance (b) and transpiration rate (c) during a dark-to-light
transition. The whole 2 hours of the recording contains a pre-treatment
phase, GABA-feeding phase (8 mM GABA, indicated by an arrow) and a
dark phase (indicated with shade) and a light phase (white region, 1000
pmol m~2s71) with 30 minutes duration in each phase. The net COs as-
similation (a), stomatal conductance (b) and transpiration rate (c) were
recorded every minute, and statistical analysis was determined by two-
sided Welch two sample t-test. N = 3 in each condition and presented with
mean + SE, * p < 0.05.

Response speed upon GABA feeding

Beyond the impact of GABA in changing the extent of stomatal conductance and tran-
spiration rate in response to dark/light, another approach is to impact the speed of
dark or light response. A rapid response of transpiration rate and stomatal conduc-
tance in both control and GABA groups was observed within 10 minutes after entering
the dark phase in light-to-dark (Figure 3.2) and 5 minutes after entering the light
phase in dark-to-light transition (Figure 3.3). These periods could be fitted with a

linear equation in both experiments, of which the slope was used to calculate the rate of
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each process, and to determine the speed at which the stomata were impacted by GABA.

With different biological replicates, the slope in transpiration and stomatal conductance
were calculated, and analysis of co-variance (ANCOVA) was applied to determine the
slope difference (dark/light response speed with or without GABA) and visualised in
Figure 3.4 (detailed results shown in Table B.1, http://www.biostathandbook.com/
ancova.html). No slope difference was driven by GABA in both transpiration rate
and stomatal conductance for the light-to-dark experiment, whereas the GABA effects
appeared in the dark-to-light experiments (stars shown in Figure 3.4). In other words,
the dark-to-light response for both transpiration rate and stomatal conductance is

slower with GABA presence.
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Figure 3.4. Transpiration rate and stomatal conductance fitted
with a linear regression following light-to-dark or dark-to-light
transition between control and GABA fed leaves from individual
samples. The most linear time period of transpiration rate (mmol HoO
m~2s71) and stomatal conductance (mol HoO m2s71) was picked to per-
form the linear regression and the slope was calculated (shown on the
figure) with R2. Sloop difference was determined by ANCOVA (details see
Table B.1). The gray ribbon represents the 95 % confidence interval of the
regression line. N=4 in light-to-dark and N=3 in dark-to-light experiment,
*p <0.05.

Water use efficiency

Open stomata are required for CO9 intake and are the gate for water vapour exit. There
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is a trade-off between carbon gain and water loss. To understand whether GABA has an
impact on the balance between CO9 uptake and transpiration, leaf water use efficiency
(WUE;) and intrinsic water use efficiency iWUE) were calculated with the individual
samples in the dark-to-light transition experiment according to the equation 3.1 and
3.2 described in methods section 3.3.4. A two-sided Welch t-test was performed at a
range that showed significant difference between control and GABA treatments in
transpiration rate (3.3(c)) and stomatal conductance (Figure 3.3(b)). The significant
increase of WUE; and iWUE with average increase value at 3.79% and 12.61% were
found (Figure 3.5).
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Figure 3.5. Leaf water use efficiency (WUE)) (a) and intrinsic water
use efficiency (iWUE) (b) during a dark-to-light transition. WUE;
(pmol COg/mmol Hy0) and iWUE (imol CO2/mol H2O) were calculated as
the ratio of photosynthetic rate (Figure 3.3(a)) divided by transpiration
rate (Figure 3.3(c)) for WUE; or stomatal conductance (Figure 3.3(b)) for
iWUE within a range that showed significant difference between control
and GABA treatments. A two-sided Welch two sample t-test performed
on WUE; (a) between the 112" minute to the 115" minutes, N = 12; and
iWUE (b) between the 102" minute to the 119*” minutes, N = 54. Box plot
presented significant water use efficiency difference between GABA fed
sample and control (* p < 0.05, **** p < 0.0001).

3.1.2 GABA-ABA interaction: when water related stress signals
meet GABA

3.1.2.1 Stomatal response with GABA and ABA treatment

GABA suppressed dark-induced stomatal closure. In addition to dark, ABA is a stomatal
closing signal. Here, it was investigated whether GABA also antagonised ABA-induced
stomatal closure. In Arabidopsis, GABA only antagonized ABA-induced movement
when ABA was supplied at low-doses (2.5 1M) rather than at high doses (25 1M) (Xu
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et al., 2021). Therefore, we examined the effect of a series of ABA doses on barley
stomatal closure and whether there was any change in efficacy in the presence of
GABA. For barley, GABA showed both an enhancing effect on ABA induced closure,
depending with presence of GABA. As shown in Figure 3.6, the dose-response curve
illustrated the ABA half-maximal effective concentration (ECsg) at 5.533+0.53 1M with
no GABA present. With the presence of 1 mM GABA, the ECs5( shifted to 17.95+0.68
1M, which indicated ABA sensitivity was reduced. 2 mM GABA presented similar ABA
sensitivity as with no GABA presence at 5.58+0.41 nM. Interestingly, stomatal width
itself reduced by approximately 25% of the average control stomatal width with the
higher concentration of GABA (2 mM) itself while 1 mM GABA did not elicit stomatal

movement. Detailed individual experiment are in Appendix Figure B.2
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Figure 3.6. ABA dose-response curve with GABA present. Data
points represent the mean of relative stomatal width normalised to control
along the ABA concentration increase (n > 150 in each group). The half-
maximal effective concentration of ABA without GABA, with 1 mM GABA
and with 2 mM GABA are 5.533+0.53, 17.95+0.68 and 5.58+0.41 p1M
respectively. Data points represent mean + SE. Detailed information
about curve fitting is in Appendix table B.2

3.1.2.2 Water loss measurement with GABA and/or ABA supplements

Leaf feeding assays were performed to further validate the GABA and ABA interaction
on stomatal regulation, as determined by aperture assays. A series of leaf feeding assays
in different ABA concentrations (100 nM, 25 nM and 10 nM) with the presence and

absence of 1 mM GABA were conducted — as this was the concentration that inhibited
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ABA induced movement. In general, no difference was found between control and
GABA treatment in water loss as shown in example Figure 3.7. ABA always effectively
closed stomata regardless the presence or absence of GABA, suggesting that this system
worked properly. We calculated the sampling time point where ABA+GABA significantly
reduced water loss rate of detached leaves, as summarised in Table 3.1. The significant
ABA response time point was increased as ABA concentration was reduced and no time
point delay was observed with the inclusion of 1 mM GABA, except for 1 mM GABA
with 25 nM ABA. The demonstration of time-recorded examples is shown in Figure 3.7,

more details of individual experiment is in Appendix section B.4.
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Figure 3.7. Water loss assay in response to 10 nM ABA with 1 mM
GABA. All leaf samples were weighed sequentially every 10 minutes for an
hours to monitor water loss stability, then transferred to its corresponding
treatment (indicated by an arrow) and continue weighting for 1.5 hours.
Water loss was calculated every 10 minutes and tested with one-way
ANOVA. Data represent mean + SE (shown in gray ribbon), N = 5 in each
group, * p < 0.05, ** p < 0.01 compared to control.

Table 3.1. Summary of significant treatment response time point

of ABA and GABA+ABA
Significant treatment respond time point
ABA concentration (minutes after treatment)
(nM) ABA GABA+ABA
100 30 30
25 30 40
10 50 50
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3.2 Discussion

3.2.1 Low-dose of GABA suppresses stomatal movement in

response to a signal

In section 3.1.1.1 and 3.1.2.1, 1 mM GABA, was shown for the first time to have an
antagonistic affect on barley epidermal strips for both light-induced stomatal opening,
and dark or low-dose ABA-induced stomatal closure. GABA itself at this concentration
did not elicit a change in stomatal width. Similar results has been previously reported
in dicot model species Arabidopsis thaliana (Figure 3.8; Xu et al., 2021). 2 mM GABA
supplement does not change stomatal status and suppressed light-induced opening
and dark-induced closure in Arabidopsis (Figure 3.8(a) and 3.8(b)), whereas 1 mM
GABA in barley was enough to present its suppressive effect. Consistent with the
GABA and ABA interaction observed in Arabidopsis aperture assays (Figure 3.8(c)
and 3.8(d)), GABA antagnoises the effect of low doses of ABA, but not high-doses in
barley (Appendix Figure B.2), suggesting that ABA can override GABA’s inhibitory ef-

fects on stomatal movement when it is of a certain sufficient magnitude (Xu et al., 2021).

It seems that barley and Arabidopsis have differential sensitivity to GABA. Two mil-
limolar GABA in Arabidopsis inhibited the stomatal pore movement triggered by light,
darkness and ABA, but such concentration was sufficient to initiate stomatal closure
of barley stomata under steady light (Figure 3.8, Appendix B.3). Therefore GABA
may increase barley WUE via reducing stomatal opening, this could be additionally
improved by further increasing GABA biosynthesis to promote stomatal closure as it
is seen that 2 mM GABA stimulates stomatal closure in Figure 3.6; while 1 mM can
reduced stomatal opening (Figure 3.1). Intriguingly, GABA supplement through barley
leaf petiole up to 8 mM did not stimulate stomatal closure under light, again suggesting
that stomata on epidermal layer may respond differently from intact leaves. However,
under a dark transition 1 mM GABA did have lower transpirational water loss in the
dark (Figure 3.2(c)). Generally, the GABA concentration in Arabidopsis thaliana could
up to 1 pmol g~! fresh weight, while in barley, the GABA concentration is 0.02 jimol
g ! fresh weight (summarised table in Ramesh et al. (2016)), it is still unknown what

the endogenous GABA concentrations are in barley under stress.

