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Abstract

Stomata are formed by a pair of specialized guard cells surrounding a central pore to
regulate plant carbon-water relations via changes in aperture. Stomatal aperture is
regulated by internal and external cues including CO2 concentrations [COz], light,
hormones such as abscisic acid (ABA). Though ABA and CO:2 pathways are shown to
converge to induce stomatal closure the exact mechanism is unknown. In addition, the
photoreceptor phyB is known to regulate stomatal responses to elevated (E) [COz].
The present study aims to determine the role of phytohormones and photoreceptor
phyB to mediate stomatal closure in response to E[CO2]. Here, we propose that CO:2
acts though the ABA antagonist, gibberellins (GAs) and ABA:GA homeostasis
modulates stomatal responses to E[COz]. In Arabidopsis thaliana, using both GA and
GA biosynthesis inhibitor treatments alongside genetic tools it was demonstrated that
GA can modulate stomatal responses to E[COz2] in both isolated epidermis and whole
leaves. A definitive role for negative regulators of GA responses, DELLA proteins was
not established, and GAs did not act via ROS signaling. Absolute measurement of
ABA and GAs suggests reduction in GAs and not ABA are critical to fine-tune the
E[COz]-mediated stomatal closure. In Arabidopsis, hypersensitivity of phyB-9 to
E[CO2] could be rescued by GA treatments. phyB-9 has reduced levels of active GA
compared to Col-0 but increased levels of the conjugated form of ABA, ABA-GE.
Perturbations in ABA:GA homeostasis are responsible for the phyB E[COz2] phenotype
as sensitivity is rescued by genetically reducing ABA levels. The photoreceptor phyB
also regulates stomatal responses to E[CO¢] in rice. E[COz] showed no effect on
photosynthetic parameters and had a variable effect on tiller number and flag leaf
measurements and ultimately did not increase rice yield. OsphyB mutants had
significant reductions in yield irrespective of [COz2], demonstrating its critical role in

plant growth and development.
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1.1 Global atmospheric [CO2] elevation and plant responses

The global population is predicted to rise from a current population of 8 billion to 10
billion by the year 2050; a change that will require a significant increase in world food
production and improvements in food systems (UN DESA, 2022). Meeting these
demands is further complicated by predicted changes in climate, which render the
target of increasing food production as a challenge. Multiple interactive factors
including increasing greenhouse gases, rising temperatures, changing precipitation
patterns, drought and salinity stress are likely to impact plant physiology and crop
productivity (Makowski et al., 2020; Teng et al., 2023). Among these factors, the rapid
increase in atmospheric carbon dioxide concentrations (a[COz]) is considered to have
profound effects on agricultural production and food quality (Ziska, 2008; Taub, 2010;
Gamage et al., 2018). Over the last 2 million years, the current global increases in
a[COg] are unparalleled and 2022 saw a new high record of 417.06 parts per million
(ppm) (NOAA, 2022; IPCC, 2023). As a parallel activity to the standard IPCC AR4
climate report the Coupled Climate-Carbon Cycle Model Intercomparison Project
(C*MIP) was initiated. C*MIP projected that a[CO2] could vary between 730 ppm to
1020 ppm by the end of 215t century. Compared with standard IPCC AR4 simulations,
which considered a[CO2] only (Meehl et al., 2005); the C*MIP eleven climate models,
with a representation of the land and ocean carbon cycle, performed simulations
where the model was driven by an anthropogenic CO2 emissions scenario between
1860 to 2100 (Meehl et al., 2007) (Figure 1.1). This elevation in CO2 as a potential
greenhouse gas is predicted to exacerbate global warming. Global temperatures have
already risen 1.1°C over the last ~140 years and this has initiated unprecedented
changes to the Earth’s climate (IPCC, 2023). In order to maintain or increase crop
productivity in future warmer, drier and COg2- enriched environments, a better
understanding of how plants respond to e[COz2] is required. a[COz] influences the
primary physiological processes of land plants i.e. photosynthesis, respiration and
water relations (Gamage et al., 2018). Stomata, the small pores on the surface of
leaves, link these responses since they are the gateway for 95% of gas exchange

between the plant and surrounding atmosphere (Keenan et al., 2013).
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Figure 1.1 Increasing trend in global CO. concentration between 2000-2100.
Atmospheric CO2 concentration as simulated by the 11 C*MIP models for the SRES
A2 (IPCC Special Report on Emission Scenario A2) emission scenario (red) compared
with the standard atmospheric CO, concentration used for many IPCC AR4 climate
models (black) by 215 century. (Source Meehl et al. 2007, p. 790).

Stomata are found in the epidermis and consist of a pore surrounded by pair of guard
cells (GCs). GC shape varies but they are primarily categorised as kidney shaped as
in Arabidopsis or dumbbell shaped, as in grass species (Zeiger et al., 1987).
Adjustment of stomatal aperture with the pore opening and closing is a dynamic
response to varied internal and environmental signals which varies between and within
species (reviewed in Matthews et al., 2020). In addition, stomatal density (humber of
stomata per unit of leaf area) as a developmental response, plays vital role to maintain
optimum stomatal conductance (gs) in plants related to their environment (Casson &
Gray, 2008; Casson & Hetherington, 2010). Genetic pathway regulating stomatal
development in leaves is well characterized, for the eudicot model Arabidopsis

thaliana (Zoulias et al., 2018; Herrmann & Torii, 2021). The main difference between
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the two stomatal adjustments is the scale of time since stomatal aperture can change
in minutes, whereas changes in stomatal density are fixed during leaf development

according to conditions experienced by the plant at the time (Jalakas et al., 2018).

In general, during the day-time stomatal opening is regulated to maintain optimum
[CO2] and trade off with water loss in the sub-stomatal chambers for continuous CO2
assimilation (A). On the other hand, elevated [CO2] (e[COz2]) in the intercellular space
of leaves (Ci) cause stomatal closure. The current trend of increasing a[COz2] is
therefore likely to impact on stomatal aperture (Zhang et al., 2018). In addition to
aperture closure, an increase in a[CO2] may lead to reductions in stomatal density in
many species based on experiments with extant species and also from the analysis of
fossil records (Woodward, 1987; McElwain & Chaloner, 1995; Chater et al., 2013
Engineer et al., 2016; Chater et al., 2017). The combined effect of smaller apertures
and lower densities would be expected to negatively impact gs and a recent study
demonstrated gs was reduced significantly by e[COz2] changing on average by —8.3%
per 100 ppm CO:2 increase (Liang et al., 2023). This may be advantageous where
crops are being grown under water Ilimited conditions due to reduced
evapotranspiration (Leakey et al., 2009; Keenan et al., 2013; Sreeharsha et al., 2015).
However, reduced evapotranspiration is reported to increase leaf heat stress (Long et
al., 2004; Leakey et al., 2009; Long & Ort, 2010). This in combination with drought and
rising temperature may negatively impact plant health, nutrient content, and food
supply (Battisti & Naylor, 2009; Easlon & Bloom, 2013; Weigel, 2014; Wroblewitz et
al., 2014). Thus, stomatal aperture regulation is crucial to maintain the trade-off
between opening for optimum CO2 uptake and closure to limit water loss in response
to environmental stress. Therefore, the mechanisms that regulate stomatal aperture

upon changes in [COz2] are a potential target for crop improvement.

Several characteristics including rapid life cycle, prolific seed production,
uncomplicated cultivation, a fully sequenced and annotated diploid genome, genetic
resources with a significant number of gene knockout lines have made Arabidopsis
thaliana a model organism in flowering plant research. Research revolving stomatal
function and development is not any different. Therefore, much of our current
knowledge and many of the findings presented during the study is based on

Arabidopsis unless stated otherwise.
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1.2 Stomatal aperture regulation

Active control of stomatal aperture is regulated by the surrounding two GCs. Stomatal
opening and closure are mediated by changes in GC turgor that is determined by the
transport of inorganic ions and organic metabolites across their plasma membrane
(PM) and the subsequent movement of water (Keller et al. 1989; Schroeder &
Hagiwara, 1989; Pandey et al., 2007; Kim et al., 2010; Kollist et al., 2014).

During stomatal opening, H*-ATPase pumps out protons (H*) from the GCs and this
results in PM hyperpolarization leading to the uptake of potassium ions (K*) via
activate inward K* rectifying (Kin) channels, such as KAT1 (potassium channel in
Arabidopsis thaliana 1), KAT2 (potassium channel in Arabidopsis thaliana 2), AKT1
(Arabidopsis thaliana K* transporter 1) and H*/K* HAK-type symporters. Uptake of K*
is counter-balanced by chloride (CI") and nitrate ions (NO3") taken up from the apoplast
via nitrate transporters (NRT) and malate? production from starch breakdown and
water transportation via aquaporins (AQP) (Assmann, 1993; Schroeder et al., 2001;
Shimazaki et al., 2007; Daszkowska-Golec & Szarejko, 2013) . These help to generate
enough GC turgor to keep the stomata open (Figure 1.2A). On the other hand,
stomatal closure is driven by GC membrane depolarization via H*-ATPase inhibition
and activation of rapid type (R-type; QUAC1) and slow type (S-type; SLAC1) anion
channels. In addition, release and/or uptake of Ca?* from outside and/or the GC
tonoplast depolarizes the GC membrane more. Such membrane depolarization drives
efflux of K* via GC outward K* rectifying (Kout) channels (GORK) along with malate?
and water extrusion from GCs to shrink and ultimately close over the stomatal pore
(Figure 1.2B) (Blatt & Clint, 1989; Santelia & Lawson, 2016; Jezek & Blatt, 2017,
Lemonnier & Lawson, 2023). In addition to ion exchange, cytoskeleton reorganization
and metabolite production, the modulation of gene expression and the post-

translational modifications regulate stomatal function (reviewed in Kim et al., 2010) .
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Figure 1.2 Stomatal function in response to various stimuli. (A) During stomatal opening H*-
ATPase pumps out H" and hyperpolarizes the GC membrane leading to K* uptake via activated
Kin channels (KAT1, KAT2, AKT1) and HAK symporters. To counterbalance the ionic
environment, anions including NO* and CI enter the GC through NRT transporters while malate®
accumulates via starch breakdown. Thus, ions together with transported water via AQP generate
enough turgor to swell the GC and keep the stomata open. (B) During stomatal closure, H*-
ATPase is inactivated while SLAC1 and QUAC1 anion channels are activated to facilitate ion
efflux, resulting in membrane depolarization. At the same time, Kot channels like GORK are
activated to efflux K* and AQP to release water. Thus, the GC turgor reduces and closes the
stomata by shrinking themselves. Elevation of Ca?* concentration inside GC via release from GC

tonoplast and PM channels also helps in stomatal closure. Image “Created with Biorender.com”.

6|Page



Changes in the stomatal aperture can be directly linked to GC signalling responses to
external as well as internal stimuli. Diverse signals including blue and red light,
abscisic acid (ABA), [COz2], drought, humidity, organic acids, and pathogens modulate
stomatal apertures through intricate signal transduction networks (Israelsson et al.,
2006; Hirayama & Shinozaki, 2007; MacRobbie & Kurup, 2007; Shimazaki et al., 2007,
Underwood et al., 2007; Neill et al., 2008; Acharya & Assmann, 2009; Araujo et al.,
2011). Research also showed that the endogenous circadian system regulates
stomatal aperture (Salomé et al., 2002; Hubbard & Webb, 2011; Hassidim et al., 2017).
In natural environments, stomata sense multiple signals simultaneously and respond
to them in a hierarchical manner (Lawson & Morison, 2004; Lawson & Blatt, 2014;
Lawson et al., 2010, 2018). Current data suggest that light intensity, a[CO2] and
endogenous plant hormones play prominent and interactive roles to modulate basal
stomatal function. Therefore, to understand e[COz]-mediated stomatal closure
response, recent updates and gaps on the molecular mechanisms of stomatal
aperture control in relation to e[COz], hormones and light will be discussed in the

following sections.

1.2.1 e[CO2] mediated stomatal closure response

Through genetic analysis of the model plant Arabidopsis thaliana, different
components specific to [COzJ-induced stomatal closure have been identified.
Activation of SLAC1 and R-/QUAC1 are critical for efflux of inorganic and organic ions
to initiate stomatal closure (Schmidt et al., 1995; Pei et al., 1997; Geiger et al., 2009;
Lee et al., 2009; Meyer et al., 2010; Sasaki et al., 2010; Xue et al., 2011; Dreyer et al.,
2012). A group of kinases including OST1 (OPEN STOMATA 1), CDPKs (Ca?*-
dependent protein kinases) and GHR1 (GUARD CELL HYDROGEN PEROXIDE-
RESISTANT 1) are reported to phosphorylate and activate SLAC1; whereas QUAC1
is known to be activated by OST1 only (Lee et al., 2009; Geiger et al., 2010, 2009;
Brandt et al., 2012; Hua et al., 2012; Scherzer et al., 2012; Imes et al., 2013).
Downstream of COz2, mitogen activated protein kinases 4 and 12 (MPK4 and MPK12)
are also suggested to function synergistically to regulate CO:2-induced stomatal
function (Toldsepp et al., 2018). A Raf-like protein kinase named HIGH LEAF
TEMPERATURE1 (HT1) is predominantly expressed in GC and is a major negative
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regulator of [COz2] induced stomatal closure (Hashimoto et al., 2006). Other Raf-like
protein kinases CONVERGENCE OF BLUE LIGHT AND CO2 1 (CBC1) and CBC2 are
also considered as negative regulators of high CO2-induced stomatal closure and
function in the same pathway as HT1 (Hiyama et al., 2017). Experiments have
suggested that B-carbonic anhydrases (3CA1 and BCA4) in Arabidopsis GC enhance
COg2 catalysis into bicarbonate (HCO3™) and H* in the cytoplasm and are important
intercellular messengers to mediate stomatal closure (Hu et al., 2010; Xue et al., 2011;
Zhang, De-oliveira-Ceciliata et al., 2018). Plasma membrane intrinsic protein 2-1
(PIP2;1 aquaporin/AQP) interact with BCA1 and BCA4 to facilitate COz2 influx and
catalysis in GC (Wang et al., 2015). However, the primary CO2/HCO3~ sensor in GC
to regulate early protein phosphorylation to initiate stomatal closure remain
unidentified. MATE (MULTIDRUG AND TOXIC COMPOUND EXTRUSION)-like
protein RHC1 (RESISTANT TO HIGH CARBON DIOXIDE 1) has been suggested as
a bridge between BCAs and HT1 for HCO3s™ dependent activation of SLAC1 (Tian et
al., 2015). Recently, MPK4 and MPK12 have been reported to interact with HT1 in
response to e[CO2])/ HCOs™ to inhibit downstream HT1 and CBC1/2 and are suggested
as the primary sensor of [COz2] induced stomatal closure (Takahashi et al., 2022). The
sequential events of stomatal closure under e[COz] studied so far has been illustrated

in Figure 1.3.

e[COz2] -induced reductions in gs is the net result of two processes: the promotion of
stomatal closure and the inhibition of stomatal opening (Assmann, 1993). Evidence
has suggested that stomatal opening and closure responses are physiologically
distinct and are not the inverse of each other (Assmann, 1993, 2000; He et al., 2018).
In this context, a novel allele of the BIG locus named CO: insensitive 1 (cis1) has been
identified as a signaling component in the e[CO2]-mediated stomatal response that
distinguishes CO2-mediated stomatal opening and closure. e[COz]-induced stomatal
closure was impaired in BIG mutants compared to wild type behavior indicating that
BIG is involved in e[COz]-induced stomatal closure. In contrast, e[CO2]-induced
inhibition of light induced stomatal opening is not compromised in BIG gene mutants
demonstrating that BIG is not associated with e[CO2]-mediated inhibition of stomatal
opening (He et al., 2018). Therefore, e[CO2]-induced stomatal closure study should be
considered separate and independent of inhibition of stomatal opening in response to
CO:a.
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Figure 1.3 Regulation of stomatal closure in response to e[CO;]. CO. enters GCs
through AQPs where CA1/4 hydrolyses CO, into HCOs. CO, and/or HCO3; acts on
downstream kinases MPK4/12 and RHC1, which inactivate HT1, a negative regulator of
e[CO,J-induced stomatal closure. In the absence of HT1, OST1 is phosphorylated and
activates anion channels SLAC1 and QUAC1. The kinases GHR1 and CDPKs are also able
to activate the ion channels. In response to increases in CO2/HCO3, CBC1/2 is inactivated
via the MPK4/12 and HT1 complex and thus activates SLAC1. SLAC1/QUAC1 drive
membrane depolarization and results in stomatal closure. Negative regulators are shown
within white oval shapes, line arrows are for direct positive regulation, bar lines for negative
regulation, dashed arrows and dashed bar lines indicate hypothetical positive and negative

regulation respectively. Image “Created with Biorender.com”.