By closely monitoring the opening and closure process through the gas exchange, the
increase of transpiration and stomatal conductance during a dark-to-light transition
were reduced in GABA fed leaves compared to the leaves just fed by artificial xylem sap

solution. The result is consistent with what observed with our barley stomatal assay
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Figure 3.8. Exogenous GABA antagonises stomatal movement trig-
gered by light, darkness or ABA in Arabidopsis. (a,b) Stomatal
aperture of wild-type Arabidopsis thaliana leaves in response to light
or dark. Epidermal strips were pre-incubated in stomatal measurement
buffer for 1 h under light (a) or dark (b), followed by 2 h incubation under
constant light (a), dark (b), light-to-dark transition (a) or dark-to-light
transition (b) as indicated above graphs by black (dark) or white (light)
bars, together with the application of 2 mM GABA. Data are plotted with
box and whiskers plots: whiskers plot represents minimum and maximum
values, and box plot represents second quartile, median and third quartile.
Statistical difference was determined by two-sided Student’s t-test (N >
120/group; ****p < 0.0001). (c,d) Exogenous GABA application reduce
stomatal closure in response to 2.5 ptM ABA (c), but not 25 pM ABA (d).
Epidermal strips were pre-incubated in stomatal pore measurement buffer
for 1 h under light, followed by 2 h treatment under light with or without
combination of ABA + 2 mM GABA. Statistical difference as determined
by One-Way ANOVA (N > 170/group; a, b and c represent groups without
significant difference; p < 0.05).The figure is adapted from Xu et al. (2021).
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Figure 3.9. Stomatal conductance and transpiration rate in Ara-
bidopsis with presence and absent of GABA. GABA-feeding reduces
stomatal conductance and transpiration rate. Detached leaves from 5-6
week-old A. thaliana wild-type plants was used for data recording through
a LiCOR LI-6400XT in response to dark (shaded region) and 200 pmol
m~2s71 light (white region), fed with artificial xylem sap solutions + 4 mM
GABA supplements. The figure is adapted from Xu et al. (2021).

that the extent of stomata opening was dampened (Figure 3.1(b)) and similar with the
stomatal response from Arabidopsis (Figure 3.9). Here, the GABA antagonistic effects
during a dark-to-light transition reflected not only on the reduced level of transpiration
and stomatal conductance when reaching the steady phase at the re-opening light
phase (Figure 3.3(c) and 3.3(b)), but also the response speed of light-induced opening
derived from the fitted slope in the right side of Figure 3.4. Thus, it is confirmed that the
GABA suppressive effect slows down light-induced opening and reduces transpiration

and stomatal conductance in barley.

Unexpectedly, with 1 hour GABA feeding under constant light, GABA further reduces
the stomatal conductance and water transpiration in the light-to-dark gas exchange
experiment than the non-GABA fed samples after ~25 minutes of entering the dark
phase (Figure 3.2(b) and 3.2(c)). With GABA feeding time halved, no such difference
between GABA and non-GABA fed samples with 30 minutes of dark (duration between
30" and 90 in Figure 3.3(b) and 3.3(c)) was found. Hence, a longer GABA feeding time
allows more GABA intake through the transpiration stream, and resulting a higher
GABA accumulation in leaf samples. Such observations of the stomatal assay and gas
exchange could lead to the assumption that a high-dose or large accumulation of GABA

within tissues may trigger stomatal movement in barley.

In guard cells Potassium (K*) and chloride (C17) ions are the dominant ions present.

It has been found that K* and Cl~ are shuttled between guard cells and subsidiary
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cells in maize during the stomatal movement: K™ and C1~ moved from subsidiary cells
to guard cells in light-induced stomata opening, then they returned from guard cells
to subsidiary cells upon darkening (Raschke and Fellows, 1971). Later, Schifer et al.
(2018) determined that guard cells contain less K™ and CI™ in a closed stomata, while
subsidiary cells exhibit higher K* and Cl~ in barley. Such dynamic relationship of K*
and Cl~ content between guard cells and subsidiary cells shown in maize is expected in

barley.

Recently, Adem et al. (2020) determined the K* channel — guard cell outwardly rec-
tifying K* channel (GORK) activated by 10 mM of GABA in Arabidopsis root. As
known from above, changing content of K* contributes to stomatal opening and closure
(Raschke and Fellows, 1971; Schéfer et al., 2018). Loss function of GORK strongly
altered darkness and ABA induced stomatal closure but no such impact upon light
induced stomatal opening in Arabidopsis (Hosy et al., 2003), suggesting GORK is partic-
ipating the process of stomatal closure. Besides, in silico analysis suggests that GORK
shares a similar putative GABA-sensitive motif found in aluminum-activated malate
transporter (ALMT), thereby it was speculated that GORK might be regulated by GABA
too (Adem et al., 2020). Hence, the activation of GORK by GABA could possibly explain
the observation of stomatal closure by GABA application from the stomatal assay and

light-to-dark gas exchange experiment.

Regardless, GABA appears to antagonize stomatal movement when receiving both
an opening or closing signal in both monocot and dicots, when using excised epidermal
strips and in gas exchange. In the future study, a full profile of barley (and Arabidop-
sis) stomatal sensitivity to GABA requires a dose-dependency assay. Investigation of
whether GORK is regulated by GABA is also necessary.

3.2.2 Candidate aluminum-activated malate transporters
(ALMTSs) participate stomatal movement and regulated by
GABA

In Arabidopsis, GABA’s inhibitory effect on stomatal opening and closure acts via
negative regulation of tonoplast-localized ALMT9 and plasma-membrane localized
ALMT12 (Xu et al., 2021), respectively, as they respectively control stomatal opening
and closing process (De Angeli et al., 2013; Meyer et al., 2010). Similar to Arabidopsis,
the barley genome has ALMT members with homology to ALMT9 and 12, such as
HvALMT1, SL19623 and SL1251 (Figure 3.10(a)). All three barley ALMT homologs

contain the 12 amino-acid residue putative GABA interaction motif when aligned with
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TaALMT1 and GABA4 receptors, implicating that they might sense intracellular GABA
signals (Figure 3.10(b)). Although SL19623’s GABA motif does not contain aromatic
amino acid phenylalanine (F) as Ramesh et al. (2015) suggested that F is important
for GABA sensitivity, it doesn’t fully rule out the possibility of GABA regulation on
SL19623 until examine its GABA sensitivity. The only well-characterised barley ALMT
— HvALMT1, is localised at the plasma membrane and is expressed in roots and guard
cells Gruber et al. (2010). While its anion transport capacity was inhibited by GABA
(Ramesh et al., 2015), its over-expression resulted in greater closure with no opening
phenotype (Gruber et al., 2010), and RNAi knockdown resulted in diminished closure
in the dark and greater water loss (Xu et al., 2015) — opposite to that observed for
almt9 (Xu et al., 2021). Here, the results elucidated the barley gas exchange response to
GABA parallels the phenotype of Arabidopsis, it is entirely possible that GABA’s effects
are actioned through inhibition of barley tonoplast ALMTSs that have a role in opening
pores. Whilst a simple bioinformatic search can reveal the barley ALMTSs, without
functional characterisation it would not be possible to identify the correct target or

indeed those present on the tonoplast (David et al., 2019).

Certainly, future research is required to determine the role of these barley ALMT
candidates in GABA sensing and their modulation of stomatal regulation (Gruber et al.,
2010; Ramesh et al., 2015). The barley stomatal complex is formed by dumbbell-shaped
guard cells flanked by subsidiary cells and its movement is coordinated by both guard
cells and subsidiary cells (Chen et al., 2017); it is possible then that GABA signals may
regulate ionic flux across both barley guard cell and subsidiary cell membranes (Figure
2.2; Chen et al., 2017; Merilo et al., 2014), and this would need to be tested. So far, no
ALMT has been reported to be expressed in subsidiary cells and it is still unknown
whether GABA metabolism in subsidiary cells also contributes to stomatal movement

and sensitivity, this is worthy further research.

To conclude, GABA modifies stomatal behaviour across many levels, not only signal-
wise i.e. light/dark, ABA or other signal listed in Xu et al. (2021) but also species-wise,
as mentioned above. The fine control of GABA regulation is reflected in the level of stom-
atal movement and signal response time, and it is concentration dependent. Further
investigation to reveal the actual mechanism of GABA regulation in barley could start
from characterizing the potential ALMT and GORK candidates. In addition, GABA
antagonized barley stomatal closure in response to closing signals (i.e. darkness and
ABA), but this could not be phenocopied in leaf feeding assays using both LiCOR and
water loss measurement, again suggesting that the GABA inhibitory stomatal closure

requires further research to uncover how the loss of mesophyll cells from epidermal
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strips alter stomatal response or sensitivity.
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Figure 3.10.Evolutionary relationship of ALMTs between A.
thaliana, wheat (Triticum aestivum) and barley (Hordeum vul-
gare) and its GABA-binding motif. (a) The phylogenetic tree was gener-
ated from protein sequence of ALMT1 in wheat (Ta), HvALMT1, SL1251,
SL19623 in barley (Hv) and ALMT9, ALMT12 in Arabidopsis (At) using
Geneious Prime with Jukes-Cantor model and neighbor-joining building
method. Protein sequence is available in Appendix section B.5. (b) Residu-
als corresponding to logo in proteins form GABA4, TaALMT1, HVALMT1,
SL1251, SL.19623 in barley and ALMT9, ALMT12 in Arabidopsis. The
sub-figure is adjusted from Ramesh et al. (2015) with MEME analysis and
visualised through ggseqlogo (Wagih, 2017).
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3.3 Material and Methods

3.3.1 Plant material

Barley seeds (cv. Barke) were germinated on filter paper for 5-6 days and then planted
in a hydroponic system in half-strength Hoagland’s solution (Conn et al. 2013; Hoagland
and Arnon 1950; Appendix Table B.3). Seedlings were grown for three weeks under
a 16 hours photoperiod at 23 °C and a 100 ymol m~2 s~! photosynthetic photon flux
density (PPFD).

3.3.2 Stomatal assay
3.3.2.1 Light/Dark transition in the presence of GABA

Two- to three-week-old leaf samples were first detached, and about 3 centimeters of the
central part of the leaf was dissected away. The leaf section was quartered as illustrated
in Figure 3.11 and each section bathed in 2 ml modified measurement buffer (50 mM
KCl, 10 mM MES with pH 6.1 by KOH) individually under light (100 pmol m~2 s™1)
or darkness for 1.5 hours. Pre-treated leaf sections were pre-incubated in the same
buffer with or without GABA for 30 minutes, then put into continuous light/dark or
light-to-dark/dark-to-light transition for an additional 1 hour as indicated in Figure
3.1.

Figure 3.11. Demonstration of leaf sample preparation for the
stomata assay. Selected leaf section in middle part was cut into 4 pieces
for further sample preparation. The scale bar represent 1 cm of leaf sample.

After the incubation, all the leaf sections were peeled as described in Shen et al. (2015),
stuck on a glass cover slip set into the bottom of petri dish and imaged using an inverted
microscope (Nikon DS-Fi3 digital camera attached to a Nikon Diaphot 200 Inverted
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phase Contrast Microscope). For each leaf section, five random areas were focused upon
and captured to obtain images of stomata in excess on 100 in one sample group for
performing statistical analyses. Stomatal area and width were measured through Fiji

Imaged (https://imagej .net/Fiji).

3.3.2.2 ABA treatment in the presence of GABA

A fully expanded second leaf was first detached, quartered and bathed in modified
measuring buffer as described in Figure 3.11. All leaf sections were incubated in a
individual petri dish for 2 hours under light (100 pmol m~2 s™1). The test leaf section
was peeled after 2 hours under light incubation and stomatal opening status was ex-
amined under the microscope to ensure stomata were fully opened. After the stomatal
opening status was determined, 2 ml modified measuring buffer (Control), ABA, GABA
and GABA+ABA were applied to the corresponding leaf section with random matching
(blind treatment) with additional 1 hour light incubation. When the incubation finished

all leaf sections were peeled, imaged and measured as described as above.

A series of ABA concentration (10, 15, 25, 50 pM) were applied were applied together
with 0 mM, 1 mM or 2 mM GABA as combinations. To compare across different concen-
tration combinations, all treatment groups were normalized to its own non-treatment

control.

3.3.3 Leaf feeding assay

A fully expanded barley 2"¢ leaf was detached about 16 cm from the tip, and placed into
a container filled with water. A second cut was made under water to avoid under water to
avoid vasculature embolism. The leaf sample was immediately transferred to a cuvette
filled with 1 ml artificial xylem solution containing 1 mM KHsPO,4, 1ImM KoHPOy,, 1
mM CaCly-2H20, 0.1 mM MgSO,4-7H0, 1 mM KNOj3 and 0.1mM MnSO4-H20, pH 6.1
(KOH); and sealed with parafilm to minimize non-transpirational water loss. A total
of 20 leaf samples were prepared and incubated under 100 pmol m~2 s~! light for 1
hour. Samples were randomly assigned to the control, ABA, GABA and GABA+ABA
group in equal number. The mass of each sample was acquired on a five decimal balance
every 10 minutes for 1 hour; then the samples were transferred to a new cuvette that
contained a corresponding treatment. Weighing continued for an additional 1.5 hours.
ABA concentrations (10, 15, 100 nM) with or without 1 mM GABA were applied in
combination. Grams of water lost per square centimeter of leaf area per ten minutes
(g/cm? - 10 min) was calculated. Leaf area was obtained by scanning leaf samples and

image size was calculated through Fiji Imaged.
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3.3.4 Gas exchange measurement

Two-to-three-week-old barley plants were used for gas exchange experiments grown
in the same growth conditions described in section 3.3.1. The leaf sample preparation
occurred at the 3 leaf stage, based on a method in Ceciliato et al. (2019) with minor
adaptions. Briefly, a fully expanded isolated 2¢ leaf of the barley seedling was obtained
by cutting the stem 0.5-1 cm from the its base, and first leaf along with the sheath was
carefully removed. The leaf sample was placed into a container filled with water and a
second cut was made on the stem underwater about 3.5 cm away from the second leaf
blade to avoid xylem embolism. Immediately the leaf sample was transferred into a 2 ml
microcentrifuge tube filled with artificial xylem sap solution as outlined in section 3.3.3.
Four leaf samples were prepared as described above in one microcentrifuge tube and
sealed with parafilm. The second leaf blades were taped together using micropore tape
(8M) leaving an area in the middle of the leaf blades free to fit into the gas exchange
chamber cuvette (Figure 3.12).

o

TS

Micropore tape

Eppendorf tube
2nd Jeaf blade x 4 PR
S e e osed parafilm

Figure 3.12. Demonstration of leaf preparation for the gas ex-
change measurements.

The net CO9 assimilation (A,), transpiration rate (T') and stomatal conductance (g;)
was measured using a LI-6400XT portable photosynthesis system (LI-COR Bioscience)
attached to a 6400-02B LED light source (LI-COR Bioscience). The experiment was
set with light at 1000 pmol m™2 s~1; flow rate of 500 mmol s~! (for light-to-dark) or
300 mmol s~! (for dark-to-light); 400 ppm CO3 and ~50% relative humidity at 22 °C.
Transient intrinsic water use efficiency (WUE) and transient leaf water use efficiency
(WUE)) were calculated by the following equation defined by Leakey et al. (2019):

An

WUE, = (3.1)

iIWUE =

T
An
— (3.2)
gs
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(GUARD CELL COMPLEX SPECIFIC TRANSCRIPTIONAL
RESPONSE OF BARLEY TO GABA

NA-Seq is a widely used transcriptomics technology for high-throughput se-
quencing that reveals the presence and quantity of RNA in a biological sample.
The higher coverage and greater resolution of RNA-Seq over technology such
as microarray-based methods has increased its popularity and implementation since its
first use in 2008 (Nagalakshmi et al., 2008; Wilhelm et al., 2008). A wide range of barley
breeding, disease and stress defence, studies have benefited from the RNA-Seq tech-
niques (Derakhshani et al., 2020; Huang et al., 2016; Tanaka et al., 2019; Tombuloglu
et al., 2013). Particularly, Schifer et al. (2018) used stomatal complex (barley guard
cell and subsidiary cell; GCSC) enriched RNA-Seq to investigate the transcriptional

machinery that was responsible for bringing about barley stomatal closure.

From the last chapter, it was determined that GABA can modulate the stomatal pore
movement and gas exchange of barley in response to light, darkness or ABA signals.
However, whether there is a transcriptomic response to GABA that might impact the
mechanism of GABA response is unclear. GABA is predominantly synthesised from
glutamate through GABA shunt, which bypasses two steps of mitochondrial-based
tricarboxylic acid (TCA) cycle (Bouché et al., 2003; Bown and Shelp, 2016). GABA sig-
nalling regulation was previously proposed through direct regulation of a plant-specific
anion transporter — aluminum-activated malate transporters (ALMT's; Ramesh et al.
2015). The 12 amino acid motif found on plants ALMTs are similar to the important
motif of GABA binding site in rat GABA4 receptors (Ramesh et al., 2015, 2016). Xu
et al. (2021) illustrated the negative regulation of Arabidopsis ALMT9 and ALMT12
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that controls the process of stomatal opening and closing (De Angeli et al., 2013; Meyer
et al., 2010). The negative regulation of ALMT9 and 12 result in inhibition of stomatal

movement, hence, links GABA signaling with stomatal regulation.

The ABA signalling response in contrast, as an important part of signalling networks
in stomatal regulation, is much more well studied. ABA is known to be synthesised
in vascular tissues, mesophyll cells and guard cells (Askari-Khorsgani et al., 2018;
Bauer et al., 2013; Boursiac et al., 2013). The endogenous ABA level is correlated with
9-cis-epoxycarotenoid dioxygenase (NCED) expression, which produces xanthoxin, the
precursor of ABA (Schwartz et al., 2003). Xanthoxin then converted to ABA through
ABAZ2 and abscisic aldehyde oxidase (AAO3; Chen et al. 2020).

The well-defined core of ABA signalling consists of 3 main components: 2C protein
phosphatase (PP2C), pyrabactin resistance/pyrabactin resistance-like/regulatory compo-
nents of the ABAreceptor (PYR/PYL/RCAR) and subclass III sucrose non-fermenting-1
(SNF1)-related protein kinase 2 (SnRK2; Cotelle and Leonhardt 2019). When ABA is
absent, SnRK2s are not activated to meditate a signal because of the dephosphoryla-
tion and physical interaction with PP2C. When ABA concentrations increase, SnRK2s
will be activated and phosphorylated when PP2C inhibition occurs through the for-
mation with ABA and PYR/PYL/RCAR (Fujii et al., 2009; Ruschhaupt et al., 2019;
Soon et al., 2012; Umezawa et al., 2009; Vlad et al., 2009). Once the SnRK2s are
activated, it triggers signal transduction in downstream ABA-dependent targets such
as slow anion channel-associated 1 (SLAC1) and quickly activating anion channel 1
(QUACY1) for stomatal closing (Eisenach et al., 2017; Hsu et al., 2021; Imes et al., 2013),
and transcriptional factors that are required for activation of stress responsive genes
transcriptionally (F'ujii et al., 2009; Ruschhaupt et al., 2019; Sirichandra et al., 2010;
Takahashi et al., 2017).

To understand what transcriptional changes GABA may invoke and the potential
GABA-ABA interactions that occur on a transcriptional level, barley guard cell and
subsidiary cell (GCSC) enriched RNA-Seq data was captured in control conditions, or
following GABA or ABA treatment. Differentially expressed genes (DE genes) induced
by GABA or ABA compared to control conditions was explored to identify potential
target genes that might be involved in the interaction between GABA and ABA in the

stomatal complex.
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4.1 Results

4.1.1 Data quality and post alignment processing

Sequencing read quality was assessed before and after adaptor trimming. Overall
average per base sequence quality score of assessed sequencing reads was greater than
30 across all bases after trimming. which indicated the good quality of sequencing
reads. Due to the variety deference between Barke and the reference genome (Morex),
each sample obtained ~70% of reads that uniquely aligned to genome with at least 23
million reads in total. Full report of sequencing reads and mapping quality is on GitHub
(https://github.com/CharlotteSai/BarleyGCRNASeq). Gene counts were filtered by
the filtering function filterByExpr() in edgeR to remove lowly expressed genes (i.e. cpm >
0.34 in at least 3 samples), and 24,106 genes passed the filtration. A multidimensional
scaling plot was generated to examine sample clustering after filtering (Figure 4.1).
Control and treatments were clearly separated on the biological coefficient of variation
(BCV) distance 2, and treatments were spread along BCV distance 1. This indicated

that the sample separation was strongly determined by treatment.

Control
ABA
® GABA
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Figure 4.1. Multidimensional scaling plot of distances between
gene expression profiles. The separation distance is based on the typical
log2 fold changes between the samples. Samples are colour coded by
genotype.
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4.1.2 Differential gene expression

In order to identify ABA or GABA induced transcriptional differences, filtered counts
were fitted using a negative binomial generalized log-linear model after estimating
dispersions. The differential gene expression was tested through a quasi-likelihood
(QL) F-test. Among those genes that detected expression, 2042 genes following the ABA
treatment had significant changes in expression compared to control, where 2743 genes
were identified as differentially expressed genes (DE genes) in the GABA treated group
passing the threshold adjusted p-value threshold < 0.05 and logFC = 1 (Figure 4.2).

ABA vs. Control GABA vs. Control

°
966 !

Q1

Iy

N

-log10 adjust p-value

Stable
® Down

10 -10 5 0 5 10

1
1
1
1

log?2 fold change

Figure 4.2. Volcano plot of ABA and GABA induced differentially
expressed genes (DE genes). The horizontal line represents the p-value
-10g10(0.05) and vertical lines indicate a log2 fold change of -1 and 1, the
parameters chosen to define those genes considered as DE. Data points
coloured in red and blue are DE genes that were counted as up or down
regulated compared to control.