1.2.2 Hormone mediated control of stomatal aperture

The interaction of multiple hormones determines stomatal aperture in a condition-
specific manner (reviewed in Acharya and Assmann, 2009). Auxins and cytokinins are

generally positive regulators of stomatal opening. On the contrary, ABA, jasmonates
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(JAs), brassinosteroids (BRs) and salicylic acid (SA) are positive regulators of stomatal
closure. Ethylene plays a dual regulatory role on stomatal apertures. Ethylene has
been reported to cause stomatal closure via ethylene induced H202 synthesis in
Arabidopsis leaves (Desikan et al. 2006). At the same time, ethylene has been
reported to oppose stomatal closure in concert with other hormones. Ethylene
overproducing mutant eto1-1 suppressed ABA-induced stomatal closure (Tanaka et
al. 2005). Also, ethylene biosynthesis/signalling is required for cytokinins and auxins
mediated suppression of ABA-induced stomatal closure (Tanaka et al. 2006). In case
of gibberellins (GAs), little evidence of their association in GC function have been
observed. So far, little work has been conducted regarding the role of gibberellins
(GAs) on GC responses. These showed contradictory role as one reported GA had no
effect on ABA-induced stomatal closure (Tanaka et al. 2006). Other group of research
suggested that GA application promoted stomatal opening in Vicia faba, Fritilaria
imperalis and Commelina benghalensis L. (Santakumari & Fletcher, 1987; Goring et
al. 1990). Also, GA reported to regulate ABA-induced inhibition of stomatal opening in
light (Goh et al. 2009).

Among the phytohormones, ABA is one of the important and known regulators of
stomatal function due to its role in limiting stomatal aperture under drought. Evidence
suggests that GC ABA and CO: signalling pathways converge during promotion of
stomatal closure (Webb & Hetherington,1997).

1.2.2.1 ABA metabolism and transport in GC

ABA metabolism involving biosynthesis, catabolism, conjugation/deconjugation, and
transportation are crucial to regulate the levels of bioactive ABA within plant cells.
Many genes in ABA metabolism have been shown to be involved in stomatal
responses (Merilo et al., 2013; Chater et al., 2015). ABA is synthesized mainly in the
plastids and cytosol of vascular parenchyma cells and GC and involves several steps
starting from zeaxanthin synthesized by the B-carotene pathway. In brief, ABA
biosynthesis can be discussed in three steps. First, the carotenoid zeaxanthin is
catalyzed to the all-frans violaxanthin in the chloroplast by zeaxanthin epoxidase
(ZEP). Second, the intermediate violaxanthin is catalyzed to xanthoxin by nine-
cis epoxycarotenoid dioxygenase (NCED) and transported from the chloroplast to the
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cytoplasm. Third, xanthoxin is converted to abscisic aldehyde by short-chain
dehydrogenase reductase (SDR/AtABA2) and oxidized to bioactive ABA by abscisic
aldehyde oxidase (AAOQO) in the cytoplasm (Seo & Koshiba, 2002). ABA catabolism
involves cytochrome P450 monooxygenase (CYP707As), which catalyse the
formation of hydroxylated ABA i.e., phaseic acid (PA) and dihydro phaseic acid (DPA)
(Ng et al., 2014; Sah et al., 2016). ABA and its catabolites can further be inactivated
by ABA glucosyltransferase to form conjugated ABA-glucosyl ester (ABA-GE) (Ye et
al.,, 2012; Sah et al.,, 2016). However, deconjugation of ABA-glucose by -
glucosidases (AtBG1 and AtBG2) release active ABA in the system (Burla et al., 2013).
In addition, ABA transporters like ABCG22 in GC and ABCG25 in vascular tissue have
been reported to allow ABA translocation (Kuromori et al., 2010). The main steps in

ABA metabolism are shown in Figure 1.4.

Research indicates that GC can function as an ABA source since they are capable of
autonomous ABA synthesis and efflux (Cornish & Zeevaart, 1986; Bauer et al., 2013;
Zhang et al., 2014). ABC transporter genes ABCG40 and ABCG22 were reported to
highly expressed in GC to maintain proper regulation of stomatal movements (Kang
et al., 2010; Kuromori et al., 2011). Hydroxylation of ABA by CYP707A1 and ABA-
glucosylating enzyme activities are also present in Arabidopsis GC (Okamoto et al.,
2009; Dong et al., 2014; Liu et al., 2015).
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Figure 1.4 ABA metabolism involving biosynthesis, catabolism, conjugation-
deconjugation and transport inside plant cells including GC. ABA is synthesized from
zeaxanthin, a product of 3-carotene pathway in a series of reactions inside plastid and cytosol.
ABA is catabolized by CYP707As inside endoplasmic reticulum into PA and DPA. Besides, ABA
can conjugate into ABA-GE by ABA glucosyltransferase inside the endoplasmic reticulum and
vacuole and can be hydrolysed to ABA again by BG1/2. Delivery of ABA from source cell to GC
is mediated by ABCG22/40 transporters. Enzymes involved in each step are shown in brown
italic font. Line arrows indicate direct positive regulation, bar lines direct negative regulation,

dashed arrows for possible positive regulation. Image “Created with Biorender.com”.
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1.2.2.2 ABA signalling in GC

The PYR/PYL/RCAR (PYRABACTIN RESISTANCE/PYR1 LIKE/REGULATORY
COMPONENT OF ABA RECEPTOR) family of proteins perceives intercellular ABA
and this ligand-receptor complex inhibits type 2C protein phosphatases (PP2Cs),
which allows the phosphorylation and activation of downstream Sucrose Non-
fermenting 1-Related subfamily 2 protein Kinases (SnRK2s) (Fujita et al., 2009; Fujii
& Zhu, 2009; Umezawa et al., 2009; Kim et al., 2010). SnRK2s are central regulators
of ABA signalling in Arabidopsis and rice (Kobayashi et al., 2005). They are
responsible for the activation of ABREs (ABA-responsive elements) binding factors
(ABFs) and regulate transcription of several downstream ABA-responsive genes (Choi
et al., 2000; Kim et al., 2002; Lopez-Molina et al., 2002). The participation of core ABA
signalling is well established in ABA-mediated stomatal closure in GC via activation of
OST1 (SnRK2.6). OST1 promotes stomatal closure by regulating SLAC1 and QUACA1
to drive PM depolarization and subsequent K* efflux via active GORK in presence of
ABA (Kim et al., 2010; Hedrich, 2012; Roelfsema et al., 2012). CDPKs and GHR1 are
also reported to activate SLAC1 in an ABA dependent manner during stomatal closure
(Geiger et al., 2010; Hoérak et al., 2016). A simplified model of stomatal closure through
activation of SLAC1 in the presence of ABA is presented on the following page (Figure
1.5). Like COz, the promotion of stomatal closure and the inhibition of stomatal opening
in response to ABA are distinct from each other (Allen et al., 1999; Wang et al., 2001;
Mishra et al., 2006). Because GCs are reported to synthesize ABA in a cell-
autonomous way and receive ABA from the apoplast, a key question is which pathway

is dominant in GC in response to various stimuli (Munemasa et al., 2015).
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Figure 1.5 ABA signalling in GC closure response. (A) In absence of ABA, ABA
receptors activate negative regulator of ABA signalling i.e., PP2Cs which further
inactivate downstream SnRK2s, central regulators of ABA responses. (B) When ABA
is present ABA receptors PYL/PYR/RCAR form a receptor-ligand complex and
inactivate PP2Cs. This relieves suppression on downstream kinases like
SnRK2.6/0ST1, CDPKs and GHR1 allowing them to activate S-type and R-type
channels like SLAC1 and QUAC1 and results in subsequent membrane
hyperpolarization and stomatal closure. Line arrows indicates direct positive regulation

and bar lines denotes negative regulation. Image “Created with Biorender.com”.

14| Page



1.3 Interaction between e[CO2] and ABA-mediated stomatal

closure response

Since both the e[CO2] and ABA induce stomatal closure it is plausible to have
convergence between their signal transduction mechanism. Classical studies showed
strong interactions between CO2 sensing and ABA-mediated stomatal closure
(Raschke, 1975; Leymarie, Lascéve, et al., 1998; Leymarie, Vavasseur, et al., 1998;
Leymarie et al., 1999). In Arabidopsis, dominant ABA-insensitive mutants abi7-7 and
abi2-1 are reported to be defective in ABA signalling as well as in CO2 responses in
GC (Webb & Hetherington, 1997; Merilo et al., 2013). Phosphorylation via OST1
kinase to activate SLAC1, QUAC1 and K* channels are common between the ¢[COz2]
and ABA mediated stomatal closure (Negi et al., 2008; Vahisalu et al., 2008; Meyer et
al., 2010; Xue et al., 2011). During ABA signalling ABI2 is reported to inhibit GHR1
dependent activation of SLAC1 while HT1 is suggested to negatively regulate GHR1
during e[CO2]-mediated stomatal closure (Hérak et al., 2016). Thus, GHR1 is a
potential convergence between the two signals in GC. ABA insensitive mutant growth
controlled by ABA (gca2) showed strong impairment in high CO2-induced stomatal
closing alongside no change in cytosolic Ca?* transient rate (Young et al., 2006). Thus,
provide potential involvement between the two GC closure responses to regulate
downstream ion channels. A role of intercellular Ca?* is evident from CO2 and ABA
responses in GC suggesting a common link between the pathways (Webb et al., 1996;
Young et al., 2006; Xue et al., 2011). Thus, several downstream components have
found to converge during ABA and CO:2 induced stomatal closure response (Figure
1.6). Several attempts were made to investigate involvement of ABA perception and
signalling to e[COz]-mediated stomatal closure. In recent years, use of mutants in ABA
receptors of the PYR/PYL/RCAR family showed their partial as well as complete
involvement in CO2-mediated closure (Chater et al., 2015; Dittrich et al., 2019).
However, contrary to this data, analysis of SnRK2.6/0ST1 kinase activity via Forster
resonance energy transfer (FRET) biosensor determined no role of PYL4/5 towards
the e[COz]-mediated stomatal closure (Zhang et al., 2020). In addition to signalling,
components of ABA synthesis are required for a normal COz2 response. Gas exchange
measurements in ABA biosynthesis mutants aba7, aba2-1, aba3 and nced3nced5

reduced but did not abolish CO2 responses as observed from several reports (Merilo
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et al.,

2013; Chater et al., 2015; Hsu et al., 2018). Additionally, ABA catabolism has

been reported to be involved in e[COz]-mediated stomatal closure and reduced

stomatal density response in Arabidopsis (Movahedi et al., 2021).
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Figure 1.6 Regulatory steps and convergence points during ABA and CO: induced
stomatal closure response. CO,/HCO3 activate RHC1, MPK4 and MPK12, which in
turn inactivate HT1 by phosphorylation. This is an important step since HT1 inhibits
downstream components like OST1 essential for the activation of SLAC1. During ABA
signalling, ABA binds to PYR/PYL/RCAR and this ligand-receptor complex inhibits
PP2Cs to further inactivate/phosphorylate OST1 and GHR1 to activate downstream
SLACH1. Also, GCA2 and Ca?* are known to regulate SLAC1 between both the responses.
Adopted and modified from (Hdrak et al., 2016; Jakobson et al., 2016). Line arrows for
up regulation, barred lines for down regulation, dotted lines denote hypothetical
regulation, green fonts to indicate common components between ABA and CO; induced

stomatal closure response. Image “Created with Biorender.com”.
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Altogether these data indicate that either ABA perception and signalling is involved in
GC sensitivity to e[COz2] or an increase in [ABA] via biosynthesis in response to e[CO2].
However, [ABA] has not been shown to change in response to e[CO2] in leaves and in
GC (Chater et al., 2015; Hsu et al., 2018). Therefore, although research indicates that
e[COz2]-mediated stomatal closure requires intact ABA metabolism and signalling
pathways, none of the mechanisms appear to involve in any change in ABA levels.
Thus, the exact involvement of ABA in e[CO2]-mediated stomatal closure remains an

interesting field to explore.

1.4 GA: potential factor of ¢[CO2] and ABA-mediated signal

transduction in GC

Hormonal regulation generally involves crosstalk and signal integration with either
antagonistic and/or synergistic interactions. For example, auxin and BR mutually
promote cell expansion (Nemhauser et al., 2004), while ABA and GA antagonistically
regulate seed dormancy and germination (Kucera et al., 2005; Finkelstein et al., 2008).
The antagonistic regulation of ABA and GA have been studied extensively in many
developmental and stress responses in plants (reviewed in Liu & Hou, 2018). The
endogenous levels of these hormones can be affected in opposite manners; for
example, the GA deficient mutant ga7-3 accumulates more ABA than WT and aba2-2
ABA biosynthesis mutants have higher GA synthesis (Seo et al., 2006; Oh et al., 2007).
In the context of stomatal aperture control, few studies have examined the role of GA,
though it has been shown to modulate ABA-induced inhibition of stomatal opening in
light (Goéring et al., 1990; Goh et al., 2009). In addition, mutants that lack GA signalling
responses have consistently increased basal stomatal aperture (Sukiran et al., 2020).
However no previous studies have examined whether GA metabolism or signalling
affects the GC e[COz2]-mediated closure response. Considering the classical
antagonism between ABA and GA signalling it might be predicted that e[CO2] could
negatively affect GC GA signalling. Therefore, an outstanding question to be
addressed is whether GA signalling and metabolism antagonise GC ABA responses
and adjust the overall hormonal response during e[COz]-mediated stomatal closure
response (Hypothesis Figure 1.10). Much is known about GA metabolism and
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signalling, and many genetic tools are available to examine GA responses as

discussed in the following sections.