Gene expression profiling of ABA and GABA induced DE genes are shown in figure
4.3, and the full DE gene list is available on github repository (https://GitHub.com/
CharlotteSai/BarleyGCRNASeq). Comparing between ABA and GABA, the treatment
induced DE genes are mostly distinct which suggests that both ABA and GABA initiate
changes in gene expression but, on the whole, activate and repress different sets of
genes. Besides, 539 of DE genes were shared in their differential expression compared
to control under the two treatments: 428 DE genes were regulated in same direction
(i.e. both treatment activate and repress the same gene), whereas 111 DE genes were
differentially regulated compared to control but in the opposite direction (ABA induces

expression of a gene and GABA suppresses its expression and vice versa). The result
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indicated that ABA and GABA could have some interactions through regulating the

same gene.

log2 FC

I10

5

|

ABA GABA
vs. Vs.
Control Control

Figure 4.3. Gene expression profiling of ABA and GABA induced
differentially expressed genes. Log2 fold change of differentially ex-
pressed genes at least in one treatment group are visualised in a heatmap.
Hierarchical clustering was performed with the heatmap by the default
clustering method "complete" in the R package pheatmap. Up and down
regulation of DE genes were colour coded with red and blue as showed in
scale bar.
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4.1.3 Gene Ontology (GO) enrichment

The GO enrichment analysis was based on Fisher’s exact test to determine whether
experimentally-derived genes (DE genes in this case) in a predefined GO term are
present more than it could be expected (i.e. over-represented; Agresti, 2003). In our
data, DE genes are split into up and down regulated in each group to test GO term over-
representation (Figure 4.4). ABA and GABA induced DE genes were mostly enriched in
distinct GO terms with three shared terms: hydrolase activity, hydrolyzing O-glycosyl
compounds (GO:0004553), kinase activity (GO:0016301) and phosphotransferase activ-
ity, alcohol group as acceptor (GO:0016773). In addition, two of the shared GO terms

were enriched in DE genes that were oppositely regulated compared to control.

Significant GO terms were mostly enriched in down regulated DE genes that were in-
duced by ABA and up regulated DE genes induced by GABA. Apart from the mentioned

G0:0005694 || -log10 p-value
GO:0046982 | 40

GO:0004722 |
GO:0016758 | 30
GO:0016831
GO:0009853 20
GO:0005634 |
GO:0016984
GO:0006468 10
GO:0016301
GO:0016773 0
GO:0004553 =
GO:0097237 i 10
GO:0042744
GO:0006464
GO:0036211 Ontology
GO:0016709 BP
GO00745 cc
GO:0004674 MF
GO:0016310
ABA GABA
Vs. vs.
Control Control

Figure 4.4. DE genes enriched Gene ontologies. Significantly en-
riched Gene Ontology categories separated by up regulation (red) and
down regulation (blue) are displayed with -logl10 p-value. Darker colours
depict more significant enrichment. GO classifications are annotated in
the category of biological process (BP), cellular component (CC) and molec-
ular function (MF) along the side of heatmap.
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shared GO terms, ABA induced down regulated DE genes were related to oxidoreduc-
tase activity, phosphorylation,iron ion binding, protein modification, hydrogen peroxide
metabolic and cellular response to toxic substance enriched, and protein phosphatase
activity was enriched for up regulated DE genes (Table 4.1). In contrast, GABA induced
DE genes were related to carboxy-lyase (decarboxylase) activity, protein heterodimer-
ization activity, organelle and photorespiration. In summary, GABA regulated a distinct

set of GCSC transcriptional effects in terms of gene function compared to ABA.

Table 4.1. Summary of DE gene enriched Gene Ontologies

DE gene ratio™*

GO term Description Ontology™ ABA GABA
GO0:0006464 Cellular protein modification process BP 118/5862
GO0:0006468 Protein phosphorylation BP 103/3499
GO0:0009853 Photorespiration BP 8/34
G0:0016310 Phosphorylation BP 116/4943
GO0:0036211 Protein modification process BP 118/5862
G0:0042743 Hydrogen peroxide metabolic process BP 15/298
GO0:0042744 Hydrogen peroxide catabolic process BP 15/287
GO0:0097237 Cellular response to toxic substance BP 19/410
G0:0005634 Nucleus CC 254/6903
G0:0005694 Chromosome CC 84/792
G0:0004553 Hydrolase activity, hydrolyzing o-glycosyl compounds MF 30/943 36/943
G0:0004674 Protein serine/threonine kinase activity MF 50/1655
GO0:0004722 Protein serine/threonine phosphatase activity MF 13/121
G0:0005506 Iron ion binding MF 30/931
G0:0016301 Kinase activity MF 105/4261 173/4261

Oxidoreductase activity, acting on paired donors, with
GO0:0016709 incorporation or reduction of molecular oxygen, NAD(P)H MF 13/238

as one donor, and incorporation of one atom of oxygen
GO0:0016758 Transferase activity, transferring hexosyl groups MF 63/1054
GO0:0016773 Phosphotransferase activity, alcohol group as acceptor MF 99/3669  150/3669
GO0:0016831 Carboxy-lyase activity MF 24/268
GO0:0016984 Ribulose-bisphosphate carboxylase activity MF 8/39
GO0:0046982 Protein heterodimerization activity MF 77/402

Note: * GO classifications are in the category of biological process (BP), cellular component (CC) and
molecular function (MF). ** DE gene ratio is presented by number of DE genes present in a GO term
divided by the total number of genes present within the GO term. The colour indicates whether the DE
gene enriched GO term is up-regulated (red) or down-regulated (blue).

4.1.4 KEGG pathway enrichment

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis uses the
same grounding theory as GO enrichment analysis to determine the over-representation
(i.e. the enrichment) in a predefined KEGG pathway. Since the KEGG annotations
for barley are not yet available, the best hit of BLASTP alignment of barley pro-
tein sequence against with the Arabidopsis thaliana protein sequences (TAIR10,
https://www.arabidopsis.org) were used to assign the Arabidopsis homologous

genes to barley for further enrichment analysis (Camacho et al., 2009; Schifer et al.,
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2018). The Arabidopsis homologous genes that matched with ABA and GABA induced
DE genes were used in this enrichment test to examine the pathways that had signifi-

cant changes.

The pattern of KEGG pathways that were enriched by ABA and GABA induced DE
were mostly distinct with some sharing (Figure 4.5). Phenylpropanoid biosynthesis
(ath00940) and starch and sucrose metabolism (ath00500) had similar levels of enrich-
ment in both comparisons. MAPK signaling pathway (ath04016) and glycine, serine
and threonine metabolism (ath00260) had higher levels of enrichment in ABA to con-
trol expression whereas zeatin biosynthesis (ath00908) and glycolysis/gluconeogenesis
(ath00010) had higher levels of enrichment in GABA compared to control.

ABA induced DE genes had 17 uniquely enriched KEGG pathways that involved in lipid
metabolism, carbohydrates metabolism, amino acid metabolism, energy metabolism,

biosynthesis of other secondary metabolites, metabolism of terpenoids and polyketides,

ath00561
ath00052
ath00280
ath04016
ath00260
ath00500
ath00073
ath00330
ath00270
ath00360
ath00130
ath00620
ath00640
ath02010
ath00920
ath00950 1
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ath00440
ath00564
ath00906 0
ath00940
ath00010
ath00908
ath00592
ath00965
ath03050
ath04626
ath00590
ath00600
ath00710

-log10 p-value

.

W

ABA GABA
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Figure 4.5. DE genes enriched KEGG pathway. Significant enrich-
ment pattern displayed with -logl0 p-value. Darker colour indicated more
significant enrichment KEGG pathways.
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membrane transport and metabolism ofcofactors and vitamins (Table 4.2). On the con-
trary, GABA induced DE genes have 7 uniquely enriched KEGG pathways that related
to lipid metabolism, energy metabolism, biosynthesis of other secondary metabolites

environmental adaptation and folding, sorting and degradation.

Table 4.2. Summary of ABA and GABA treatment enriched KEGG

pathway.
Pathway DE gene ratio*
Class KEGG pathway accession ABA GABA
Signal transduction MAPK signaling pathway — plant ath04016 20/139 18/139
Glycerolipid metabolism ath00561 14/66
Cutin, suberine and wax biosynthesis ath00073  8/37
Lipid Glycerophospholipid metabolism ath00564 12/98
metabolism Alpha-Linolenic acid metabolism ath00592 11/43
Arachidonic acid metabolism ath00590 5/20
Sphingolipid metabolism ath00600 6/29
Starch and sucrose metabolism ath00500 20/171 23/171
Glycolysis/Gluconeogenesis ath00010 15/119 21/119
ng::;i(llf:;es Galactose metabolism ath00052 12/57
Pyruvate metabolism ath00620 13/97
Propanoate metabolism ath00640  6/43
Glycine, serine and threonine metabolism ath00260 11/70  12/70
Valine, leucine and isoleucine degradation ath00280 11/52
Amino acid Arginine and proline metabolism ath00330 10/54
metabolism Cysteine and methionine metabolism ath00270 16/120
Phenylalanine metabolism ath00360  7/33
Alanine, aspartate and glutamate metabolism ath00250  7/51
Metabol}sm Of Phosphonate and phosphinate metabolism ath00440 2/5
other amino acid
Energy Sulfur metabolism ath00920 6/42
metabolism Carbon fixation in photosynthetic organisms ath00710 11/69
Phenylpropanoid biosynthesis ath00940 25/176 29/176
Biosynthesis of other Zeatin biosynthesis ath00908 5/32 10/32
secondary metabolites Isoquinoline alkaloid biosynthesis ath00950  4/22
Betalain biosynthesis ath00965 2/2
terpenl(:ggza;)r?}ilspr(r)ll;lf(e tides Carotenoid biosynthesis ath00906  5/29
Membrane transport ABC transporters ath02010 5/32
Metabohsnll of . U.blqulnom.e and other terpenoid-quinone ath00130  7/39
cofactors and vitamins biosynthesis
Environmental adaptation Plant-pathogen interaction ath04626 27/204
Folding, sorting Proteasome ath03050 11/61

and degradation

Note: * DE gene ratio is presented by number of DE genes present in a KEGG pathway divided by the
total number of genes present within the KEGG pathway.

4.2 Discussion

In this chapter, the GCSC enriched RNA-Seq data was explored as an approach to
examine potential GABA-ABA interactions. From the initial projection of RNA-Seq
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data on MDS, we know that the ABA and GABA treated transcriptome profiling was
distinct (Figure 4.1). This also reflected in the expression pattern of DE genes as most
obtained were treatment specific (Figure 4.3). Compared to the barley GCSC data
previously published from Schéfer et al. (2018), the majority of detected DE genes from
our data are present in this published GCSC dataset, which confirms the detected DE
genes are truly expressed in the stomatal complex. We also compared our ABA-induced
DE genes to the published Arabidopsis guard cell microarray data with ABA treat-
ment (Leonhardt et al., 2004) through BLASTP (Camacho et al., 2009), and 24/151
reported ABA-induced genes are matched with 38 of our ABA-induced DE genes in
barley, suggests ABA and barley may share some ABA target genes. Details of these
corss-validation see Appendix Section C.2. The gene expression profiling, via GO en-
richment and KEGG enrichment analysis, of ABA and GABA induced DE genes both
showed the same trend that these two treatments induce different pathways within

stomatal complex.