1.4.1 GA metabolism in plants

GAs are diterpene phytohormones abundantly found in higher plants and fungi though
a few e.g. GA1, GAs3, GA4 and GA7 are biologically active (Hedden & Phillips, 2000).
In Arabidopsis, GAs are involved in seed germination, leaf and root growth, flowering
in short-day conditions, anther, fruit and seed development (Sun, 2008). GA
metabolism initiates from geranyl geranyl diphosphate (GGDP) in plastids. GGDP is
catalysed by two terpene synthases (TPSs) ent-copalyl diphosphate synthase (CPS)
and ent-kaurene synthase (KS) to form ent-kaurene which is the first committed
intermediate in the GA pathway (Sun & Kamiya, 1997, 1994; Helliwell, Sullivan, et al.,
2001). Then ent-kaurene is converted into GA+12 via two cytochrome P450
monooxygenases (P450s). ent-kaurene oxidase (KO or CYP701A according to the
P450 nomenclature) and ent-kaurenoic acid oxidase (KAO or CYP88A) form GA12 via
stepwise oxidation in the outer membrane of plastids and in the endoplasmic reticulum
respectively (Helliwell, Sullivan, et al., 2001; Nelson et al., 2004). The last step involves
several oxidation reactions catalysed by 2-oxoglutarate-dependent dioxygenases
(20DDS) i.e., GA 20-oxidases (GA200x) and 3-oxidases (GA3ox) by two parallel
pathways in the cytoplasm (Spray et al., 1996; Itoh et al., 2001; Appleford et al., 2006).
Both the pathways form various GA intermediates and bioactive GAs. The only
difference between the pathways is that one produces non-13-hydroxylated GAs (e.g.,
GA4 and GA7) and the other contains 13-hydroxylated GAs (e.g., GA1 and GAs). Anew
bioactive GA named 16,17-dihydroGA12 16-a-ol (DHGA12) catalysed by a 20DD
known as GAS2 (GAIN-OF-FUNCTION IN ABA-MODULATED SEED GERMINATION)
was also reported recently in Arabidopsis and maize (Liu et al., 2019). Enzymes
involved in the early stages of GA synthesis i.e., CPS, KS and KO are each encoded
by single gene in Arabidopsis whereas KAO has two genes (Koornneef & van der
Veen, 1980; Helliwell, Chandler, et al., 2001). On the contrary, GA20ox and GA3ox
are each encoded by small gene family of five and four members respectively and
each of them show tissue specific expression pattern (Thomas et al., 1999; Mitchum

et al., 2006). Level of active GAs in any system are not only dependent on synthesis
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but also on deactivation. The major GA catabolism is regulated by 23-hydroxylation,
which is catalysed by a class of 20DDs, GA 2-oxidases (GA20x) and can inactivate
both bioactive GAs and their precursors (Thomas et al., 1999; Schomburg et al.,
2003). Therefore, these group of enzymes remain active in the late stage of GA
synthesis and are encoded by multigene family of seven members in Arabidopsis
(Rieu et al., 2008). Other deactivation mechanisms involve 16 a,17-epoxidation of
non-13-hydroxylated GAs and methylation of active GAs in Arabidopsis by GA
methyltransferases (GAMT1 and GAMT2) (Zhu et al., 2006; Varbanova et al., 2007).

Generalised steps involve in GA metabolism is presented in Figure 1.7.

1.4.2 GA perception and signalling in plants

Since GAs are hydrophobic carboxylic acids, they may travel across PM as a
protonated acid by passive diffusion (Hooley et al. 1992). Thus, plants might have both
membrane-bound and cytosolic soluble GA receptors (Gilory & Jones 1994; Park et
al. 2005). Recent studies have demonstrated that GA signal is perceived by the GA
receptor GIBBERELLIN INSENSITIVE DWARF (GID1), a soluble protein localized to
both cytoplasm and nucleus (Sun, 2008). There are three GID1 orthologs in
Arabidopsis with some overlapping functions (Nakajima et al., 2006). GA binding to
the receptor forms a GA-GID1 complex to activate the downstream signalling
pathway. Binding of GA to GID1 results in a conformational change to promote its
interaction with DELLA proteins, the master repressors of GA responses (Harberd et
al., 2009; Sun, 2010). DELLASs are a subset of nuclear transcriptional regulators of the
GRAS family proteins and Arabidopsis contains 5 DELLAs: REPRESSOR OF ga1-3
(RGA), GA-INSENSITIVE (GAl), RGA-LIKE1 (RGL1), RGL2 and RGL3. They display
overlapping as well as also some distinct functions in repressing GA responses (Dill &
Sun, 2001; King et al., 2001; Lee et al., 2002; Cheng et al., 2004; Tyler et al., 2004).
The GA-GID1-DELLA complex enhances binding of SLEEPY (SLY1, a subunit of the
SCF (SKP1, CULLIN, F-BOX) E3 ubiquitin ligase complex) to initiate degradation of
DELLAs via the ubiquitin-proteasome pathway (reviewed in Sun, 2011). In addition to
ubiquitination, proteolysis independent and SUMOylation (small ubiquitin-related
modifier) have also been reported in regulations of DELLAs (Ariizumi et al., 2008;
Conti et al., 2014).
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Figure 1.7 GA biosynthesis and catabolism in plants partitioned in three different
organelles. Early steps occur in plastid where the first committed component of pathway,
ent-Kaurene is formed from GGDP via CPS and KS. Then ent-Kaurene is oxidised
stepwise to form GA1, by P450 monooxygenases in endoplasmic reticulum. In the third
step, GA12 is moved to the cytoplasm and forms several GA intermediates and active GA
by two parallel pathways. One pathway involves 13-hydroxylation reactions (shown with
blue font) whereas other is non-13-hydroxylation (shown in red font). Both the pathways
are catalysed by several GA20ox and GA3ox enzymes. Deactivation of GAs is also
catalysed another class of 20DDs, GA20x. The pathway is adopted from Yamaguchi et al.
2008. The enzymes are shown in purple italic font. Active GAs from each pathway is shown
within hexagon shape whereas inactive are shown in oval shape. Image “Created with

Biorender.com”.
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Though DELLA-dependent GA signalling pathway is considered central to GA signal
transduction, DELLA-independent GA signalling also exists e.g., GA-induced cytosolic
Ca?* increase in plant cells occurs via a DELLA-independent pathway (Okada et al.,
2017). Also, a microarray study of DELLA-quadruple mutant in Arabidopsis showed
some GA-regulated genes are not DELLA dependent (Cao et al., 2006). A generalised

overview of GA signalling is shown in Figure 1.8.
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Figure 1.8 GA signalling components towards GA responses in plants.
(A) In the absence of GA, GID1 receptor remains free and unable to act on
DELLA proteins. Active DELLAs repress most of the GA responses. (B) In the
presence of GA, GID1-GA complex can bind to the DELLA and cause
conformational changes that enhance SCFS"! binding to the GID1-GA-DELLA
complex. This then degrade DELLAs via 26-ubiquitin-proteosome pathway and
release the negative pressure on any DELLA-dependent GA response. Line
arrows for positive regulation and barred lines for negative regulation. Image

“Created with Biorender.com”.
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1.5 Light mediated regulation of stomatal aperture

Stomata open in response to light to facilitate gas exchange to support photosynthesis.
Light is one of the key external signals not only for photosynthesis but also for almost
every aspect of a plant’s physiology and development. To accurately determine light
from their surrounding environment, plants have evolved five major classes of
photoreceptors. Photoreceptors in Arabidopsis include: Phytochromes (phyA-E)
perceive red/far-red light (600-750 nm); Cryptochromes (CRY1 and CRY2),
Phototropins (PHOT1 and PHOT2), F-box containing Flavin binding proteins (e.g.,
ZEITLUPE, FKF1/LKP2) for blue/UV-A light (320-500 nm); and UVRS8 for UV-B light
(280-320 nm) (Bae & Choi, 2008). Stomatal aperture is regulated by diurnal changes
in light quality and intensity as in general, stomata remain open under daylight and
close at night in C3 and C4 species whereas CAM (crassulacean acid metabolism)
species show the opposite response (Cockburn, 1983). Also, unpredictable changes
in the quality of light throughout the day and stages of life impact stomatal dynamic

response and diurnal behaviour (Matthews et al., 2020).

Stomatal opening responses to light is discussed under two distinct pathways: the red
light (RL) or photosynthesis response and the GC-specific blue light (BL) response
(Zeiger, 1983; Assmann & Shimazaki, 1999; Shimazaki et al., 2007; Doi et al., 2015;
Inoue & Kinoshita, 2017). All the components required for BL induced stomatal
opening response are reported to be localised in the GCs themselves with no direct
involvement of photosynthesis or a mesophyll signal (Kinoshita & Shimazaki, 2001;
Ueno et al., 2005; Hayashi et al., 2011; Ando & Kinoshita, 2018). However, recently
two kinases, CONVERGENCE OF BLUE LIGHT AND CO2 (CBC1 and CBC2), were
identified as linking BL responses (via phototropins) to low [COz2] found in the GC,
suggesting an indirect involvement of photosynthesis (Hiyama et al.,, 2017).
CBC1/CBC2 also negatively regulate stomatal opening through inactivating H*-
ATPase suggesting that they have dual roles in stomatal movement (Hayashi et al.,
2020).

In response to BL, PHOT1 and PHOT2 undergo auto phosphorylation and initiate a
downstream signalling cascade for stomatal opening (Kinoshita & Shimazaki, 2001;
Christie, 2007; Shimazaki et al., 2007; Inoue & Kinoshita, 2017). BLUE LIGHT
SIGNALLING 1 (BLUS1) is directly phosphorylated by the activated PHOTs (Takemiya

22| Page



et al., 2013) and further activates PM H*-ATPase in GCs via phosphorylation (Hayashi
et al., 2011; Shimazaki et al., 2007). At the same time activated PHOTs phosphorylate
CBC1/2 to inactivate downstream SLAC1 (Hiyama et al., 2017). These results in
hyperpolarization of the membrane potential with simultaneous apoplast acidification
and K" uptake through Kin channels directing stomatal opening (Kwak et al., 2001). In
addition to PHOTs, CRY1 and CRY2 function additively to mediate BL induced
stomatal opening. Both CRY and PHOT signalling pathways acts upstream of the
COP1 (Constitutively Photomorphogenic 1)-SPA (SUPPRESSOR OF PHYA-105) E3
ligase complex. COP1-SPA is a master negative regulator of light signalling pathway
and known to repress stomatal opening in darkness (Mao et al., 2005). COP1-SPA
acts through ubiquitylation and targeted degradation of several positive light signalling
factors including HYS (LONG HYPOCOTYL 5), HYH (HY5-HOMOLOG), LAF1 (LONG
AFTER FAR-RED LIGHT1), HFR1 (LONG HYPOCOTYL IN FAR-RED1) and others
(Lau & Deng, 2012). In regard of stomatal aperture control, the downstream targets
for COP1 degradation are not exactly known. However, reports on COP1 function to
degrade microtubule function through the 26S proteasome pathway as well as its
requirement for normal S-type anion channels activation indicate likely components of

the stomatal closure mechanism (Khanna et al., 2014).

Unlike BL photoreceptors, RL response in GCs is not directly mediated by
phytochromes. There are two opinions regarding RL induced stomatal response.
Firstly, that the RL induced stomatal opening may result from GC responses to
reduced Ci due to photosynthetic demand from both the mesophyll and GC
chloroplasts (Roelfsema et al., 2002; Mott, 2009; Ando & Kinoshita, 2018). In addition,
a component of the low CO:z signalling network, HT1 regulates the RL-induced
stomatal opening, providing further support for this Ci based hypothesis (Hashimoto
et al., 2006; Matrosova et al., 2015). However, the second argument suggests that
phytochromes are direct sensors of RL regardless of any change in Ci. Under constant
Ci, gs increased in response to RL questioning the sole role of Ci (Messinger et al.,
2006; Lawson et al., 2008; Wang & Song, 2008). Furthermore, alteration of several
enzymes associated with electron transport or the Calvin cycle leading to reduced
photosynthetic rates demonstrated that stomata open in response to light regardless
of the higher Ci values (Von Caemmerer et al., 2004; Baroli et al., 2008; Lawson et al.,

2008). Several studies have suggested that an unidentified signal originating in the
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mesophyll might potentially be sensed by GCs to drive stomatal responses (reviewed
in Matthews et al., 2020).

phyB acts in concert with phyA, CRYs and PHOTs via MYB60, a R2R3-MYB gene of
Arabidopsis, to regulate stomatal opening under white light (Wang et al., 2010; Chen
et al., 2012). phyBcop1 double mutant analysis revealed that phyB acts additively with
COP1 to mediate stomatal aperture changes. In addition, stomata of the pif3pif4
(PHYTOCHROME INTERACTING FACTORS) mutant opened wider than those of the
wild type, suggesting that they may act downstream of phyB in regulating stomatal
opening (Wang et al., 2010). In the absence of red light, blue light is very inefficient in
inducing stomatal opening (Ogawa et al., 1978; Karlsson, 1986; Kinoshita et al., 2001;
Mao et al., 2005). Also, an increase in gs rate was reported when blue light was applied
to a background of red light compared with red alone (Shimazaki et al., 2007). Thus,
this indicates independent as well as synergistic behaviour of the two light signals
towards stomatal aperture regulation. The common functional regulation between
different photoreceptors involves inactivation of negative regulators of
photomorphogenesis, including translocation of COP1 from the nucleus to the
cytoplasm, destabilization of the COP1-SPA complexes and phosphorylation and
subsequent degradation of PIFs. BL and RL signaling pathways converge on the
phosphorylation and activation of PM H*-ATPases, resulting in proton extrusion, K*
uptake, water influx into GCs and consequent stomatal opening (reviewed in Matthews

et al., 2020). A summary of these interactions is shown in a diagram (Figure 1.9).

24 |Page



L

B
phyB lcry1/2i ',(
Pfr phot1/2
\ BLUST-._

©  CBC1/2

P S

COP1-SPA | =/ %
and P
PIFs g HTT L RL
MYB60 ; / *5&
¥ SLACT ...
H*-ATPase

Membrane hyperpolarization

Figure 1.9 Light mediated regulation of stomatal opening response. Both RL and BL
activated photoreceptors (phyB and CRYs) mediate stomatal function by inhibiting COP1-
SPA and PIFs. These photomorphogenesis repressors may down regulate the
transcription factor MYB60, which is required for stomatal movement regulation via H*-
ATPase activation. PHOTs regulate aperture via BLUS1 and CBC1/2 to activate and
inactivate ion channels respectively. Additionally, RL induced photosynthesis results in a
reduction in leaf [CO-] leading to activation of HT1, which activates CBC1/2 to inactivate
SLACA1. Line arrows are for direct positive regulation, bar lines for negative regulation,
dashed arrows and dashed bar lines indicate positive and negative regulation respectively.
Here GCP=guard cell protoplast, MP=mesophyll protoplast. Image “Created with

Biorender.com”.
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1.6 Role of phyB, hormones and CO: in stomatal aperture

responses

Among the phytochromes, phyB acts as the key photoreceptor for
photomorphogenesis responses under high light (Casal et al., 2014). phyB appeared
to be the most abundant phytochrome in seedlings grown at constant light as observed
from immunoblotting where the ratio of PHYA, PHYB, PHYC, PHYD and PHYE was
5:40:15:15:25 (Sharrock & Clack, 2002). Studies showed that phyB is dominant in both
the local and light-mediated systematic control of stomata development (Boccalandro
et al., 2009; Casson et al., 2009; Casson & Hetherington, 2010). The role of phyB in
response to RL mediated stomatal opening has already discussed in section 1.5
(Figure 1.9). phyB mutants were found to have increased ABA levels but conversely,
phyB stomatal sensitivity to exogenous ABA was diminished compared to WT controls
suggesting a role for phyB in regulating ABA responses (Gonzalez et al., 2012).
Recently, the interaction between OST1 and phyB provided evidence of crosstalk
between ABA and phyB to negatively regulate RL induced stomatal opening response
(Li etal., 2021). Light regulation of GA and ABA homeostasis during seed germination
is broadly studied (Casal & Sanchez, 1998; Seo et al., 2009). For instance, light
activated phyB inhibits expression of the MYB transcription factors REVEILLE1/2,
which are the negative regulators of the GA biosynthesis gene GA30x2; this relieves
repression on GA biosynthesis and promotes germination (Jiang et al., 2016). Light
activated phyB is also reported to either positively or negatively regulate GA
metabolism at later stages of development such as hypocotyl growth and petiole
elongation (Achard et al., 2007; De Lucas et al., 2008; Kupers et al., 2023). There is
also evidence on a role of GA to modulate ABA-induced inhibition of stomatal opening
in light (Goéring et al., 1990; Goh et al., 2009).

It has been well established that low Ci stimulates stomatal opening, while high Ci
induces stomatal closure (Mott, 1988; Mott, 1990). In this case, CBC1/2 is a good
example of convergence between blue light and CO: signalling pathways likewise the
dual functions of [CO2], i.e., low [COz] promotes stomatal opening while high [COz2]
inhibits stomatal opening (Yang et al., 2020). Though a change in the Ci might act as
a mesophyll-to-GC transmissible signal for RL-mediated stomatal behaviour, no

signalling component converging the two stimuli downstream to phyB has reported.
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Investigation involving interaction between phyB and phytohormones specifically ABA
and GA towards e[CO2]-mediated stomatal response might provide new insight to

better handle stomatal physiology and crop production.

1.7 Involvement of rice phyB towards e[CO:]-mediated

response

Cereal grasses provide most of the global nutrition and rice fed more people than any
other important cereal crops like wheat, barley, and maize (Mohapatra & Sahu, 2022).
Global rice consumption is estimated to increase from 480 million tons in 2014 to
nearly 550 million tons in 2030 (Yuan et al., 2021). Therefore, better rice yield is crucial
to ensure food security and climate change is likely to be a constraining factor based
on experimental and modelled projections of rice production (Peng et al., 2004;
Krishnan et al., 2007; Wassmann, Jagadish, Heuer, et al., 2009; Wassmann, Jagadish,
Sumfleth, et al., 2009). e[COz2] and increases in temperature are two key determinants
of climate change that have opposing effects on rice growth and performance (Muehe
et al., 2019). Consequently, water scarcity is posing a greater threat to rice yield as
rice cultivation is primarily based on irrigated lowland rice systems in warm and
temperate regions of Asia, Africa, and Latin America (Rao et al., 2017). Existing
literature evidences a complex effect of e[COz2] towards rice production. For example,
meta-analyses based on free air CO2 enrichment (FACE) platforms denote increasing
[CO2] and temperature accompanied by low N supply are likely to deteriorate rice

production and varied with cultivars (Lv et al., 2020; Hu et al., 2022).

As a grass species, rice features dumbbell-shaped GCs flanked by two paracytic
subsidiary cells (SCs) arranged in parallel rows within epidermal cell files and exhibit
more efficient and faster stomatal regulation compared to kidney shaped GCs (Merilo
et al., 2014; McAusland et al., 2016; Haworth et al., 2018). In rice, faster stomatal
movement is associated with the reciprocal responses of GCs and SCs during
stomatal opening and closing response, a reduced ratio of internal volume to surface
area due to dumbbell shape and, variable GC wall thickness and composition
compared to their kidney-shaped counterparts (McKown & Bergmann, 2018) (Figure
1.10).
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Figure 1.10 Rice stomata complex with pair of dumbbell shaped GCs surrounds
by SCs. (A) Rice epidermal impression showing files containing stomatal complex.
(B) During stomatal opening ions and water entered from SCs to increase turgor
pressure. Stomatal closure involves efflux of ions and water from GC to adjacent SCs.

Image “Created with Biorender.com”.

Although stomatal morphology and patterning are different between Arabidopsis and
rice, several components of the molecular pathway regulating stomatal development
are common with some level of functional divergence (Liu et al., 2009; Raissig et al.,
2016, 2017; Wu et al., 2019). Alteration of stomatal properties including stomatal
density and aperture through genetic engineering have demonstrated improved
drought tolerance and/or enhanced water-use efficiency in rice (WUE) (Huang et al.,
2009; Hepworth et al., 2015; Hu et al., 2017; Li et al., 2017;Caine et al., 2019).
Therefore, stomatal-based research in rice has potential to maintain and enhance rice

productivity with current climate change scenarios.

Like Arabidopsis, rice phytochromes are the sole receptors for Red (R) and far-red
light (FR) and mediate most of the photomorphogenic responses (Takano et al., 2009).
The rice phytochrome gene family has three members, phyA, phyB, and phyC (Kay et
al., 1989; Dehesh et al., 1991; Tahir et al. 1998; Basu et al., 2000). phyB is
evolutionarily conserved with high protein sequence identity and mode of action

between Arabidopsis and rice (Dehesh et al., 1991). Studies showed phyB-mediated
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light signals modulate stomatal development in Arabidopsis (Boccalandro et al., 2009;
Casson et al., 2009). However, phyB is reported not to regulate the expression of
genes related to stomatal development in rice. At the same time, reduced leaf area
and reduced transpiration because of lower stomatal density per unit leaf area in rice
phyB showed improve drought tolerance (Liu et al., 2012). Thus, phyB renders an
important role via stomatal manipulation towards rice production. However, their

involvement towards e[COz2]-mediated response remains unexplored.

1.8 Research aims and objectives

The primary aims of the project were:

(1) Investigate the role of gibberellins in regulating stomatal responses to ¢[COz].

(2) Investigate the role of phyB in regulating stomatal responses to e[CO2].

To address the research aims the following objectives were outlined:

(1) Analyse stomatal aperture responses to changes in [COz2] in the presence of GA
and GA biosynthesis inhibitors.

(2) Take a genetic approach to dissect the role of GA in stomatal responses to [COz2].

(3) Measure GA and ABA levels in leaves under different [CO2].

(4) Examine the expression of key genes in hormone metabolism and signalling under
different [CO2].

(5) Analyse the response of phyB mutants in both Arabidopsis and rice under different
[CO2].

Collectively, this thesis is testing the hypothesis that [COz2] in part acts through GA to
modulate GC sensitivity to ABA (Figure 1.11).
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Figure 1.11 Conceptual events showing the hypotheses tested during the
present study. e[CO,] might regulate GA signalling and metabolism but not ABA
directly and through changes in GA modulates GC sensitivity to ABA. At the same
time, signals from light perceived by phyB may positively regulate GA signalling and
metabolism while it has dual role on ABA metabolism during different stages of plant
development. Thus, e[CO2]-mediated stomatal closure might act via phyB dependent
or independent way. Line arrows are for direct positive regulation, bar lines for
negative regulation, dashed arrows and dashed bar lines indicate hypothetical positive
and negative regulation respectively, fade line directs controversial involvement.

Image “Created with Biorender.com”.
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Chapter 2. Materials and Methods
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2.1 Materials

2.1.1 Plant materials

Arabidopsis and rice seed lines used to carry out different experiments during the
project are presented in tables 2.1 and 2.2 respectively. Representative images of
mature plants of each of the lines of Arabidopsis and rice are provided in

supplementary (Supplementary 2.1 and 2.2).
2.1.2 General laboratory chemicals

All chemicals used during the present study were purchased from Sigma Aldrich or

Fisher Scientific unless stated otherwise.

2.2 Plant growth conditions

2.2.1 Growth conditions for Arabidopsis

Depending on the experimental design, plants were grown and maintained in either
tissue culture or compost. To grow and maintain Arabidopsis plants in compost,
F2+Sand Levington®, Everris Professional compost was used. For both tissue culture
and compost grown plants, seeds were stratified at 4°C for 2-3 days in the dark and
then transferred to growth chambers Sanyo-Gallenkamp SGC970/P/PLL. Optimum
plant growth conditions were: 11h photoperiod, relative humidity 65%, 22°C constant
temperature and [CO2] set as ambient ~450ppm with additive CO2 (A[COz2]). Light
irradiance in the chambers was maintained at photosynthetically active radiation
(PAR) 150+20 pmolms? and occasionally measured using a light meter (Apogee
Model MQ-200 Quantum meter). High [CO2] was achieved in one of the chambers
using an additive [COz2] injection to achieve 1000 ppm according to experimental

requirements and noted as E[COz2].

To carry out gene expression experiments plants were grown in the same chambers
and same conditions as above. However, photoperiod length was 12h and
temperature was set as 20/16°C (day/night)
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Table 2.1 Arabidopsis seed lines used during the present study.

Name Ecotype/Allele Reference

Col-0 Columbia-0 Casson Laboratory stocks.

Ler Landsberg erecta Casson Laboratory stocks.

Ws-2 Wassilewskija Casson Laboratory stocks.
pUBQ-XVE-GA200x1- Columbia-0 (Rizza et al. 2021)

P2A-GA30x1
ga2oxquintuple Col-0/ga2ox1- (Rieu et al., 2008)
(ga2o0xq) 1(WiscDsLox_333C08),

dellaguintuple
(dellaq)
35STAP_RGAA17
35STAP_GAIA17
hpcal
phyB-9

PHYBproPHYB:YFP

(phyBcomp)
phyB-9nced3nced5

rvel
rve2

rvelrve2

RVE1OE

ccallhy

ga20x2-1(SALK_051749),

ga20x3-1(SALK_042818),

ga2ox4-1 (SALK 036923)
and ga20x6-2
(SM_3_1859)

Ler/ gai-t6, rga-t2, rgll-
1, rgl2-1, and rgl3-4
Ler/TAP tagged RGAA17
Ler/TAP tagged GAIA17
Col-0/ SAIL_71_C11
Col-0/phyB-9
(NASC _N6217)
PHYBproPHYB:YFP
complemented in phyB-9
Col-0/ phyB-9
(NASC_N6217), nced3-
2 (GK_129B08), nced5-

2 (GK_328D05) and nced5-

3 (GK_380E07)
Col-O/reveillel
(SALK_025754C)
Col-O/reveille2
(SALK_051842C)
Col-O/reveillel
(SALK_025754C), Col-
O/reveille2
(SALK_051842C)
Col-0/ revelillel
(SALK_025754C)
Ws-2/ccal-11, Ws-2/lhy-
21(NASC N9862)

(Koini et al., 2009)
(Feng et al., 2008)
(Feng et al., 2008)
(Wu et al., 2020)
(Reed et al., 1993)
Unpublished and a gift from S.

Casson.
Present study

(Alonso et al., 2003)
(Alonso et al., 2003)

Present study.

Present study.

(Ding et al., 2007)

Seeds stocks were obtained from Eurasian Arabidopsis Stock Centre (Scholl et al., 2000)
and accession number are indicated within first bracket.
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Table 2.2 Rice seed lines used during the present study.

Name Ecotype/Allele Reference
NB Nipponbare Donated by Tinashe Mowdza.
OsphyB OsphyB-1 (Takano et al., 2005)
OsphyB OsphyB-2 (Takano et al., 2005)

2.2.2 Growth conditions for rice

Rice seeds were placed in sealed transparent magenta pots containing reversed
osmosis (RO) water (water purified by reverse osmosis system) at ~1 cm level and
were kept in a Sanyo growth chamber (12h photoperiod, day/night temperature 26°C/
24°C, 200 ymolm=2s? PAR) for germination. After 7 to 10 days seedlings were
transferred to pots with soil saturated with water. Soil mix consisted of 71% sterilised
Kettering loam (Boughton), 23.5% John Innes No. 3 compost, 5% sand and 0.5%
Osmocote extract standard slow-release fertilizer (v/v). For all the rice experiments,
plants were grown in 16 cm pots except the thermal imaging experiment where the
plants were grown in pots of 12cm. After transplanting, plants were grown in controlled
environment growth cabinets PGR15 Conviron (Controlled Environments Ltd,
Winnipeg, MB, Canada) under optimal conditions for rice, unless stated otherwise.
The optimum conditions for rice were: 12h photoperiod, irradiance set at 600 pmolm-
2s'1 PAR, relative humidity 60%, day/night temperature 30°C/24°C and [CO2] set as
ambient ~450ppm (A[COz2]). Valoya NS1 broad spectrum LEDs with far-red diodes
were used to maintain irradiance. Experiences from rice fields represented 100 and
700 ymol m=2 s7 24 h as the low and high range of light intensities (De Datta, 1981;
Huang et al. 2013). Therefore, 600 pmolm?s? PAR was used as optimum light
intensity during the present study. High [COz] was achieved at 1000 ppm (E[COz]) in
one of the chambers using an additive [CO2] injection according to experimental

requirements.

Plant pots were kept in trays with a constant supply of water to the pot base and were
also watered from the top twice a week. From the 5" growth week, plants were
fertilized in intervals of two weeks with Chempak High Nitrogen Feed No. 2. Flag

leaves were considered for every measurement taken except for thermal imaging
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experiment since they are photosynthetically more active than other leaves in mature
rice plants (Adachi et al., 2017).

2.3 Genetic transformation

2.3.1 Generation of RVE1 overexpression line

Arabidopsis RVE1 overexpression lines (RVE1OE) were developed through floral dip
transformation (Bent, 2006) using Agrobacterium transformed with the binary vector
pMDC32 containing a 35S::RVE1l construct using cDNA of RVE1l (Weigel &
Glazebrook, 2006). The cloned vector was kindly provided by Dr Nicholas Zoulias.
Seeds from the T1 generation were selected on four combinations of GAs and
hygromycin (selection marker, Hyg) since high expression of RVE1l affected the
germination. The media combinations were as follows with ¥2 MS media: 50uM
GA3z+25mg/ml Hyg; 50pM GA3+50mg/ml Hyg; 100uM GAz+25mg/ml Hyg and 100puM
GA3+50mg/ml Hyg. 12 lines were selected that appeared resistant across the 4
combinations of media (Supplementary 2.3) and T2 generation was developed from
each of the 12 lines. Seeds from T2 generation was further screened on the following
media based on their delayed germination percentage: Y2 MS media, %2 MS
media+100uM GAs and %2 MS media+100uM GAsz+25mg/ml hygromycin. Putative
RVE1OE lines were isolated from their delayed germination response (Supplementary
2.4) and were further confirmed using higher gene expression compared to wild line

via qPCR analysis (Supplementary 2.5).
2.3.2 Seed sterilisation

Seeds were always sterilised before growing them in tissue culture media. Seeds were
dehydrated for 3-5 minutes at room-temperature in 70% ethanol. The 70% ethanol
was then aspirated, and the seeds were then incubated in 1% sodium hydrochlorite
and 0.1% Tween-20 for 20 minutes with agitation. Seeds were then washed five to six

times with autoclaved RO H20 inside a laminar flow hood.
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2.3.3 Tissue culture media

To prepare ¥2 MS media 2.2 g/L MS media (Sigma Aldrichl, M5519-50L) was added
and mixed properly into 800ml RO H20. The pH of the solution was adjusted to 5.7
using 1M KOH and made the volume up to 1L. To solidify the media, Plant Agar
(Duchefa Biochemie, 1100 g/cm?, P1001) was added (1.2% w/v) into a Duran bottle
containing the media. To sterilize, media was autoclaved at 121°C for 30 minutes.
Where plant tissue culture media (here Y2 MS media) was supplemented with
hormones or chemicals, these were filter sterilized (0.2um pore sized filter) and added

to autoclaved media prior to pouring into petri dishes at the required concentrations.

2.4 Mutants generation

2.4.1 Generation of double mutant

To develop an rvelrve2 double mutant, a cross was made between rvel as acceptor
and rve2 as donor (Table 2.1). Double mutants were identified by genotyping individual
F2 seedlings for wild-type loci and T-DNA insertions within both genes (method

discussed in section 2.5; supplementary 2.7).
2.4.2 Generation of triple mutant

To develop a triple mutant, phyB-9 was crossed with the nced3nced5 double mutant
where the single mutant was the acceptor, and the double mutant was the donor. F2
progeny were first screene based on the phyB-9 phenotype and then genotyped for T-
DNA insertions within NCED3 and NCED5 (method discussed in section 2.5;
supplementary 2.9). Putative phyBnced3nced5 triple mutants were confirmed for the

phyB-9 mutation by Sanger sequencing.

2.5 Plant genotyping

Genotyping was carried out to confirm different mutant lines that were developed and
used during the study on regular basis. The genotyping protocol used three sets of

PCR primers; forward primer, reverse primer and T-DNA left border primer (LBal).
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Forward primer and reverse primer were specifically designed for the gene of interest
whereas forward primer and LBal were used to identify TDNA insertion (Figure 2.1).

LBal

EEEm—

RP FP

-

il E
5'UTR Gene of interest 3'UTR

Figure 2.1 Genotyping protocol. Diagrammatic representation of
genotyping protocol where forward primer = FR, reverse primer = RP,
T-DNA left border primer = LBal.

2.5.1 Genomic DNA extraction

A leaf disc (approximately 1 cm diameter) or several young seedlings were ground in
400 ul Edward’s Extraction Buffer (200 mM Tris-HCI (pH 7.5), 250 mM NaCl, 25 mM
EDTA, 0.5% SDS) using a micro pestle and centrifuged at 13500 rpm for 5-10 minutes.
The supernatant was transferred to another 1.5 ml Eppendorf containing 400 pl of
isopropanol (Fisher Scientific Laboratory Grade Propan-2-ol, 1067432) and the
sample was mixed gently and centrifuged at 13500 rpm for 5-10 minutes to pellet
nucleic acids. The supernatant was discarded without disturbing the pellet, re-
centrifuged at 13500 rpm for 2 minutes and any remaining supernatant was aspirated.
Then the pellet was air dried for 15 minutes and then reconstituted in 50 pl of sterile
RO H20 and swirled to mix and stored at -20°C (Edwards et al., 1991).