In our data, two GO functions, kinase activity (GO:0016301) and phosphotransferase
activity, alcohol group as acceptor (GO:0016773) were enriched in both GABA and ABA
treatments, but by DE genes that were regulated in the opposite direction compared
to control (Figure 4.4). Within the gene set of the 2 two GO terms, 3 of DE genes were
found induce changes of expression by both ABA and GABA (see Table 4.3) and gene
expression were also found in the GCSC data from Schifer et al. (2018). It suggests
that those gene listed in Table 4.3 are modulated both by ABA and GABA, however
it is unclear: (1) how they are regulated by ABA and GABA together; (2) does ABA
override GABA transcriptional regulation, as it does on stomatal closure?; and (3) can
GABA reverse any transcriptional regulation triggered by ABA. Answering these ques-

tion would be expected to inform how GABA and ABA interact at a transcriptional level.

These genes activated in their expression by GABA and ABA all have GO categories in-
volved in kinase activity, ATP binding, phosphorylation and membrane with some other
GO functions respectively according to their direct associated GO terms. Due to the
limited information found for these genes, the homologous genes in Arabidopsis were
explored. The Arabidopsis homology suggest that HORVU MOREX.r2.2HG0084420
is a receptor kinase (AT4G21380, ARK3/RK3); HORVUMOREX.r2.2HG0114190 is a
cysteine-rich receptor-like protein kinase (AT4G23180, RLK4/CRK10) and the last one
HORVUMOREX.r2.7HG0565210 is a concanavalin A-like lectin protein kinase family
protein (AT5G06740, LecRK-S.5). These 3 genes in Arabidopsis are all related to de-
fence responses to various stimuli. Few studies are focused on these particular receptor

kinases as most of research is interested in the general features of the whole family
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(Bouwmeester and Govers, 2009; Pastuglia et al., 2002; Quezada et al., 2019). ARK3
has been mentioned to accumulate after after both wounding and bacterial infection
(Pastuglia et al., 2002). CRK10 (RLK4) is transcriptionally induced by reactive oxygen
species (ROS), pathogen attack and salicylic acid (SA) application (Du and Chen, 2000;
Wrzaczek et al., 2010). A virus infection study on Arabidopsis transcriptome has been
suggested that LecRK-S.5 is associated with Tobacco Etch Virus defence and involved
in ROS signalling (Wu et al., 2017).

Using homology analysis using Arabidopsis, it is indicated that all three genes that
were regulated by both GABA and ABA, have some tentative relationship with stress
defence responses. During pathogen defence, plants are known to often respond by
restricting pathogen entry into leaves via inhibiting stomatal opening or promoting
stomatal closure. ABA signalling is known to play an important role during this pro-
cess; at the same time, ROS production is induced by ABA (Cotelle and Leonhardt,
2019; Sierla et al., 2016). LecRK-V.5, another member of lectin protein kinase family
protein was shown to be a negative regulator of stomatal immunity which inhibits ABA
signalling upstream of ROS production (Theveniau et al., 2012). LecRK-S.5, in our case
may behave similarly to LecRK-V.5.

In a similar case, GABA and ABA both induce changes in MAPK signalling path-
ways (ath04016), which are an important signaling network in stress defence (Zhang
and Klessig, 2001). Within this pathway, 3 of DE genes were both induced by GABA and
ABA which suggests GABA and ABA regulation may share cross points through these
genes (Table 4.4 and full list of enriched DE gene in MAPK signalling pathway is in Ap-
pendix Section C.3). All three genes were found in the dataset from Schifer et al. (2018)
confirms its GCSC specific expression. Especially, HORVU MOREX.r2.2HG0154390
(matched to HORVU2Hr1G094230) is also marked as GC enriched gene that Schéfer
et al. (2018) cross validated with Bauer et al. (2013).

In particular, HORVUMOREX.r2.1HG0045440 was oppositely regulated by GABA
and ABA compared to control. The Arabidopsis homolog of this gene AT'1G10940 is the
SNF1-related protein kinase 2.4 (SnRK2.4) that is localized in cytoplasm and nucleus
(Szymanska et al., 2019). SnRK2s are major regulators in plants when response to
osmotic stress. SnRK2.4 has been frequently reported to be involved in salt stress
responses (Boudsocq et al., 2004; Krzywinska et al., 2016; McLoughlin et al., 2012;
Szymanska et al., 2019). Specifically, SnRK2.4 modulated homeostasis of ROS through
regulating the expression of several genes responsible for ROS generation (e.g. RbohD

and RbohF) in Arabidopsis in response to salt stress (Szymanska et al., 2019) with

65



CHAPTER 4. GUARD CELL COMPLEX SPECIFIC TRANSCRIPTIONAL RESPONSE
OF BARLEY TO GABA

SnRK2.10. In our data, HORVU MOREX.r2.2HG0179990, homologue to Arabidopsis
SnRK2.10 (AT1G60940) was also found down-regulated like SnRK2.4 by GABA, where
SnRK2.6 (also known as Open Stomata 1; OST1; AT4G33950) is up-regulated along
with SnRK2.4 by ABA (Appendix Section C.3).

As known that ROS is generated by respiratory burst oxidases (Rboh)/NADPH oxidase
enzymes (Kwak et al., 2003). From our data, 4 DE genes induced by GABA are homolog
of Arabidopsis RbohD and RbohF, and were shown to be up-regulated compared to con-
trol, while 1 DE genes induced by ABA (Appendix Section C.3). In Arabidopsis, RbohD
and RbohF are expressed in guard cells (Leonhardt et al., 2004) and RbohF is the main
isoform involved in ABA-related stomatal responses (Kwak et al., 2003). ABA-induced
stomatal closure is partially impaired when AtRbohF function is lost (Kwak et al.,
2003). In atrbohF | atrbohD, stomatal closure is further reduced and ROS production is
abolished (Kwak et al., 2003). Sirichandra et al. (2009) demonstrated that SnRK2.6
can directly interact and phosphorylate the N terminus of AtRbohF in vitro. SnRK2s
is kept inactive by 2C protein phosphatase (PP2C) until ABA increases then induces
inhibition of PP2C via forming a complex of ABA, ABA receptor (PYR/PYL/RCAR) and
PP2C; and activated SnRK2s could further transduce downstream signals (Fujii et al.,
2009; Ruschhaupt et al., 2019; Soon et al., 2012; Umezawa et al., 2009; Vlad et al.,
2009). Thus, SnRK2s meditates ROS production through direct phosphorylation and
activation of AtRbohF at Ser174 and Ser13 in a ABA-dependent manner (Sirichandra
et al., 2009) and DE genes induced by ABA that are homologous to Arabidopsis RbohF
(AT1G64060), SnRK2.6 and HAB1 (AT1G72770) also shown in our data under ABA
treatment (Appendix Section C.3).

Above showed a clear pathway on ABA-induced ROS production, but the mechanism of
how GABA interact with guard cell RbohD and/or RbohF is a different question. Based
on (Szymanska et al., 2019), we know that SnRK2.4 maintain homeostasis of ROS
through regulate the expression of ROS generation related genes, including RbohD and
RbohF. In our data, the expression level of DE genes that are homologs to RbohD and
RbohF are all up-regulated regardless of SnRK2.4 was up or down regulated by treat-
ment. However, the down-regulation of SnRK2.4 possibly resulting less protein kinase
been produced. Hence, less production of ROS may occur even RbohD/F is expressed

and ready for activation.

GABA could also link to ROS through photorespiration. In our data, GO and KEGG
enrichment illustrated that GABA application appears to interact with photorespi-
ration (GO:0009853) and changed the pathway of carbon fixation in photosynthetic
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organisms (ath00710; details of DE genes enriched in GO and KEGG in in Apendix
Section C.4). Increased rates of photorespiration commonly occur due to a limitation
of COq fixation. (Araujo et al., 2014; Kozaki and Takeba, 1996). These GO and KEGG
enrichment results could also be related to GABA’s interactions with the photosystem I
and II. Vijayakumari and Puthur (2015) found that the activity of photosystem I and II
were increased significantly compared to control with 10 and 15 days of 2 mM GABA
treatment in Piper nigrum hydroponics within the Hoagland’s growth medium. The
enhanced activity of the photosystem could produce more ROS, NADPH and ATP. As
ROS could damage the photosynthetic apparatus, leading to photoinhibition (Kozaki
and Takeba, 1996). Photorespiration functions as sink of electrons to prevent electron
transport chain over-reduction and ROS accumulation (Wingler et al., 2000). Conversely,
GABA itself is also suggested to be involved in reducing ROS production during stress
(Ansari et al., 2021).

To summarise, ABA and GABA both have a relationship with ROS. Three of the DE gene
candidates that are oppositely regulated by ABA and GABA signalling may be involved
in cross-talk ROS signalling. With interactions of ROS production through Rboh, ABA
and GABA have different approaches to the same destination, and GABA might also
have alternative way of producing ROS though enhance activity of the photosystem.
Further investigation, the combined treatment of GABA and ABA should be included,
along with the GABA and ABA individual treatment and all possible candidate genes

involves GABA-ABA interaction should validated on independent samples.
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Table 4.3. Potential candidate genes that regulated by both GABA and ABA

Gene ID

logFC Associated
ABA GABA GO

GO Arabidopsis
description homologue

Araport 11
description

G0:0000166
G0:0004672
G0:0004674
G0:0005524
G0:0005886
G0:0006468

HORVUMOREX.r2.2HG0084420 -1.300195 1.126652

G0:0016020
G0:0016021
G0:0016301
G0:0016310
GO0:0016740
GO0:0048544

Nucleotide binding

Protein kinase activity

Protein serine/threonine kinase activity
ATP binding

Plasma membrane

Protein phosphorylation
Membrane

Integral component of membrane
Kinase activity

Phosphorylation

Transferase activity

Recognition of pollen

AT4G21380

Receptor kinase 3
(ARK3/RK3)

GO:0004672
GO:0005524
G0:0006468

HORVUMOREX.r2.2HG0114190 -1.144407 1.083231 G0:0016020

GO0:0016021
GO0:0016301
GO0:0016310

Protein kinase activity

ATP binding

Protein phosphorylation
Membrane

Integral component of membrane
Kinase activity

Phosphorylation

AT4G23180

Cysteine-rich RLK
(receptor-like
protein kinase) 10
(CRK10/RLK4)