2.5.2 Polymerase Chain Reaction (PCR)

PCR has been adapted from ThermoScientific™ DreamTaq™ Green PCR master mix
(2X) which is a ready-to-use solution containing DreamTag DNA polymerase,
optimized DreamTaq Green buffer, MgClz and dNTPs. Each PCR reaction included
autoclaved RO H20, forward and reverse primers (100uM stocks) and

ThermoScientific™ DreamTaq™ Green PCR master mix (2X) as shown in Table 2.3.
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Table 2.3 Components and volumes required for PCR analysis.
25ul Reaction (2X)

Component Volume/Reaction (ul)
Primer A (100pmol/ul) 0.5
Primer B (100pmol/ul) 0.5
Sterile H20 9.5
DreamTaq Green PCR Master Mix 12.5

(2X)

23 pl of thus master mix was pipetted into each PCR tube (0.2 ml). 2 pl of template
DNA was pipetted into each tube, mixed, and briefly centrifuged to spin down the
contents and eliminate air bubbles. Samples were loaded into the thermal cycler using
the set-up shown in table 2.4. Reaction volume was set to 25 pl for 35 cycles. Products

were analyzed by agarose gel electrophoresis using a 1% agarose gel.

Table 2.4 Thermal profile, incubation temperature and times for PCR are listed
below.

Conditions Step Step2 Step3 Step4 Step5 Step  Step

1 6 7
Temperature 95 95 55 72 Repeat 72 12
(°C) Steps 2-4
Time 3 min 30sec 30sec 1min for 35 5min
cycles

2.5.3 Gel electrophoresis

DNA and PCR products were visualized using a GelDoc-It™ system using
VisionWorks® LS analysis software (UVP LLC) following agarose gel electrophoresis.
1% Agarose (Sigma Agarose Gelpowder) was mixed with 1X TAE Buffer (1X TAE:
200 ml 50X TAE stock, 9.8 L RO H20). 50X TAE buffer was prepared as: 242 g Tris
Base, 57.1 ml glacial acetic acid, and 100 ml 0.5 M EDTA adjust to 1 L with RO H20.
The agarose powder was mixed into 1X TAE buffer and microwaved for 2 minutes to

dissolve. Then the solution was kept for 5-10 minutes in room temperature to cool
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down and 1 drop (~5ul) of ethidium bromide was added (10 mg/ml, Alfa Aesar), which
act as a fluorescent indicator. The liquid solution was poured into a transparent gel
tray fitted with a comb to create wells. The gel was submerged in 1X TAE buffer.
Where required, 6X loading buffer (0.2% w/v bromophenol blue, 50% v/v glycerol) was
added to samples up to a total volume to 10-15 pl and mixed well using pipette.
Samples were loaded in to each well, as well as a DNA ladder (2.5 pul GeneRuler, DNA
Ladder Mix ready-to-use 0.1 ug/L, 50 pg) to determine DNA fragment sizes. Gels were

run at 120 V for 30 minutes using a BioRad mini sub-cell and power supply.

2.6 Gene expression analysis

2.6.1 RNA extraction and quantification

The protocol followed is in accordance with the Quick-RNA™ MiniPrep kit (Zymo
Research, Cambridge Biosciences R1055a). RNA extraction also included a DNase
treatment to remove contaminating genomic DNA. RNA concentrations were
measured at 595 nm using the ‘Nucleic Acid’, ‘RNA-40’ option on the NANODROP-
8000 Spectrophotometer V1.1 (ThermoScientific). RNase-free H20 was used as a

blank, 2 ul of blanking buffer and extracts were loaded on to the reading pin.
2.6.2 RNA visualization

To visualize extracted RNA quality 1% Agarose (Sigma Agarose Gelpowder) was
mixed with 0.5X TBE Buffer (0.5X TBE: 20 ml 5X TBE stock, 800 ml RO H20). 5X TBE
buffer was prepared as: 54 g of Tris base, 27.5 g boric acid and 20 mL of 0.5 M EDTA
(pH 8.0) adjust to 1 L with RO H20. Instead of usual DNA loading dye TnTrack 6X
loading dye was added to samples up to a total volume of 10-15 pl and mixed well
before loading into individual wells. Other steps were like DNA gel electrophoresis as

in 2.5.3 except that gels were run at 100V for 30 minutes.
2.6.3 cDNA Synthesis

For cDNA synthesis, a protocol was adapted from the Applied Biosystems High-
Capacity cDNA Reverse Transcription Kit. The protocol was conducted using up to
2ug of total RNA per 20pl reaction and included an RNase inhibitor (RiboLock, Fisher
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Scientific, 10859710). Using the table provided in the protocol manual, the volumes of
each component needed to prepare the master mix were calculated in accordance the
number of reactions. The concentration of individual RNA samples was equalized such

that 10ul of RNA equalled 2ug (or equivalent, depending on experiments, Table 2.5).

Table 2.5 Table showing the components and volumes required for cDNA
synthesis.

Component Volume/Reaction (ul)
Individual RNA sample (e.g. 2 pg) 10.0
10X RT Buffer 2.0
25X dNTP Mix (100mM) 0.8
10X RT Random Primers 2.0
MultiScribe™ Reverse 1.0
Transcriptase
RNase Inhibitor 0.5
Nuclease-free H20 3.7
Total per Reaction 20.0

The prepared 2X RT master mix was placed on ice and mixed gently. 10 pl of 2X RT
master mix was pipetted into each well of the reaction plate or individual tube. 10 pl (2
Mg) of RNA sample was pipetted in to each well and the reaction plate or tubes were
then sealed. The plate was briefly centrifuged to spin down the contents to eliminate
any air bubbles. To perform reverse transcription, the thermal cycler was programmed
with the following thermal profile (Table 2.6). Reactions were loaded into the thermal

cycler and the reaction sample volume was set to 20 pl.

Table 2.6 Table showing thermal profile, incubation temperature and times, for
cDNA synthesis.

Step 1 Step 2 Step 3 Step 4
Temperature 25 37 85 4
(°C)
Time 10 120 5 0
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2.6.4 gPCR Analysis

For gPCR analysis 10 ul of the cDNA (2.1.0) was diluted to 5 pg/ml for gPCR. The
following protocol was adapted from Thermo Scientific Maxima SYBR Green/ ROX
gPCR Master Mix (K0221) (Table 2.7).

Table 2.7 Components and reaction volumes required for qPCR analysis.

Component Volume/Reaction (ul)
2X SYBR Green qPCR Mix 10
Primer Mix 1
Autoclaved H20 1.2
cDNA 5
MgCl2 solution (25mM) 2.8
Total 20

The components when combined give a single reaction volume of 20 ul. ‘Primer mix’
refers to combined forward and reverse primers used to target a specific gene
sequence where each primer concentration was 7.5 pmol/ul and 1 ul of this primer mix
was used per 20 pl reaction. The house-keeping gene ubiquitin (UBC21) was used as
reference gene to standardize expression across samples as this gene is expressed
uniformly across different treatments. Reactions were performed using a BIO-RAD

CFX Connect Real-Time System with BIO-RAD CFX Manager 3.1 software using the
profile shown in Table 2.8.

Table 2.8 Thermal profile, incubation temperature and times for qPCR analysis.

Stepl Step2 Step3 Step4 Step S Step 6 Step 7

Temperature 95 95 57 72 Repeat 95 65
(°C) steps 2-
4
Time 2 min 15 sec 15sec 20sec for39 10 sec 5 sec
cycles

Relative expression of target genes in the different samples was calculated from
UBC21 normalized target signals using the AACT method (Livak & Schmittgen, 2001).
Product specificity was verified by running a dissociation curve. The dissociation curve

was viewed for the entire plate to check for anomalies and to determine relative fold
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change in gene expression (2-AcT). Using excel software, the following layout (Table
2.9) was used to interpret gPCR data.

Table 2.9 Excel layout to interpret gPCR data to determine the rate of
expression of a sample relative to a control.

Sample Threshold Ct Value A Average A AA  minus 2Ln

Ct refers to the number of cycles required for the fluorescence signal to surpass
background expression levels (threshold). Ct values are inversely proportional to the
amount of target nucleic acid present within the same sample. Delta (A) is the sample
Ct value for the target gene minus the control Ct value (UBC21). Average delta
(average A) is used to find the mean value between biological and technical replicates.
Delta delta (AA) normalizes expression relative to a chosen calibrator sample, which
is then inverted to produce the opposite sign, either positive or negative. 2Ln (natural
log) is used to establish gene expression of the test sample relative to the calibrator

sample; zero relative expression is shown as 1.

2.7 Stomatal functions bioassay with [CO2]

Plants were grown at optimum growth condition as stated in 2.2.1 for approximately
31-36 days post germination. The abaxial epidermis was removed following tape-peel
method to observe the stomatal function (Lawrence et al., 2018). According to the
tape-peel method, a mature, fully expanded single leaf was attached to two pieces of
clear Scotch tape (Sigma) with one piece adhering to the abaxial side. Using the index
finger and thumb on each hand, the two pieces of tape were gently peeled apart and
the abaxial epidermal peel was immediately floated, cuticle-side up in resting buffer
[10 MM MES (pH 6.2)] in a petri dish. Epidermal peels were transferred to fresh small
Petri dishes (5 cm) containing opening buffer [5S0mM KCI, 10 mM MES/KOH (pH 6.2)]
and sealed using micropore tape (3 M; St Paul, MN, USA). These were then incubated
for 2 hours in the light (~150£20 umol m2 s't) whilst [COz] free air was bubbled into
the opening buffer. CO2-free air was achieved by passing ambient air through a soda

lime trap to remove [COz2] levels from ambient (450-500 ppm) to [CO2] free air (25£10
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ppm). Such treatment brought about normalized stomatal opening across all the peels.
After 2 hours of [COz2] free treatment, peels were treated by bubbling into the opening
buffer for another 2 hours with either [CO2] free air, 450-500 ppm CO2 (ambient lab
air) or 1000ppm CO2 (Stout, 1988; Webb & Hetherington, 1997) supplied from a
pressurized cylinder containing CO:2 in air (BOC, Special Gasses, UK). From now
onwards, the three [CO2] treatments i.e., [CO2] free air, ambient [CO2] and 1000ppm
[CO2] will be mentioned as F[COz2], A[COz2] and E[COz2] respectively. Since promotion
of closure was determined at A[COz] and E[CO2] treatments started from F[CO]
treated normalized samples, comparison always made between F[COz] and A[CO2] or
F[COz2] and E[COz2]. The temperature was maintained by having the dishes suspended
in a water tank at ~20° C throughout the 4 hours of incubation period. Any chemicals
and hormones used as treatments during the bioassay was applied from the second
two hours unless otherwise is stated and always maintained with mock treatment. To
avoid any potential diurnal rhythmic effects on stomatal aperture, experiments were
always started at the same time of the day starting around 2-2.5 hours after the onset

of the light period.

Tapes containing peels were then mounted onto slides and visualised within 10-15
minutes post treatment using a Brunel SP300F microscope. Images were taken using
a MotiCam Pro 252B camera operated by Micro-Manager 1.4 software. Single images
were taken using 40X objective. A single image of a calibration slide (1 division = 0.01
mm) under the same set-up was used to calibrate images for counting. The major
steps involved in stomatal function bioassay showed in a simplified diagram (Figure
2.2A).

In each experiment, 3 abaxial epidermal peels per treatment were taken where each
peel was isolated from single leaves from three separate plants. A minimum of 40
stomata were measured from 3 peels and experiments were repeated over 3

consecutive days to give a total number of 120 stomata measurement per treatment.

Width and length measurements were taken using the line tool in the ObjectJ plugin
in ImageJ software version 1.8.0_322 (Figure 2.2B). Stomatal aperture area or pore
area (P area) was calculated using aperture width (Aw) and aperture length (Av)

measurements as the following equation:

Parea=1*(0.5* Aw) * (0.5 * AL).
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GC area was measured by subtracting the aperture area from the stomatal complex
area. Stomatal complex area (SC) was calculated using the following equation.

SC area =1 * (0.5 * SCw) * (0.5 * SCL).
So, GC area is as follows-

GC area = (11 * (0.5 * SCw) * (0.5 * SCL) - T * (0.5 * Aw) * (0.5 * AL)).

(B)
— = Aperture width (A,,)

——— =Stomatal complex width (SC,)

——— = Aperture length (A))

— = Stomatal complex length (SC,)

Figure 2.2 Stomatal functions bioassay. (A) Major steps in stomatal functions
bioassay where (1) one mature leaf from each biological replicate was taken; (2)
epidermal strip from abaxial surface was isolated using tape peel method, (3) collected
in resting buffer followed by (4) incubation in opening buffer with treatment of interest
inside the water tank. Then after 4 hours of treatment (5) using camera attached
microscope (6) images were taken under 400X magnification. (B) Image of one
representative stoma showing the line tool used in ImageJ to measure width and length
of aperture and stomatal complex respectively. Image “Created with Biorender.com”.
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2.8 ROS (Reactive Oxygen Species) assay

To estimate ROS generation abaxial epidermal peels were prepared as described
above in 2.7 and incubated in 50mM KCI, 10 mM MES/KOH (pH 6.2) at 20°C, in the
light (~150£20 umol m2st) whilst being aerated with F[CO2] air for 2h. They were then
transferred to 50mM KCI, 10 mM MES/KOH (pH 6.15) at 22°C, PPD of ~150+20 pumol
m-2 s™and either aerated with A[CO2] CO2 or E[COz] air for 2h. The epidermal peels
were then loaded (by pipetting) with 25 uM (final concentration) H2DCF-DA (2',7'-
dichlorodihydrofluorescein diacetate) (Invitrogen, UK) from a 25 mM stock in DMSO
for 10 minutes in dark. They were then washed in 50mM KCI, 10 mM MES/KOH (pH
6.2) at 22°C for 10 min in the light (PPD 150 pmol m? s'1) to remove excess H2DCF-
DA and the fluorescence intensity (ExX/Em: ~492-495/517-527 nm) was measured
using an Olympus BX51 fluorescence microscope and ImageJ software version
1.8.0_322. For ROS analysis, pixel intensities of forty stomatal areas (fluorescence
zone of two guard cells) relative to their background intensities (an equivalent sized
area beside the stoma) were measured per treatment in three separate replicated
experiments (total stomatal number=120; n=3). Fluorescence intensities were
normalised to those of controls. The method is adapted from published research
(Chater et al., 2015).

2.9 Stomatal traits measurement

2.9.1 Stomatal impression

Stomatal densities from leaves were estimated by counting stomata from nail
varnish impressions. The method of nail varnish impressions (WEYERS & JOHANSEN, 1985)
was adapted to measure stomatal traits like stomatal density and guard cell length.
Light, fast set vinyl polysiloxane impression material (ImpressPLUS Wash, Perfection
Plus, UK) was applied to either abaxial or adaxial surface of mature and fully expanded
leaves. Once the material was set, it was removed from the leaf surface, and a coat
of transparent nail varnish was applied to the impression. After nail varnish set, a
transparent piece of tape was laid on top of it being removed afterwards, carrying the

nail varnish epidermal impression with it. The piece of tape was then affixed to a glass
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slide and observed under microscope. A Brunel n300-M microscope equipped with a
Prior ES10ZE Focus Controller and Moticam 5 camera operated using Micro-Manager
1.4 software was used to take files of Z-stack images. For Arabidopsis, five fields of
view were taken from midrib to margin per impression and there were 3
replicates/impressions per plant line. For rice, five fields of view were taken from midrib
to margin per impression and there were 2 impressions/replicates per flag leaf. At least

two leaves were considered for each biological replicate.

2.9.2 Stomatal density and GC length measurements

For stomatal density measurement images were taken using 20X objective. Each Z-
stack file was opened through ImageJ software, which was calibrated at the beginning
of each counting session. The calibration image was used to set the scale option for
counting, with 1296 pixels equating to 60 divisions on the calibration slide. 60 x 10 ym
(0.01 mm) = 600 um, which is the known distance value. The pixel aspect remained
0.1 and the unit of length was set to ‘um’. The scale option is used to establish a 400
x 400-pixel region of interest to begin the count. Stomata with a surface area 50% or
more inside the region of interest were counted separately and stored using excel. The

data was analysed by calculating the SD per condition or per control/mutant as follows:

Stomatal Density (SD) = total stomata/mm?

To measure the GC length in rice, 40X objective was used and the scale adjustments
were changed accordingly in ImageJ software version 1.8.0_322. GCL measured

using the line tool on the software (Figure 2.3).

46 | Page



Figure 2.3 Rice stomatal complex from leaf impression. The yellow
line is the length of GC measured (GCL), orange oval shape represents
guard cells and the diamond shape is the rice stomatal complex

encompasing subsidiary cells and guard cells.

2.10 Metabolites measurements

In collaboration with Veronika TureCkova and Dana Tarkowska from Laboratory of
Growth Regulators, Palacky University Olomouc & Institute of Experimental Botany
AS CR, Czech Republic were measured different metabolites involved in ABA and GA
biosynthesis pathways respectively. An image representative of one day of experiment
involving either Col-0 or phyB-9 is shown (Figure 2.4). Metabolites were measured
from Col-0 and phyB-9 fresh leaf discs treated the same way as described in [CO2]
functions bioassay (section 2.7). After the treatments, leaf discs were immediately
collected in liquid nitrogen (LN2) and fresh weight (FW) was measured. For analysis
of ABA metabolites 60mg of FW/biological replicate was collected whereas, 15mg of
FW/biological replicate was considered enough for GA metabolome analysis. The leaf
discs were homogenized in Tissue Lyser with ceramic beads and stored in -80°C for
further analysis. This experiment was repeated for three days to generate the
independent biological repeats, but each day also included separate samples. At least
three technical replicates were considered to analyse each biological replicate.
Measurements of ABA metabolites were conducted following published methods
(TureCkova et al., 2009). On the other hand, GA metabolites were measured according

to another method adopted for GA analysis(Urbanova et al., 2013).
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Figure 2.4 Leaf discs collection for metabolite analysis. Diagram showing steps to

collect leaf discs samples either from Col-0 or phyB-9 plants treated under [CO-]

functions bioassay. This is representative of one day among three separate days where

each day is equivalent to one biological replicate. Leaf discs were collected from three

different leaves of three individual plants. Image “Created with Biorender.com”.

2.11Thermal imaging

Thermal imaging analyses were conducted using an infrared (IR) thermal imaging
camera FLIR T650SC (FLIR Systems Inc., Boston, MA, USA). The parameters were

in default settings. The images were captured with 1-min intervals as time series.

Rice plants were grown as in 2.2.2 and plants between 35-41 days old post

germination were transferred to [CO2] treatment chamber one day before the

experiment to acclimate. On the day of experiment the camera positioned in front of
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the plants, at approximately 2 meters distance. The COz2 treatment and timing were
designed as follows:

Started E[CO,] injection and

Started imaging from 2hours Images were taken ﬁ continued for 2hours % Scrubbed E[CO,]
after the onset of lights with —> for 2hours at A[CO,] back to A[CO,] for
one minute interval at A[CO,] next two hours

Therefore, a total 360 photos were generated at end of each day. However, first 60
images were not considered during analysis to discard any changes of chamber
condition due to open door for setting up the camera. The running temperature during
the image capture period and scheduled temperature were matched and found
negligible difference (Supplementary 2.10). Total 5 days of imaging represented 5

biological replicates.

Images were analysed using the ResearchlR software (FLIR Systems,
https://www.flir.com/). Total four regions of interest (ROIs) as spot measurements
were defined on similar position of mature leaf. Average temperature of each replicate
was estimated from those ROIs in the software (Figure 2.5). Data were collected from
equivalent areas of mature leaves across treatments.

(1) Drag the folder

containing time series
images into ResearchlR

Save the time
series images J File -> Export -> Export Type: Movie, Export Format: FITS -> Export].
as movie

\

(3) Createa self-viewing {Tools -> Movie viewing file -> Input Movie file: choose the FITS file}

file -> Output self-viewingfile: choose a location to save -> Make
@ Analyse the data
in Excel
(4) Time series data
output
ﬂ (9) Press save button
with .csv file option
(5) Load ROIsand draw <[Too|s-> Temporal PIot]»
box around the ROIs

(8)Choose plot vs frame from

@ Temperature Plot
(6 Press the play button ™ window will open —> Temperature Plot window
under the image

Figure 2.5 Major steps to analyse thermal images in ResearchlIR. Functions to carry out

under each step were shown within curly brackets.
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2.12 Gas exchange analysis

Infrared gas analyser (IRGA; LI-6800 Portable Photosynthesis System, LI-COR
Biosciences, Lincoln, NE, USA) coupled with a 6 cm? leaf chamber fluorometer (6800-
01A, LI-COR Biosciences) was used to measure leaf stomatal conductance, net
carbon assimilation and transpiration rates. Measurements were taken from fully
expanded leaves of mature plants, starting at least 2 hours after the onset of the light
period, and ceasing before the last three hours of the photoperiod. For Arabidopsis,
leaf gs responses to changing [COz] was measured by a method named petiole feeding
(Ceciliato et al., 2019) with modification. The modified method is described in section
2.12.1.

For rice, measurements were taken from flag leaves under steady state condition as

described in section 2.12.2.

To measure the gs from either side of rice flag leaf (abaxial and adaxial) porometer
(LI-6000 Portable Photosynthesis System, LI-COR Biosciences, Lincoln, NE, USA)

was used and described in section 2.12.3.

2.12.1 Petiole feeding and whole leaf gs analysis

Leaves from Arabidopsis plants grown at ambient conditions (described in section
2.2.1) aged 33-37 days post germination were taken. The petiole was first cut using a
new razor blade and the cut surface of the petioles was immediately transferred to a
petri dish filled with RO water. Petioles were cut a second time under water using a
razor blade. The second cut under water was crucial for the petiole feeding technique

and the followings steps are recommended:

(a) approximately one-third of the petiole should be cut but no more since longer
petioles are better for the technique; (b) the razor blade should be positioned
perpendicular to the petiole and at an oblique angle; (c) the cut should be made by
gently moving the razor blade back and forth and not by pressing the blade against
the petiole (Figure 2.6A 2) and (d) a plastic vial filled with RO H20 and closed with

plastic paraffin film (Parafilm M) should be prepared in advance. After the parafilm is
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placed on the tube, one hole was made using fine tweezers to insert petiole. (e) After
the second cut was made the petiole, with a droplet of water on its cut end, was
immediately transferred to the plastic vial filled with RO water (Figure 2.6A 3). The

droplet on the end of the petiole is essential to avoid xylem embolism.
Conditions for the leaf chamber were set as follows-

Air flow rate = 200 pmols™; air humidity = 60%; fan speed= 10000 rpm; temperature
between leaf and block = 20°C and light = 200 pmolm-2s-1(10% blue light and 90% red
light).

Leaves were placed inside the gas exchange chamber (Figure 2.6B) and equilibrated
for 45-60 min at A[CO2] (400ppm) to reach a stable stomatal conductance before the

beginning of the experiments.

The settings of the time duration, [CO2] and treatments depended on respective
experiments. The treatments of interest (either GAs or PBZ) were always applied at

the onset of the F[COz2] in the system.

To determine the temporal response of gs to E[COz2], an analytical model derived from
the model by Vialet-Chabrand et al., 2013 was used as described in McAusland et al.,
2016. However, the model was adopted according to present experimental design and
used to determine the maximum slope (Slmax). Here, Slmax was maximum rate
of gs closure to an increase in [CO2] from 25 to 1000 ppm. The model described the
temporal response of gs using a time constant (k, min), an initial time lag (A, min) and

a steady-state gs (Gsmax, mmol m~2 s™1) reached at given [CO2]:
gs = (Gsmax — ro) e¢Atk+l) 4 g Egn. 1

(t, time, where time 0 is the point at which [CO2] was increased from 25 to
1000 ppm; ro (mmol m=2 s71), initial value of stomatal conductance before the change
in [COz)). In this equation, the time constant k is a measure of the rapidity of response

of gs independent of the amplitude of variation in gs (Egn. 2).

A second parameter combining rapidity and amplitude of the response, the maximum
slope (Slmax), was used to describe the maximal slope of the gs response to the step-

change in [CO2]:

Slmax = k.(G-ro)/e Eqn. 2
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Parameter values were estimated using a Metropolis Hasting algorithm and a
Bayesian model. The priors (a priori probability of the parameter values) used were
uniform covering a large range of possible values and the initial values were chosen
randomly. The initial values were chosen from observed values (x 10%) of
both ro and G. For k, the range of values were selected from between 40 and 90 min,

whilst A values were between 6 and 25 min.

(A)

Figure 2.6 Petiole feeding and gas exchange analysis. (A) Schematic diagram showing
major steps involved in petiole feeding experiment started from (1) choosing mature leaves
from well-developed Arabidopsis; (2) cutting one third of the petiole submerged in RO H-0;
(3) RO HO filled vial holding cut petiole to avoid any xylem embolism and drying out and
(4) IRGA and a zoom out view of the leaf inside the chamber of IRGA where [CO,] and
treatment of interests were applied. Image “Created with Biorender.com”. (B)

Representative image of RO HO filled vial holding leaf inside the IRGA chamber.
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2.12.2 Steady-state measurements of rice

Steady state gas exchange measurements were conducted using fully mature rice flag

leaves grown under two different [CO2] chambers as described in section 2.2.2.
Leaf chamber conditions were controlled as follows:

Air flow rate = 400 pumols; air humidity = 60%; fan speed= 10000 rpm; temperature
between leaf and block = 30°C and light = 600 pmolm2s* (10% blue light and 90%
red light).

[CO2] was set to 450 ppm for A[CO2] grown plants and 1000 ppm for E[CO2] grown
plants. Flag leaf diameter was measured using a cm scale before each reading and
set accordingly in the machine. After environmental condition were set in the leaf
chamber, the leaf was clamped, and IRGAs were matched a few minutes later. The
leaf was left to acclimate to the experimental conditions until stomatal conductance
(gs) and net carbon assimilation rates (An) were stable (~20-30 min). Then,
measurements were logged for 5 minutes, every 30 seconds. gs, Anand transpiration
(E) data were derived from csv file generated by the gas analyzer. A was divided by
s to calculate intrinsic WUE (iWUE).

2.12.3 Porometer gs measurements of rice

Porometer (LI-6000 Portable Photosynthesis System, LI-COR Biosciences, Lincoln,
NE, USA) with a chamber aperture of 0.75cm was used to determine the gs from
abaxial and adaxial surface of rice flag leaf separately. Rice plants were grown under
A[COz2] and E[COz2] conditions as described in 2.2.2 and measurements were taken
inside the chamber to less interrupt their respective growth conditions. In addition, all
the measurement were taken 2-2.5 hours after the onset of the light period and
completed within midday. Measurements were collected using the LI-600 App

(https://www.licor.com/env/support/LI-600/software.html).
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2.13 Chlorophyll fluorescence

Photosystem 1l (PSIl) dark and light-adapted chlorophyll fluorescence were
investigated using a FluorPen (FP100, Photon Systems Instruments, Brno,
CzechRepublic). Measurements were taken from the middle blade of fully expanded
flag leaves. For dark-adapted quantum yield measurements (Fv/Fm), data was
collected by adapting the leaves in dark for more than % an hour with leaf clips. On
the other hand, light-adapted measurements (Fv'/Fm’) were conducted ~5h into the

light period.

2.14 Carbon isotope discrimination

Rice Plants were grown in conditions described in section 2.2.2 with two [CO2]
treatments named A[CO2] and E[COz]. Leaf sections of 2 cm from two different flag
leaves were taken from 6 biological replicates per treatment per genotype. The leaf
sections were dried at 60°C for 3 to 4 days and ground to a powder. X4 reference air
samples were also collected from the respective growth chambers. 1-2 mg of each
sample was added to foil cups and combusted at 1800° C, sample components were
then separated via Gas Chromatograph and subjected to a ANCA GSL 20-20 Mass
Spectrometer (Sercon PDZ Europa) magnetic field to ionize and separate '2C and *2C.
Carbon isotope ratios were obtained in &-notation and calculated according to (Masle
et al., 2005).

6 = R/R standard -1

R refers to the isotope ratio of the plant sample and R standard is the isotope ratio of

the VPDB standard. The 3*3C values were converted to A*C using,

ABC=(0a-0p)(1+dp)

0 a refers to the 3'3C of atmospheric [COz2] from the reference sample and d p is the

O13C of the plant material.
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2.15 Chlorophyll concentration assay

Chlorophyll concentration can be used to help explain the difference in photosynthetic
ability between compared plants and expressed in mass or molar terms as a rate of
reaction due of their fundamental role in photosynthesis. Chlorophyll concentration
assay was conducted following a developed technique (Porra, 2002) . According to
the technique, 0.1gm of rice flag leaf tissue (70-73 days old) was collected in 1.0 ml
dH20 and ground in 1ml of dH20 using a pestle and mortar keeping on ice. Then 200
ul of homogenized sample pipetted into a labelled 2ml Eppendorf tube containing
800ul of 80% acetone and vortexed to mix properly. The mixture then spinned at 14000
rom in bench-top centrifuge for 3 minutes and poured whole sample into quartz
cuvette. The absorption reading of the acetone suspension was taken in the
spectrophotometer at 750, 663 and 646 nm and calculated the concentration of

chlorophyll and chlorophyll a/b ratio as follows.

First the absorption at 646 and 663 for the background at 750 was corrected as follows:
As46* = Aese — A750

As63* = Aes3z — A750

Then the following equations for the concentrations of chlorophylls a and b (ug/ml)

was solved.
[Chl a] = 12.25A646* - 2.55 Asae*

[Chl b] = 20.31A646* - 4.91 Aees*

2.16 Yield measurements of rice

To determine the growth and yield of rice genotypes under two different [CO2]

conditions several phenotypic measurements were taken.
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2.16.1 Tiller number

The tillering stage starts as soon as the seedling is self-supporting and generally
finishes at panicle initiation. Therefore, total tiller numbers from each of the rice plants
were counted when panicle initiation was completed at around 66 days post

germination.

2.16.2 Flag leaf length and leaf area

Flag leaf length was measured from fully expanded and mature flag leaves using a cm
scale. To determine the flag leaf area picture of each leaf measured was captured with
the help of digital camera. Then the images were analysed using ImageJ software
version 1.8.0_322 (Ahmad et al., 2015).

2.16.3 Panicle weight

Total panicle weight per plant was estimated by weighing all the panicles including
seeded and seedless when they have dried completely. Then the panicles were
separated as seedless and seeded panicles to weigh them as separate parameter. A
portable balance was used to do all the measurements.

2.16.4 Seed weight

Seed weight was estimated by counting 100 seeds per plant, removing their husks

manually and weighing on a portable balance.

2.17 Statistical analysis

All statistical analyses were performed using Graph Pad Prism version 9. ANOVA was
used to test for differences between genotypes and interaction effects between

factors, when appropriate. If significant differences were found, the analysis of
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variance was followed by either multiple comparisons Tukey post-hoc test or Sidak’s
multiple comparison tests. Significant P values were denoted with asterisk. For box-
and- whiskers plot the box always extends from the 25th to 75th percentiles and the
line in the middle of the box is plotted at the median. The whiskers were created as
minimum to maximum where the whiskers go down to the smallest value and up to the
largest. Individual data points were drawn instead of box- and- whiskers plot when

n<12 and mean+SD also shown on graphs with the data points.