G0:0000166
GO:0004672
GO0:0004674
GO0:0005524
G0:0006468

HORVUMOREX.r2.7HG0565210 -1.694658 1.394383 G0:0016020

GO0:0016021
GO0:0016301
GO0:0016310
GO:0016740
GO0:0030246

Nucleotide binding

Protein kinase activity

Protein serine/threonine kinase activity
ATP binding

Protein phosphorylation
Membrane

Integral component of membrane
Kinase activity

Phosphorylation

Transferase activity
Carbohydrate binding

AT5G06740

Concanavalin A-like
lectin protein kinase
family protein

(LecRK-S.5)

vVdavo OL AHTEVI A0

HSNOdSHY TVNOILAIYISNVYL DIAIOHdS XH'TdINOD TTHD d4VAD ¥ HLLdVHD



69

Table 4.4. Summary of DE gene commonly induced by GABA and ABA in MAPK signaling pathway

logFC Associated . Arabidopsis Araport 11
Gene ID ABA GABA GO GO description homologue description
Protein serine/threonine
G0:0004674 kinase activity SNF1-related protein
HORVUMOREX.r2.1HG0045440 3.2155 -2.6996 GO:0016301 Kinase activity AT1G10940 kinase 2.
GO0:0006468 Protein phosphorylation (SnRK2.4)
GO0:0016310 Phosphorylation
. 1l-aminocyclopropane-
HORVUMOREX.r2.2HG0154390 18517 2.4972 GO:0030170 Lvridoxalphosphate 7 07000 1 carboxylic acid (aco)
binding
synthase 6 (ACS6)
CAP (Cysteine-rich secretory
proteins, Antigen 5,
HORVUMOREX.r2.7HG0555000 -1.1415 -1.7735 GO:0005576 Extracellular region AT4G33720 and Pathogenesis-related 1

protein) superfamily protein
(ATCAPES)

*Note: Associated gene ontology (GO) of DE genes were obtained at least 4 levels away from the root ontology categories (i.e. biological process (BP), cellular

component (CC) and molecular function (MF)).
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4.3 Material and Methods

4.3.1 Plants material and RNA-Seq data

Barley (Hordeum vulgare cv. Barke) seed (Saatzucht J. Breun GmbH & Co. KG) were
germinated on filter paper 5-6 days and then planted in the hydroponics system with
half-strenth Hoagland’s solution (Conn et al., 2013; Hoagland and Arnon, 1950) and
cultivated in a growth cabinet (Percival Scientific,AR-60L) at 26/16 °C with 60 + 5%
relative humidity and 12/12 hours day/night cycle with 250 m~2s~! photo flux density
on LED light source.

About 10 to 12-day-old sample plants were sprayed with 50 pM +ABA or 5 mM GABA
in deionized water containing 0.1% v/v Triton X-100 or mock treatment (deionized water
with Triton X-100) with 4 replicates in each group and sampling 4 hours after spray.
The sample preparation of RNA sequencing followed the instructions from Schifer et al.
(2018). The detached the leaf samples were peeled as described in Shen et al. (2015)
to prepare isolated epidermal peels. RNA was extracted from 20 epidermal peels per
sample using the NucleoSpin® RNA Plant Kit (Macherey-Nagel, Drueren, Germany)
and treated with RNase-free DNase (New England Biolabs, Ipswich, MA, USA). The
sequencing library was constructed with a TruSeq RNA Sample Prep Kit v2 (Illumina,
San Diego, CA, USA) and sequenced on a HiSeq 3000 (Illumina) resulting in 76bp
paired-end reads. All plant material, RNA extraction and GCSC enriched RNA-Seq

libraries were prepared by collaborator Johannes Herrmann from Germany.

4.3.2 Bioinformatics workflow

To process raw sequencing data to gene counts, the following steps were performed
after the quality check with FastQC (version 0.11.8; http://www.bioinformatics.
babraham.ac.uk/projects/fastqc):

1. Trimmomatic (version 0.39; Bolger et al. 2014) was used to remove adaptor

sequence.

2. Trimmed reads were aligned to the barley reference genome (Morex v2; Mascher
2019) using STAR (version 2.7.3a; Dobin et al. 2012).

3. The number of reads aligned to each gene were summarised by featureCounts
in Subread (version 1.6.4; Liao et al. 2013) with the barley (Morex v2; Mascher

2019) genome annotation.
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All the above steps were managed through Snakemake (Koster and Rahmann, 2012)
and ran on "Phoenix", the University of Adelaide’s High Performance Compute (HPC)

Service.

Following read counting, differential gene expression analysis was performed, fol-
lowed by functional and pathway analysis using R (version 4.1.0). To identify the
differentially expressed genes, edgeR was used. Gene Ontology analysis was performed
with R packages GO.db and annotate, while pathway analysis was conducted with
KEGGREST to determine treatment specific enrichment of gene function and pathways
(Carlson, 2021; Gentleman, 2021; Robinson et al., 2009; Tenenbaum and Maintainer,
2021). Detailed parameter settings are available at Snakemake workflow and R code at
https://github.com/CharlotteSai/BarleyGCRNASeq. R session information is avail-
able in the appendix C, section C.1.
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CHAPTER

TRANSCRIPTIONAL PROFILING OF GABA DEFICIENT

Arabidopsis thaliana

xternal GABA application antagonises stomatal movement in both barley and

Arabidopsis; in contrast, GABA deficiency in planta can disrupt stomatal pore

regulation (Chapter 3; Xu et al., 2021). Glutamic acid decarboxylase (GAD), the
key enzyme responsible for synthesizing GABA from glutamate, has five homologues
in Arabidopsis with organ specific expression. GAD1 is the main isoform expressed in
roots whereas GADZ is detectable in almost all organs (Bouché et al., 2004; Turano and
Fang, 1998; Zik et al., 1998). GAD3 and GAD5 are detectable in siliques and flowers
respectively (Miyashita and Good, 2008). GAD4, on the other hand, has weak expression
in roots and shoots, but is detectable in siliques and flowers (Mekonnen et al., 2016;
Scholz et al., 2015).

Lost function of one or more GAD(s) can cause GABA synthesis disruption in var-
ious tissue with distinct phenotypes (Bouché et al., 2004; Deng et al., 2020; Mekonnen
et al., 2016; Miyashita and Good, 2008). The gadl mutant via T-DNA insertion dras-
tically reduced concentrations of GABA in roots and prevents GABA accumulation in
response to heat stress (Bouché et al., 2004). However, the mutation did not show visible
morphological defects and or developmental abnormalities under control and hypoxia
stress (Bouché et al., 2004; Miyashita and Good, 2008). With combined mutation of
GADI and GAD2 (i.e. gad1/2), the GABA content was dramatically reduced in roots
and shoots and had an enlarged stomatal aperture phenotype with higher stomatal
density which contribute to drought oversensitive phenotype (Mekonnen et al., 2016).
Beyond gad1/2, the contributed mutant gad1245 which has been introduced with
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additional mutation of GAD4 and GADS5 showed further decreased endogenous GABA
concentration and enhanced susceptibility of Pseudomonas syringae, but exhibit no
growth defect (Deng et al., 2020).

Recently, Xu et al. (2021) determined that Arabidopsis gad2-1 presented an enlarged
stomatal aperture compared to wildtype, which leads to lower intrinsic water use
efficiency i(WUE) to become drought sensitive. Interestingly, the enlarged stomatal
aperture phenotype of gad2 knockouts does not occur in gadl and gad1245, which have
wildtype like stomatal apertures (Feng, 2021). As mutation of the GADs does not always
result in an obvious macro phenotype (e.g. stomatal aperture), in this chapter, two of
the aspects around GABA deficient mutants were explored. First, the transcriptomic
changes corresponding to GABA depletion when knocking out different GAD homologs
though T-DNA insertion was determined. The transcriptional profiling of gad1, gad
2-1 and gad 1245 was investigated when compared to wildtype (Col-0). Second, the
transcriptional changes that could reveal the possible reasons that gad1245 presents a
wildtype-like stomatal phenotype rather than being more gad2-1-like. The comparison
between wildtype (Col-0), gad2 and gad1245 was employed.
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5.1 Results

5.1.1 Data quality and post alignment processing

An average of 22 million trimmed FASTQ reads per sample was obtained with a mean
sequence quality score per base higher than 30 across all bases. Each sample had more
than 88% of the reads uniquely mapped to the Arabidopsis TAIR10 genome with at least
12 million reads in total. Detailed reports of reads quality and mapping are available on
GitHub repository (https://github.com/CharlotteSai/ArabidopsisSubmergence).
After filtering low expressed genes (i.e cpm > 0.55 in at least 3 samples), 18,431 genes
were passed to differential gene expression analysis. The multidimensional scaling plot
(MDS) showed sample replicates were clustered closely except wildtype Col-0 (Figure

5.1). The Col-0 separates from GABA mutants on biological coefficient of variation
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Figure 5.1. Multidimensional scaling plot of distances between
gene expression profiles. The separation distance is based on the typical
log2 fold changes between the samples. Samples are colour coded by
genotype.

(BCV) distance 1, except one Col-0 sample, while the three mutants separate along
BCV distance 2.

5.1.2 Differential gene expression analysis

To obtain mutant specific differentially expressed genes (DE genes), all selected mu-
tants were compared to Col-0 as a baseline control. Additionally, to investigate the

difference of gad1245 beyond the contribution from the gad2-1 mutation, the gene
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expression difference in gad1245 compared to gad2-1 was also included in this anal-
ysis. Filtered gene counts were fitted in a negative binomial generalized log-linear
model after estimating dispersion. The full list of DE genes is available on GitHub

(https://github.com/CharlotteSai/ArabidopsisSubmergence).

With the threshold set to a p-value < 0.05 and logFC = 1, 659, 1022, and 1139 DE genes
were found in gad1, gad2-1, gad1245 compared to Col-0, respectively; and 21 DE genes
in gad1245 compared to gad2-1. All results were obtained using a quasi-likelihood (QL)
F-test and visualised in Figure 5.2. Overall, the number of DE genes were consistent
with the degree of sample separation observed in Figure 5.1; the further the distance

between clusters, the more DE genes were found.
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Figure 5.2. Volcano plot of differentially expressed genes (DE
genes) in GABA deficient mutants compared to baseline control.
The horizontal line represents the p value of -log1¢(0.05) and vertical lines
indicate a log2 fold change of -1 and 1, the parameters chosen to define
those genes considered significantly DE. Data points coloured in red and
blue are DE genes that were counted as up or down regulated compared
to Col-0 or gad2-1.