2.18 Primer sequences

A list of forward and reverse primers used for PCR and gRT-PCR of transgenes (Table
2.10). All primers were synthesised by Sigma Aldrich.
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Table 2.10 Lists of primers.

Primer name Primer type Sequence
025754 RVE1 For. PCR TGTATTCACACAGGTTGCTCG
025754 RVE1 Rev. PCR CCGTATCATCCACCGAACCAG
RVE2 For. 2nd PCR GCGATTTTGGTGTTAGCTCTG
RVE2 Rev. 2nd PCR GCTTCTTCTTGCCATCTTCAG
HPCA1 For. PCR GCCTCTTTGCTCCTGATCTTG
HPCA1 Rev. PCR GAAGAAGCATGTCAAGTCCAG
SALK LBal PCR TGGTTCACGTAGTGGGCCATCG
nced3-2_LBP1 PCR ATCAAAGGAGTGTATGTGCGC
nced3-2_RP1 PCR CTGGCTCTTCCCAAGCGTTC
nced5-2_RP2 PCR CTGGTCATCACCTATTCGACG
nced5-2_LBP1 PCR CGATCACTACAACCTCGTCTG
PhyBWtFor2 PCR CTATGTGCTTGGTTGGTTCTAC
PhyBWtRev1 PCR CCATGATACTGGGACTCTGTG
AtUBC21Fr gPCR GAATGCTTGGAGTCCTGCTTG
AtUBC21Rv gPCR CTCAGGATGAGCCATCAATGC
GA3ox1qgFor gPCR CAGCTCATACCGACTCCACC
GA3ox1gRev gPCR CGGTGACCCAACCAAGATCA
GA3ox2gFor gPCR TCGGTGACTTGCTCCACATT
GA3ox2gRev gPCR CCCCACAGGTAAGCCATTGA
GAZ2ox1qgFor gPCR AGAAAACCCAAGTCGCAGGT
GA20x1gRev gPCR TACTCAACCCAACCCACGTC
GAlgFor gPCR ACTCGTTGGAAGGTGTACCG
GAlgRev gPCR ATGACGCTCAACTCGGTCAG
RVE1lqFor gPCR TGGACAGATGAAGAGCACAAG
RVE1qRev gPCR CCCCACATGTTCTTCTATTCG
RVE2qFor gPCR AACGATGAAACAGAAGTGG
RVE2qRev gPCR TGTTCATCTCAGTCACCGAC
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Chapter 3. Role of gibberellins in
regulating stomatal aperture responses
to elevated [CO;]
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3.1 Introduction

GCs integrate myriad of signals from external and internal sources and their
interactions cause change in their turgor to maintain an optimal stomatal aperture.
Two of the best-studied signals that regulate stomatal aperture are [CO2] and the
phytohormone ABA, which both promote stomatal closure in a concentration
dependent manner. Experimental evidence suggests that GCs ABA and [CO2]
signalling pathways converged while promoting stomatal closure (Webb &
Hetherington, 1997; Chater et al., 2015; Dittrich et al., 2019; Movahedi et al., 2021).
However, although [COz2] responses require the capacity for ABA biosynthesis and
catabolism, there is no evidence of changes in ABA levels in GCs following changes
in [COz]. It is hypothesised that [CO2] has a role in sensitising GCs to ABA without
altering ABA levels (Chater et al., 2015; Hsu et al., 2018). Members of the
PYR/PYL/RCAR receptor family perceive ABA and the quadruple receptor mutants
pyrl/pyld/pyl5/pyl8 and sextuple receptor mutants pyrl/pyll/pyl2/pyl4/pyl5/pyl8
showed reduced CO2 responsiveness compared with wild type (Merilo et al., 2015;
Hsu et al., 2018) and PYL4 and PYL5 were found essential in the stomatal response
to increased [CO2] (Dittrich et al., 2019). However, there are studies opposing the role
of ABA receptors towards [COz]-induced promotion of stomatal closure (Hsu et al.,
2018; Zhang et al., 2020). Due to such controversy on the involvement of ABA

receptors, how [CO¢] influences GC sensitivity to ABA remains an open question.

Antagonism between hormones is a common concept in the field of hormone signalling
pathway to maintain cellular homeostasis. For example, glucagon and insulin have
antagonistic effects on each other where glucagon increases the sugar levels in blood
and insulin decreases the sugar levels. Calcitonin and parathyroid hormones (PTH)
are another example of antagonistic hormones as they have diametrically opposite
functions in order to maintain Ca?* levels in the blood. In plant systems, there are
numerous examples of hormonal antagonism. For example, antagonism between
auxin and cytokinin in shoot/root growth regulation (reviewed in Kurepa & Smalle,
2022); GAs can act as antagonists to ABA in many plants physiological and
developmental processes (Reviewed in Liu & Hou, 2018). GA has also been reported
to have a role in GCs aperture control. For example, GAs was reported not to affect

ABA-induced stomatal closure (Tanaka et al., 2006), whereas other studies reported
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that GAs could modulate ABA-induced inhibition of light responsive stomatal opening
(Goring et al., 1990; Goh et al., 2009) . To maintain basal stomatal aperture, the GA
receptor GID1 and the downstream DELLA transcription factors are reported to have
a possible role (Sukiran et al., 2020). It is possible that [CO2] could affect GA pathway
that negatively regulates ABA signalling. The focus has therefore been on whether
GAs influence basal GCs function or responses to ABA and studies have not

determined whether GA can influence GCs responses to changes in [CO2].

3.1.2 Objectives

In this chapter, | investigate the role of GAs in regulating stomatal closure in response
to e[COz2]. | hypothesise that [CO2] sensitises GCs to ABA by targeting changes in GA
metabolism or signalling. Therefore, it is the balance between GAs and ABA, as
opposed to ABA concentration alone, that modulates GCs responses to high [CO2]

(Figure 3.1). The following objectives are proposed to test this hypothesis:

1. Investigate whether changing GA metabolism affects GCs response to [CO2].

2. Determine whether [COz2] regulates GA or ABA metabolism.
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Figure 3.1 [CO;] may sensitise guard cell responses to ABA by targeting GA
signalling and metabolism. CO; promotion of stomatal closure is not driven by
measurable changes in GCs ABA levels. To sensitise GCs to ABA, we propose that [COg]
regulates changes in GA signalling or metabolism. Therefore, a homeostasis exists
between ABA and GA where GA reduces with the elevation of [CO3], and ABA remains
unchanged. Dotted arrow indicates hypothesised positive regulation, dotted bar lines
indicate negative regulation, and the faded gray line indicates regulation with contested
data (Chater et al. 2015; Hsu et al. 2018; Dittrich et al. 2019, Zhang et al. 2020).

3.2 Gibberellins antagonise stomatal closure at elevated
[CO2]

To test the hypothesis that GAs have role in regulating stomatal closure in response
to [CO2] elevation, primary attempt was made to conduct stomatal bioassay using
gibberellic acid (GAs). Among the biologically active GAs (GA1, GAs, GA4 and GA7)
GAs was chosen as itis readily available and widely used in GA experiments (McAinsh

etal., 1996). Existing research on stomatal movement responses demonstrated a wide
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range of exogenous GAs application with 50 uM in Vicia faba and Fritallaria imperalis;
0.1-10 pM to block ABA-induced inhibition of stomatal opening and 100uM to fine tune
basal stomatal aperture in Arabidopsis (Fischer et al. 1990; Goh et al. 2009; Sukiran
et al., 2020). Though not directly involve in stomatal response study, the application
of different ranges of GAs has been reported to mitigate environmental stresses like
salt and heavy metals from different plant species (Reviewed in Niharika et al., 2021).
In addition, 50-100 pM of GAs has been reported to regulate fruit shape, size and

senecence of different horticultural crops (Zhang et al. 2023).

Therefore, an initial experiment of stomatal functions bioassay (methods described in
2.7) was performed with a range of GAs concentrations (10uM, 50uM, 100uM and
200uM) to determine if there is any effect of GA on stomatal responses to changing
[CO2] (Figure 3.2). Comparisons between samples were made with the CO2-free
(F[COz2]) control for each GAs treatment since peels were normalised under F[CO2]
before being exposed to treatments. As expected from previous studies, increasing
[CO2] from CO2-free condition (F[COz2]) to ambient [CO2] (A[COz]) and from F[CO2] to
1000ppm CO:2 (E[COz2]) lead to significant reductions in stomatal pore aperture with
mock-treated (0.1% ethanol) samples (Chater et al. 2015; Movahedi et al, 2021).
Across all of the GAs concentrations used, [COz] was still observed to promote
stomatal closure (Figure 3.2). However, closure at E[COz] was partially inhibited in a
GAs concentration dependent manner, an effect that was not so significant at A[CO2].
This can be more clearly evidenced by comparing stomatal apertures with the treated
GAs along the mock at F[COz], A[COz] or E[CO2] seperately (Figure 3.3A-C) or
following normalisation to the relevant F[COz2] (Figure 3.3D-F). Collectively this data
shows that GAs can antagonise stomatal closure in response to E[CO2] (Figures 3.2
and 3.3).

Of the tested GAs concentrations, GAs in the range of 50-200uM was sufficient to
inhibit E[COz]-mediated stomatal closure. This range is consistent with previous
studies, for example where the exogenous application of 100uM GAs was able to
mitigate salt and heavy metals stress (Gangwar et al., 2011; Ali et al., 2015; Saleem
et al., 2015; Xu et al., 2016; Wang et al., 2019). In addition, research to understand
GA signalling and biosynthesis use of 100uM of GAs has been reported (Silverstone
et al., 2001; Wen & Chang 2002; Rieu et al., 2008). Also, 100uM of GAs has been
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demonstrated to study role of GAs in basal stomatal aperture regulation in Arabidopsis

(Sukiran et al., 2020).
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Figure 3.2 Effect of different concentrations of GAs on stomatal closure at different

[CO.]. Epidermal peels from Col-0 mature leaves were incubated in opening buffer at

F[COg] air with four different GA3z concentrations or a mock treatment of 0.1% ethanol,

before application of A[CO;] or E[CO.]. Boxplots denote stomatal pore area extends from

the 25th to 75th percentiles and the line in the middle of the box showed the median of

observed pore area. The whiskers indicate the maximum and minimum pore area

measured. Total stomata measured n=120. The statistical analysis was conducted using

one-way ANOVA to compare between F[CO;] and A[CO;] or E[CO;] treatments using
Tukey’s multiple comparison tests where *P < 0.05, **P < 0.01, ****P < 0.0001 and P =

0.05 was nonsignificant (ns).
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Figure 3.3 Comparison of different concentrations of GAs: on stomatal closure at

different [CO]. (A) The data same as figure 3.2 but here comparison was made between the
mock and each of the four GAs treatments at [FCO3], (B) at A|[CO2] and (C) at E[CO;]. (D)
Relative response of mock and four GAs; treatments in proportion to their respective response
at F[CO;] using the same data as figure 3.2 at [FCO_], (E) at AlCO;] and (F) at E[CO_]. Total

stomata measured n=120. The statistical analysis was conducted using one-way ANOVA to

compare between mock and the four GAs concentrations using Tukey’s multiple comparison
tests where *P < 0.05, **P < 0.01, ****P < 0.0001 and P = 0.05 was nonsignificant (ns). Letter

M=mock and numbers 10, 50, 100 and 200 denote concentrations of GA3; on image panels

at top of (A), (B) and (C).
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To confirm the ability of GAs to inhibit CO2-induced stomatal closure, a separate
stomatal bioassay experiment was performed to test the effect of 200uM GAs under
three [COz2]. This experiment supported the results of the initial experiment, and
demonstrated that 100uM GAs negatively affects the E[CO:z]-mediated stomatal
closure (Figure 3.4A and B). Therefore the concentration of 100uM was utilised for
future experiments. Since GAs is a weak acid, it dissociates fewer protons despite
higher concentration compared to strong acid. Therefore, higher concentration like

100uM does not change the pH of the system significantly.

In Arabidopsis, the bioactive form of GAs is GA4 (Sun et al., 2008). Therefore, a
separate experiment was performed to determine whether GA4, alongside GAs, alters
GCs responses to changing [COz] or not. Like GAs, 100uM of GA4 inhibited the E[COz2]-
mediated stomatal closure response (Figure 3.4C and D).

Exogenous application of commercially available GA, GAs and bioactive GA, GA4
demonstrated that GAs can inhibit E[CO2]-mediated promotion of stomatal closure. To
analyse the impact of changes in endogenous GA content on [COz]-induced promotion
of stomatal closure a transgenic line that allows estradiol-inducible GA biosynthesis
was utilised. The pUBQ-XVE-GA200x1-P2A-GA30x1 line enables simultaneous
expression of AtGA20ox1 and AtGA3ox1 following induction by B-estradiol and has
been shown to increase endogenous GA levels (Rizza et al. 2021). A stomatal
bioassay was performed using the pUBQ-XVE-GA200x1-P2A-GA3o0x1 line under
three [COz2] conditions (F[CO2], A [COz] and E[COz2]) with both mock (0.1% ethanol)
and B-estradiol (5uM) treatments. The leaves were sprayed with same concentration
of B-estradiol day before the experiment. As with exogenous GA application, an
increase in endogenous GA inhibited E[COz]-mediated stomatal closure (Figure 3.5A
and B).
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Figure 3.4 Effect of exogenously applied GAs on stomatal closure response at different
[CO:]. (A) Epidermal peels were incubated in F[CO,] air with 100pM GA; alongside the mock
before the application of A[CO,] and E[CO;]. (B) Relative response of 100uM GAs; treated
samples in proportion to their responses at respective [CO-] using the same data as (A). (C) The
experimental method was the same as (A) but used 100uM of GAs and GA4 seperatly under
E[CO.] treatment. (D) Relative response of 100uM GAsz and 100uM GA4 treatment response in
proportion to mock treated response. Number of stomata measured n=120. Statistical analysis
was conducted using two-way ANOVA for (A), (B) and one-way ANOVA for (C) and (D) with
Sidak’s multiple comparison tests where *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and

P = 0.05 was nonsignificant (ns).
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Figure 3.5 Effect of endogenously atered GAs on stomatal closure at different [CO:]. (A)
Epidermal peels from pUBQ-XVE-GA200x1-P2A-GA30x1 mature leaves were incubated in
FICO,] air with 1uM [B-estradiol alongside the mock (0.1% ethanol) for 2 hours before the
application of A[CO2] and E[CO-] and measured the pore area. (B) Relative response of (3
estradiol treated response in proportion to their mock response at F[CO,], A[CO-] and E[CO,].
Here, n=120 stomata. Statistical analysis was conducted using two-way ANOVA with Sidak’s
multiple comparison tests where *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and P =
0.05 was nonsignificant (ns). Letter M for mock and E for 3-estradiol induced on image panel
at top of (A).

3.3 Inhibitors of gibberellin biosynthesis promote stomatal

closure

Since the application of GA was found to inhibit the E[CO2]-mediated stomatal closure
response, | next investigated whether inhibiting the biosynthesis of GA
pharmacologically changes sensitivity to different [COz2]. There are several inhibitors
of GA biosynthesis and their site of interaction with GA biosynthesis pathways has
been determined by using cell-free enzyme systems and fungal or plant cell culture
(Hedden, 1990; Rademacher, 2000). Figure 3.6A shows the three significant steps of

GA biosynthesis and the sites of action of the inhibitors paclobutrazol (PBZ) and
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daminozide (DMZ), which were utilised to test the effect of GA inhibitors on stomatal
responses to [CO2]. PBZ blocks the formation of ent-kaurenoic acid from ent-kaurene
but can also inhibit sterol biosynthesis (Sugavanam, 1984; Hedden & Graebet, 1985;
Burden et al., 1987). Therefore, an additional GA biosynthesis inhibitor, DMZ, was
included as it inhibits the hydroxylation at late stages of GA biosynthesis which are
specific for active GAs production (Rademacher, 2000, 2017).