To reveal if there were transcriptional clues as to why gad 1245 had a more wildtype-like
stomatal aperture than gad2-1, the DE genes between Col-0, gad2-1 and gad1245 were
compared to each other. According to stomatal conductance assay from Feng (2021) and
stomatal aperture assay from Mekonnen et al. (2016), only gad2 and gad12 mutants
showed higher stomatal conductance when gadl and gad1245 presented wildtype-like
behavior, which indicating that the additional GAD4 and GADS5 are more likely to be
responsible for wildtype-like stomata phenotype. Additionally, GADI has not changed

its expression pattern cross the genotype (Figure 5.3) and less expressed in leaves
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Figure 5.3. The expression level of GADs in Col-0, gadl gad2-1 and
gad1245. The detected gene expression level presented in log2 counts per
million (cpm) with 3 biological replicates. The cpm value had 1 added to
all values to avoid any sample equal to zero before log transformation.

whereas GAD2 is the major isoform expressed in shoots (Scholz et al., 2015). Hence,
gadl was omitted form the comparison. As more mutations were introduced, more
down-regulated DE genes were found among each comparison. Among comparisons
of gad2-1 and gad 1245 with Col-0, or each other, 2 DE genes were commonly shared
between the 3 comparisons, while 368, 478 and 4 DE genes were uniquely obtained in
gad2-1 compared to Col-0, gad1245 to Col-0 and gad 1245 to gad2-1 respectively (Figure
5.4). Large proportions of DE genes were shared between the comparison gad2-1 to
Col-0 and gad 1245 to Col-0 as they had much more similar gene expression profiles
compared to Col-0, as shown in Figure 5.1. As can be seen few DE genes were shared
between either gad2-1-Col-0 or gad1245-Col-0 and gad1245-gad2-1.

gad2-1 - Col-0 gad1245 - Col-0

368 648 478

_

16916 gad1245 -gad2-1

Figure 5.4. Number of shared DE genes with the gad2-1 and
gadl1245 mutations compared to their baseline control. Differ-
entially expressed (DE) genes from the comparison of gad2-1 to Col-0,
gadi1245 to Col-0 and gad1245 to gad2-1 were compared to obtain the
shared number of DE genes between comparisons.

The DE genes between gad2-1, gad1245 and Col-0 feature several shared genes which
are interesting in regard to their expression level (Figure 5.5). There are 4 genes
presented as DE genes in the comparison of gad2-1-Col-0 and gad1245-gad2-1, but
these are absent in gad1245-Col-0 (Figure 5.5(a)). In other words, the expression level
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Figure 5.5. The expression level of selected DE genes in Col-0,
gad2-1 and gad1245. The expression level presented in log2 counts per
million (cpm) with 3 biological replicates. The cpm value had 1 added to
all values to avoid any sample equal to zero before log transformation.
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of AT1G67105, AT1G69900, AT3G15310 and AT4G26150 in gad1245 are similar to
that in the Col-0, but are different from that in gad2-1. AT5G39410 and AT5G60100
presented as DE genes in all three of the comparison and had highest expression
level in gad1245, which showed a trend that the expression level increases when more
gad mutations were introduced (Figure 5.5(b)). Another 11 genes are DE genes in the
comparison of gad1245-Col-0 and gad1245-gad2-1, but not in gad2-1-Col-0 (Figure
5.5(c)). The expression level of these genes in gad1245 are different from both Col-0
and gad2-1: 5 DE genes are up-regulated while others are down-regulated in gad1245.

5.1.3 Gene Ontology (GO) enrichment

To understand which Gene Ontologies (GOs) were significantly changed by an intro-
duced mutation, DE genes from the comparisons between mutants and Col-0 were split
into up and down-regulated genes to test the GO over-representation (i.e. enrichment).
As more down-regulated DE genes were introduced with more mutations, most of the
over-represented GO terms were enriched through down-regulated genes (Figure 5.6).
The majority of the enriched GO terms belonged to biological process (BP). gad1245 had
the most GO enrichments compared to gad1 and gad2-1, and the enrichment pattern of
gad1245-Col-0 is more like gad2-1 rather than gad1. As seen in Table 5.1, stress defence
response and amino acid metabolism related GO functions were commonly enriched as
more gad mutations were introduced. Three GO terms were enriched in both up and
down-regulated DE genes in gad1245-Col-0:response to abscisic acid (GO:0009737);
response to lipid (GO:0033993) and response to alcohol (GO:0097305). Lots of GO terms
that enriched by down-regulated DE gene were stress associated: such as a series of
jasmonic acid related regulation, response and signalling (GO:0050832, GO:0009753,
G0:0009867,G0:2000022), defense response to fungus (GO:0050832) and response to
salt stress (GO:0009651).

Interestingly, some GO terms present as enriched by the DE genes that had oppo-
site regulation across mutants. For instance, cold acclimation (GO:0009631) was both
enriched in gad1245-Col-0 and gad1-Col-0 by DE genes in the opposite direction. 7/10
DE genes from gad1245-Col-0 that were associated with cold acclimation (GO:0009631)
were up-regulated including AT1G29395 (COR413IM1), whereas all 10 of the enriched
DE genes were down-regulated in gadl (Figure 5.7). gad2-1 had similar DE genes
enriched as gad1245, but not enough number of DE genes enriched to make this GO

term as an over-representative GO (i.e. a significant enriched GO term).
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(a) Down-regulated DE genes enrichment (b) Up-regulated DE genes enrichment
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Figure 5.6. Mutation induced up- and down-regulated DE gene
enriched gene ontology. The pattern of significantly enriched Gene
Ontology categories from DE genes obtained by comparing gad1 to Col-0,
gad2-1 to Col-0 and gad 1245 to Col-0, displayed in a heatmap. Up- and
down-regulated genes in each comparison were enriched to GO categories
were colored in red and blue, respectively. Darker colours depict more
significant enrichment according to the -logl0 p-value. GO classifications
were annotated in the category of biological process (BP), cellular compo-
nent (CC) and molecular function (MF) along the side of heatmap.
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Table 5.1. Shared GO terms between gadl, gad2-1 and gad1245 compared

to Col-0
GO L DE gene ratio™*

accession Description Ontology™ gadl gad2-1 gad1245
GO:0009737 Response to abscisic acid BP 53/603 36/603 (21+50)/603
GO0:0033993 Response to lipid BP 74/966  76/966  (29+95)/966
GO:0097305 Response to alcohol BP 53/610 (21+50)/610
GO0:0009631 Cold acclimation BP 10/54 7/54
GO0:0036293 Response to decreased oxygen levels BP 24/269  13/269 33/269
GO:0036294 Cellular response to decreased oxygen levels BP 23/241 13/241 33/241
GO0:0071453 Cellular response to oxygen levels BP 23/241 13/241 33/241
GO:0071456 Cellular response to hypoxia BP 22/239  13/239 33/239
GO0:0000162 Tryptophan biosynthetic process BP 7/27 8/27
GO0:0006568 Tryptophan metabolic process BP 8/37 10/37
GO:0006576 Cellular biogenic amine metabolic process BP 10/70 13/70
GO0:0006586 Indolalkylamine metabolic process BP 8/37 10/37
GO:0008652 Cellular amino acid biosynthetic process BP 20/233 26/233
GO:0009072 Aromatic amino acid family metabolic process BP 11/84 18/84
GO:0009309 Amine biosynthetic process BP 9/50 10/50
GO0:0009627 Systemic acquired resistance BP 12/84 14/84
GO:0009651 Response to salt stress BP 36/470  35/470 42/470
GO:0009753 Response to jasmonic acid BP 21/196  42/196 48/196
GO0O:0009867 Jasmonic acid mediated signaling pathway BP 14/98 17/98
GO0:0016054 Organic acid catabolic process BP 14/167 17/167 18/167
GO0:0019752 Carboxylic acid metabolic process BP 65/1049 75/1049
GO:0042401 Cellular biogenic amine biosynthetic process BP 9/50 10/50
GO0:0042430 Indole-containing compound metabolic process BP 13/79 17/79
GO:0042435 Indole-containing compound biosynthetic process BP 10/55 14/55
GO0:0042542 Response to hydrogen peroxide BP 10/69 11/69
G0:0043436 Oxoacid metabolic process BP 74/1179 86/1179
GO0:0044106 Cellular amine metabolic process BP 11/81 14/81
GO0:0046219 Indolalkylamine biosynthetic process BP 7/27 8/27
GO:0050832 Defense response to fungus BP 30/562 36/562 47/562
GO:0070542 Response to fatty acid BP 21/200  42/200 48/200
GO:0071395 Cellular response to jasmonic acid stimulus BP 14/103 18/103
GO0:0071398 Cellular response to fatty acid BP 14/107 18/107
GO:1901605 Alpha-amino acid metabolic process BP 27/298 35/298
GO:1901607 Alpha-amino acid biosynthetic process BP 18/191 24/191
GO0:1901701 Cellular response to oxygen-containing compound BP 35/741  44/741 54/741
GO:2000022 Regulation of jasmonic acid mediated signaling pathway BP 10/41 13/41
GO:0099503 Secretory vesicle CC 20/173 24/173
GO0:0016844 Strictosidine synthase activity MF 5/15 6/15

Note: * GO classifications are in the category of biological process (BP), cellular component (CC) and molecular
function (MF). ** DE gene ratio is presented by number of DE genes present in a GO term divided by the total
number of genes present within the GO term. The colour indicates whether the DE gene enriched GO term is
up-regulated (red) or down-regulated (blue).
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Figure 5.7. The log2 fold change of mutation induced DE gene
enriched for the GO cold acclimation (G0:0009631). Heatmap visu-
alized the log2 fold charge (log2FC) of cold acclimation enriched DE genes
compare to Col-0. Up and down-regulated genes were colored in red and
blue. Darker colours depict higher level of expression changes according
to log2FC.

Similarly, four GO terms were enriched by DE genes from gad1245-Col-0 in the opposite
direction compared to gad2-1: response to decreased oxygen levels (GO:0036293);
cellular response to hypoxia (GO:0071456); cellular response to decreased oxygen levels
(GO:0036294) and cellular response to oxygen levels (GO:0071453). Four GO terms were
linked in a hierarchical relationship which means the gene set belongs to lower level GO
(child GO) of this hierarchy, it is also a part of the higher level GO (parent GO). Here,
13 of up-regulated genes of gad2-1-Col-0 that are directly related to cellular response
to hypoxia (GO:0071456) include 3 of parent GO terms (G0O:0036294, GO:0071453
and GO:0036293) with same DE genes enriched (Figure 5.8(a)). Although these GO
terms were presented as significantly enriched GO terms by the DE genes in a opposite
direction, it is not necessarily that they are enriched by same set of genes. As illustrated
in Figure 5.8(b), except 4 for the up-regulated genes that are both presented in gad2-1
and gad 1245, the rest of the up-regulated genes are uniquely shown as DE genes in
gad2-1-Col-0.
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Figure 5.8. The hierarchical relationship of GO terms associated
with hypoxia (a) and log2 fold change of DE genes enriched (b). (a)
Four of highlighted GO terms are shown as significantly enriched by DE
genes in the functional analysis (GO:0071456, GO:0036294, GO:0071453
and GO:0036293) that are shown as enriched in the opposite direction for
DE genes in gad2-1-Col-0 compared to gadl and gad1245. The sub-figure
was generated from https://www.ebi.ac.uk/QuickGO. (b) The heatmap
visualized the log2 fold change (10g2FC) of hypoxia related GO enriched
DE genes compared to Col-0. DE genes are colour coded according to their
log2FC in each comparison.
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In the comparison of gad1245-Col-0, 30 GO terms were uniquely enriched and sum-
marised in Table 5.2. The GO terms enriched by up-regulated genes are all associated
with starch degradation in hierarchical relationships (Figure 5.9). In total, 21 DE
genes from gad1245 were involved in the GO enrichment: AT'1G69830, AT2G36390,
AT3G46970, AT4G09020 and AT5G64860 belong to the KEGG pathway — starch and
sucrose metabolism (ath00500); AT3G09540 and AT4G33220 are in pentose and glu-
curonate interconversions (ath00040); AT5G09730 is in amino sugar and nucleotide
sugar metabolism (ath00520); and AT'1G68050 belong to circadian rhythm — plant
(ath04712). The rest of DE genes are not matched to the current KEGG database, and

this might due to an incomplete pathway map.

Table 5.2. GO terms uniquely enriched in comparison gad1245-Col-0

GO accession* Description DE gene ratio** Ontology***
G0:0006073  Cellular glucan metabolic process 16/249 BP
G0:0005983  Starch catabolic process 6/18 BP
G0:0044042  Glucan metabolic process 16/255 BP
G0:0044247  Cellular polysaccharide catabolic process 8/48 BP
G0:0044264  Cellular polysaccharide metabolic process 17/325 BP
GO0:0005976  Polysaccharide metabolic process 21/494 BP
GO0:0009251  Glucan catabolic process 8/56 BP
G0:0044275  Cellular carbohydrate catabolic process 8/74 BP
GO:0005982  Starch metabolic process 8/76 BP
GO:0000272  Polysaccharide catabolic process 11/189 BP
G0O:0031347  Regulation of defense response 28/273 BP
G0:0046394  Carboxylic acid biosynthetic process 42/542 BP
G0:0009813  Flavonoid biosynthetic process 14/81 BP
G0:0010243  Response to organonitrogen compound 26/261 BP
GO:0071396  Cellular response to lipid 41/540 BP
G0:0016053  Organic acid biosynthetic process 43/577 BP
G0O:0010200  Response to chitin 18/138 BP
G0O:0000257  Nitrilase activity 4/4 MF
GO:0016815 Hydrol?se 'flct.ivity, acting on carbon-nitrogen (but not peptide) 44 MF

bonds, in nitriles
G0:0018822  Nitrile hydratase activity 4/4 MF
G0:0047427  Cyanoalanine nitrilase activity 4/4 MF
GO:0080061  Indole-3-acetonitrile nitrilase activity 4/4 MF
G0O:0009073  Aromatic amino acid family biosynthetic process 11/57 BP
G0:0042742  Defense response to bacterium 34/457 BP
G0O:1901606  Alpha-amino acid catabolic process 11/68 BP
(GO:1901136  Carbohydrate derivative catabolic process 13/96 BP
G0O:0006749  Glutathione metabolic process 12/85 BP
) Oxidoreductase activity, acting on the CH-OH group of donors,
GO0:0016616 NAD or NADP as acceptor 18/180 MF
G0:0009684  Indoleacetic acid biosynthetic process 5/12 BP
G0:0010168  ER body 5/12 CcC

Note: * The colour indicates the up-regulated (red) or down-regulated (blue) DE gene enriched GO term. ** DE gene
ratio equals the number of DE genes present in a GO term divided by the total number of genes present within the
GO term. *** GO classifications are in the category of biological process (BP), cellular component (CC) and molecular
function (MF').
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Figure 5.9. The hierarchical relationship of GO terms associated
with starch degradation in gad1245. The highlighted GO terms are
shown as significantly enriched according to functional analysis of DE
genes in gad 1245, but not gad1 and gad2-1. Figure was generated from
https://www.ebi.ac.uk/QuickG0.
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The comparison gad2-1-Col-0 shared the majority of enriched GO terms with gad1245,
except 4 GO terms that were uniquely enriched, while the comparison gad1-Col-0 had
8 uniquely enriched GO terms (details are summarised in Table 5.3). In the compar-
ison of gad1-Col-0, the three GO terms were related to similar aspects — nutrition.
Due to its hierarchical relationship as a parent term, the cellular response to star-
vation (GO:0009267) is the main contributor to cellular response to nutrient levels
(GO:0009267) and response to nutrient levels (GO:0031667); the summary of enrich-
ment is shown in Table 5.3. Figure 5.10 highlights the relationship of these three
nutrient associated GO terms and 19 DE genes as enriched among these GO terms.
Except for AT5G49450, which is directly related to cellular response to starvation, 13/19
DE genes were found directly associated with the starvation of 5 different nutrients
(shown in the lowest level of highlighted GO terms in Figure 5.10; details in direct
related GO terms of the DE genes are in Appendix Section D.2).

Table 5.3. Uniquely enriched GO terms found when comparing gadI or
gad2-1 with Col-0

GO accession* Description DE gene ratio** Ontology*** Comparison
G0:0009505  Plant-type cell wall 6/237 (610
G0:0043565  Sequence-specific DNA binding 53/1301 MF
GO:0016151  Nickel cation binding 5/12 MF
G0O:0009267  Cellular response to starvation 15/164 BP gadl
G0:1900057  Positive regulation of leaf senescence 6/18 BP C‘(I)T; 0
(G0:0031667 Response to nutrient levels 19/232 BP
G0:0031669  Cellular response to nutrient levels 17/179 BP
GO:0010150  Leaf senescence 16/143 BP
G0O:0016843  Amine-lyase activity 6/20 MF
G0:0002213  Defense response to insect 7/29 BP gad2-1
G0O:0000302 Response to reactive oxygen species 16/159 BP C‘(I)T; 0
G0:0030515  snoRNA binding 8/25 MF .

Note: * The colour indicates the up-regulated (red) or down-regulated (blue) DE gene enriched GO term. ** DE gene
ratio equals the number of DE genes present in a GO term divided by the total number of genes present within the
GO term. *** GO classifications are in the category of biological process (BP), cellular component (CC) and molecular
function (MF').

Due to the limited number of DE genes found in gad1245-gad2-1, direct associated GO
terms from Ensembl database (https://plants.ensembl.org) could not be assessed
through an automated GO enrichment test. Gene functional annotations are broader
when a given GO is positioned closer to top of a root ontology category (i.e. biological
process (BP), cellular component (CC) and molecular function (MF)); 15 out of 21 genes
were found as GO terms that were at least 4 levels away from root ontology categories.

Details of DE genes to associated GO are listed in Appendix Section D.3.
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Figure 5.10. The hierarchical relationship of GO terms associ-
ated with nutrient starvation. The upper 3 highlighted GO terms
are shown as significantly enriched by DE genes in the functional anal-
ysis (GO:0031667, GO:0009267 and GO:0009267) following comparison
of gad1-Col-0. Five GO terms highlighted in the lowest level are the GO
terms that have direct associations from matched DE genes according
to Ensembl database (https://plants.ensembl.org). Figure was gener-
ated from https://www.ebi.ac.uk/QuickGO.
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5.1.4 KEGG pathway enrichment

To understand which pathways were significantly changed by the introduced mutations,
lists of DE genes from each comparison between a mutant and Col-0 were used to
determine the over-representation (i.e. enrichment) of pre-defined pathways from the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database. The enrichment pattern
of KEGG pathways that were induced by mutations show some unique enrichment
(Figure 5.11). The commonly changed pathways following gad mutations were involved
in amino acid metabolism. Others are pathways in metabolism of carbohydrates, lipid,
terpenoids and polyketides; biosynthesis of secondary metabolites; MAPK signaling

pathway and circadian rhythms (summarised in Table 5.4).

Many pathways were also uniquely enriched among these comparisons. The amino
acid related metabolism pathway such as cysteine, methionine, arginine, proline, ty-
rosine and glutathione, were present only in the comparison of gad1245-Col-0. Other
unique pathways in the comparison of gad1245-Col-0 were linoleic acid metabolism
and biosynthesis of flavonoid, flavone, flavonol, glucosinolate, ubiquinone and other

terpenoid-quinone. Ribosome biogenesis in eukaryotes and metabolic pathways like ni-
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vs. vs. vS.
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Figure 5.11. KEGG pathways enriched following DE gene analysis
of gad mutants and Col-0. Enrichment pattern of significantly enriched
KEGG pathways using DE genes from the comparison of gadI to Col-0,
gad2-1 to Col-0 and gad 1245 to Col-0 displayed with -log10 p-value. Darker
colour indicates more significantly enriched KEGG pathways.
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trogen and galactose metabolism were uniquely present in gad2-1-Col-0 while pathway
lysine degradation, carotenoid biosynthesis and plant hormone signal transduction are

enriched in gad1-Col-0 (summarised in Table 5.5).

Table 5.4. Shared KEGG pathways between gadl, gad2-1 and gad1245
compared to Col-0

Pathway DE gene ratio*
accession gadl gad2-1 gadil245

MAPK signaling pathway — plant ath04016 9/139 16/139
Alanine, aspartate and glutamate metabolism ath00250  4/51 9/51 8/51
Valine, leucine and isoleucine degradation ath00280  7/52 7/52
Tryptophan metabolism ath00380  5/64 8/64 11/64
Phenylalanine, tyrosine and tryptophan

Class KEGG pathway

Signal transduction

Amino acid metabolism

. . ath00400 8/56 12/56
biosynthesis
Carbohydrate metabolism  Starch and sucrose metabolism ath00500 10/171 15/171
Lipid metabolism Fatty acid degradation ath00071 6/47 7/47
Alpha-Linolenic acid metabolism ath00592 7/43 10/43
Metabolism of Beta-Alanine metabolism ath00410  4/47 7/47 8/47
other amino acids Cyanoamino acid metabolism ath00460 8/70 9/70

Biosynthesis of Indole alkaloid biosynthesis ath00901 2/4 2/4 2/4
other secondary metabolites Phenylpropanoid biosynthesis ath00940 14/176 18/176 19/176
Metabolism of Diterpenoid biosynthesis ath00904 4/21 5/21
terpenoids and polyketides Zeatin biosynthesis ath00908  3/32 5/32 8/32
En