For the stomatal bioassay experiment, PBZ and DMZ were used with a concentration
of 1uM and 10uM respectively in consistent with the existing literature (Wen & Chang,
2002; Pateli et al., 2004; Rieu, Ruiz-Rivero et al, 2008; Feng et al, 2008; Band, 2012).
In stomatal bioassays, both PBZ and DMZ were applied during the application of [COz2]
treatments and found to promote stomatal closure under F[CO2] and A[CO2]
treatments. At E[COz2], the addition of PBZ resulted in a further significant reduction of
pore area, whereas there was no additive effect of DMZ application at E[CO2] (Figure
3.6B and C). Given that exogenous and endogenous GA can suppress E[CO2]-
mediated promotion of stomatal closure and GA biosynthesis inhibitors strongly
enhance stomatal closure both in the presence and absence of COg, it is concluded
that GAs have the potential to regulate stomatal aperture response towards change in
different [COz2].
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Figure 3.6 Effect of inhibitors of GA biosynthesis on stomatal closure at different
[CO:]. (A) The 3 main steps of GA biosynthesis leading to biologically active GAs and points
of inhibition by PBZ and DMZ (adapted from Rademacher, 2017) (B) Pore area
measurements from isolated epidermal peels of Col-0 mature leaves following application
of 1uM PBZ and 10uM of DMZ at F[CO,], A[CO2] and E[CO_] compared to mock treatment
(0.1% ethanol). (C) Relative response of 1uM PBZ and 10uM DMZ treatment in proportion
to their respective mock treatment at three different [CO;] using the same data as (B).
Number of stomata measured n=120. Statistical analysis was conducted using two-way
ANOVA to compare [CO2] and inhibitors of GA biosynthesis with Tukey’s multiple
comparison tests where **P < 0.01, ***P < 0.001, ****P < 0.0001 and P = 0.05 was
nonsignificant (ns). Letters M=mock, P=PBZ and D=DMZ on image panel at top of (B).
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3.4 GAs antagonises ABA-mediated stomatal closure

CO2 and ABA signalling pathways converge to promote stomatal closure, but it has
been reported that changes in [COz2] do not cause changes in leaf or GCs ABA levels
(Chater et al. 2015; Hsu et al. 2018). This has led to the hypothesis that CO2 acts by
altering GCs sensitivity to ABA (Chater et al. 2015; Hsu et al. 2018; Dittrich et al. 2019).
As data from present study has shown that GA can modulate responses to E[CO2], |
hypothesise that rather than changes in ABA, the elevation of [CO2] could alter
sensitivity to ABA by inhibiting GA biosynthesis or signalling. If this is the case, we
might also expect GA to counter the promotion of stomatal closure by exogenous ABA.
Therefore, a bioassay was designed where epidermal peels were treated under
F[CO.] conditions that promote opening (Material and Methods 2.7) and 100uM of GAs
was applied in combination with either 0.2uM or 1uM ABA. Current-ejection method
revealed that local ABA concentation of 0.2uM triggered stomatal closure (Huang et
al. 2019). The 1pM concentation was used as this was also reported to induce
stomatal closure (Ha et al. 2018; Chen et al. 2020).

As expected, ABA promoted stomata closure with each of the concentrations.
However, it was observed that GAs could partially negate the closure effect of ABA on
the stomatal aperture, which is significant with 1uM ABA (Figure 3.7A and B).
Therefore, GAs is able to, at least partially, inhibit ABA-induced stomatal closure
despite their sugnificant difference in concentrations. In general researches showed

lower concentrations of endogenous GAs compared to ABA.
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Figure 3.7 Combined effect of ABA and GA; on stomatal response under F[CO:].
(A) Epidermal peels from Col-0 leaves were incubated for 2 hours under [FCO;] before
treatment with mock (0.1% ethanol), ABA, GAs or ABA and GA; for a further 2 hours.
(B) Relative response of applied hormone treatments in proportion to the mock
treatment using the same data as (A). Here, n=120 stomata. Statistical analysis was
conducted using one-way ANOVA to compare the [ABA] response alone to the
combined response of [GA3] and the respective [ABA] with Tukey’s multiple comparison

tests where ****P < 0.0001 and P = 0.05 was nonsignificant (ns).

3.5 A genetic analysis of the role of GA metabolism and

signalling genes in guard cell [CO2] responses

To further examine the role of GA metabolism and signalling in regulating GC
responses to [COz], various mutants in GA metabolism and signalling were analysed.
The amount of bioactive GAs in any system can be affected by their synthesis and
deactivation rates. From the GA biosynthesis pathway (Figure 1.6), we know that the
third step of GA biosynthesis is vital to maintain the level of GAs in response to both

endogenous and environmental cues. This step is regulated by three small gene
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families that code for 2-oxoglutarate-dependent-dioxygenases (2-ODDs). They are the
GA 20-oxidases (GA200x) that cleave C-20 to generate C-19 GAs, GA 3-oxidases
(GA3o0x) that form the bioactive GAs by 33-hydroxylation and GA 2-oxidases (GA20x)
that deactivate bioactive GAs or their C-19 and C-20 precursors by 2B3-hydroxylation
(Hedden, 2020). Therefore, mutants in the GA20ox and GA3ox, are expected to
produce less GA and mutants of GA20x are expected to have more GA than wild type.

Stomatal bioassay experiments (described in section 3.2) show that GA counteracts
E[COz]-mediated stomatal closure. It was therefore hypothesised that using mutants
in GA20x genes, which contain more GA, should mimic these experiments where
exogenous GA was used. In Arabidopsis the GA2 oxidases are encoded by a small
gene family of 7 genes. To observe the role of the GA2ox during stomatal closure
response induced by elevation of [CO2], a quintuple mutant of GA2ox (ga2ox1 ga20x2
ga2ox3 ga2ox4 ga2o0x6; ga2oxq) was used; this line has been demonstrated to contain
more active GA than wild-type plants (Rieu et al., 2008). During the stomatal bioassay,
as seen previously Col-0 stomatal closure was significant at both A[CO2] and E[CO2]
compared to the F[CO2] control. The ga2oxq stomata showed insensitivity towards
A[CO2] and whilst significant, the response to E[CO2] was reduced compared to that
of Col-0 (Figure 3.8A). The aperture of the ga2oxq mutant under F[COz] was smaller
than that of Col-0 so to account for this difference, the proportional closing response
was calculated relative to the aperture at F[COz] for the respective treatments (Figure
3.8B). This shows that accumulation of GA made the stomata insensitive to both
A[COz2] and E[CO.]. To determine whether this smaller aperture at F[CO2] was the
result of smaller GCs in the ga2oxq mutant, GC area measurements were taken for
Col-0 and ga2oxq across three different [CO2]. These measurements show that the
GCs of the mutant had a similar area as Col-0, indicating that there might be a potential
defect in stomatal opening in the mutant and not a direct effect of GC area (Figure
3.8C). Therefore, this experiment further supports our hypothesis that GAs can inhibit

E[CO2z]-mediated stomatal closure response.
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Figure 3.8 Involvement of GA catabolism genes towards E[CO;]-mediated stomatal closure
response. (A) Epidermal peels from mature leaves of Col-0 and ga2o0xq incubated in opeing buffer
under F[CO;] for 2 hours followed by incubation with A [CO] and E[CO;] for another 2 hours to
measure pore area. (B) Relative response of both Col-0 and ga2oxq in proportion to their
respective response at F[CO-] using the same data as (A). (C) GC area of both Col-0 and ga2oxq
under three [CO-] conditions. Stomata measured n=120. Statistical analysis was conducted using
two-way ANOVA with Sidak’s multiple comparison tests where the significant difference between
genotypes was *P < 0.05, ** P < 0.01, **** P < 0.0001 and P = 0.05 was non-significant (ns).
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As DELLAs are known negative regulators of GA signalling (Hauvermale et al., 2012;
Locascio et al.,, 2013), | next investigated whether they are required for E[CO2]-
mediated stomatal closure. For this, a quintuple mutant of all the five DELLA genes

(dellaq) (Koini et al., 2009) was tested using the stomatal bioassay system.

dellag stomata did close in responses to both F[CO2] to A[COz2] and F[CO2] to E[CO]
treatments (Figure 3.9A). Whilst small differences were observed, particularly at
F[COz2], these were not significant and this could be seen more clearly when the
proportional response (relative to F[CO2]) was examined (Figure 3.9B). GC area
measurements of the above-studied stomata at F[CO2] and A[CO2] were similar
between the genotypes indicating that the difference in stomata closure was not
mediated by a difference in GC size (Figure 3.9C). However, the GC area of dellaq

was significantly smaller than Ler at E[COz2].

In addition, stomatal bioassays were conducted using stabilized mutant lines of two of
the DELLAS, 35STAP_RGAA17 and 35STAP_GAIA17(Feng et al., 2008). These lines
have more of these respective DELLAs as opposed to dellag and if DELLAs do
regulate responses to changes in [COz], would be hypothesised to be hypersensitive
to [COz] elevation. The 35STAP_RGAA17 line appeared relatively insensitive to
changes in [CO2], with no significant closure response whereas the 35STAP_GAIA17
responded similarly to the Ler control (Figure 3.10A and B). GC area measurements
showed negligible changes with the treatments of [CO2] across the studied genotypes

denoting there is no direct effect of GC area on aperture measurement (Figure 3.10C).

Together, this data indicates that the ability of GA to regulate stomatal responses to
[COz2] is not fully dependent on DELLA activity. However, the stabilised DELLA and in
particular that of the 35STAP_RGAA17 line suggest that perhaps it is not the presence
or absence of the DELLASs that is important for responses to [CO2] but rather, the ability
to be able to degrade them. GA is perceived by GA receptor GID1, a soluble protein
localized to both cytoplasm and nucleus. The GA-GID1 complex enhances interaction
between GID1 and DELLA by transcriptional reprogramming. In general, specific
ubiquitin E3 ligase complex (SCF SLYVGID2) s required to recruit DELLA for
polyubiquitination and subsequent degradation by 26S proteosome (reviewed in Sun
etal. 2011).
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Figure 3.9 Analysis of the stomatal aperture response of the dellag mutant towards elevation
in [CO.]. (A) Epidermal peels from mature leaves of Ler and dellaq incubated in opeing buffer under
F[CO.] for 2 hours followed by incubation with A [CO2] and E[CO-] for another 2 hours to measure
pore are. (B) The relative response of both Ler and dellag in proportion to their respective response
at F[CO,] using the same data as (A). (C) GC area of both Ler and dellag under three [CO2]
conditions. Here n=120 stomata. Statistical analysis was conducted using two-way ANOVA with
Sidak’s multiple comparison tests where the significant difference between genotypes was ****P <
0.0001 and P 2 0.05 was non-significant (ns).
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Figure 3.10 Stomata function response of DELLA stabilized mutant lines towards elevation

of [CO].

(A) Pore area measurement from Ler and DELLA stabilized mutant lines

35STAP_RGAA17 and 35STAP_GAIA17 in response to F[CO,] , A[CO2] and E[CO;]. (B) The
relative response of the above mentioned lines in proportion to their respective response at
F[CO2] using the data from (A). (C) GC area of the studied lines under three different [CO,]. Total

number of stomata measuredn=120. Statistical analysis was conducted using two-way ANOVA

with Sidak’s multiple comparison tests where the significant difference between genotypes was
*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 and P = 0.05 was non-significant (ns).
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3.6 GA and GA inhibitors do not alter guard cell reactive
oxygen species (ROS) production in response to E[CO2]

treatment

ROS have been demonstrated to be both generated and required for stomatal
responses to both ABA and COg, as well as other stomatal responses (Kolla et al.
2007; Murata et al. 2015; Chater et al. 2015; Ehonen et al. 2019). Since | hypothesised
that GA negatively regulates the ABA pathway to modulate stomatal closure in

response to E[COz], | investigated whether GA alters ROS production.

ROS can be quantified using the fluorescent ROS indicator H.DCFDA and therefore,
a stomatal bioassay was performed to determine whether GA treatment inhibits CO2-
induced ROS production. Epidermal peels were incubated under F[CO2] conditions
before treatment under three [CO2] (F, A, E) treatments in the presence of either mock
(0.1% ethanol) or 100uM GAs. These treatments were then followed by a ROS assay
where the epidermal peels were stained with H2DCFDA and GC fluorescence was
guantified; an increase in fluorescence is associated with an increase in ROS
production. The result demonstrated an increase in ROS production from F[CO2] to
A[CO2] and E[CO], which aligns with previous reports (Chater et al., 2015) (Figure
3.11A). Interestingly, under F[CO2] and A[COz2] conditions, GAs treatment caused an
increase in ROS production compared to respective mock treatments. ROS production
under E[COz2] was the same with both mock and GAs treatment (Figure 3.11A). To
further clarify the relationship between GA and ROS in GCs, this experiment was
repeated in the presence of 1uM PBZ, which had previously been shown to promote
stomatal closure (Figure 3.6B). With 1uM of PBZ, ROS production increased under
F[COz]. Under A[COz], ROS production was similar between PBZ and mock-treated
samples. Conversely, at E[COz], ROS production was reduced compared to the mock
(Figure 3.11B). Collectively, these data indicate that GAs does not inhibit CO2
promotion of GC closure by regulating ROS production. Although there is clear
evidence for the involvement of ROS in regulating stomatal aperture, it is not well
understood how the ROS signals are sensed in the GC apoplast. Apoplastic ROS
production initiates the activation of plasma membrane Ca?* channels, leading to an
increase in [Ca?']cyt levels (Ehonen et al., 2019). Very recently, a leucine-rich-repeat

receptor kinase (LRR-RK) hydrogen-peroxide-induced Ca?* (HPCA1) was found to be
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responsible for extracellular H202 (eH202) mediated Ca?* signalling. This has been
identified as a cell-surface sensor for eH20:2 in plants and reported to mediate H202-
induced activation of Ca?* channels in GCs and is required for stomatal closure in
response to ABA (Wu et al., 2020). However, no studies have investigated whether
HPCAL is required for [CO2] promotion of closure or not. To test this, Col-0O and a
hpcal mutant were studied using the bioassay system and after incubation under
F[CO2] conditions, treated with either F[CO2], A[CO2z] or E[COz2]. This analysis
indicated hpcal stomata was not as responsive as Col-0 at E[CO2] denoting
involvement of HPCAL in [COz] mediated stomatal closure, from both pore area and
relative response data (Figure 3.12A and B). The GC area measurement showed no
significant change with Col-0 at A[CO2] and E[CO2] treatments (Figure 3.12C),

indicating that the GC area did not affect aperture measurement.
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Figure 3.11 ROS assay with GA and inhibitor of GA under three concentrations of
CO.. (A) Epidermal peels from mature leaf of Col-0 incubated under F[CO;] for 2 hours
followed by mock (0.1% ethanol) and 100uM GAs application at F[CO2], A[CO.] and
E[CO;] for additional 2 hours. Then the epidermal peels were stained with H.DCFDA and
GC fluorescence was determined. (B) Experiment similar to (A) except 1uM PBZ was
applied instead of GAs. Fluorescent images of stomata on the top panel were
representative of each treatment. Here n=110-120. Statistical analysis was conducted
using ANOVA with Tukey’s multiple comparison tests where the significant difference

among treatments was ****P < 0.0001 and P = 0.05 was non-significant (ns).
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Figure 3.12 Stomata function response of Col-0 and hpca7 towards elevation of [CO-].
(A) Pore area measurement from Col-0 and hpca1 treated at F[CO;] , A[CO2] and E[CO,]
following 2 hours of incubation at F[CO;]. (B) The relative response from the above
mentioned lines in proportion to their respective response at F[CO-] using the data from (A).
(C) GC area of the studied lines under three [CO2]. Number of stomata measured n=120.
Statistical analysis was conducted using two-way ANOVA with Sidak’s multiple comparison
tests where *P < 0.05, **P < 0.01 and P = 0.05 was non-significant (ns).
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3.7 Gibberellic acid and paclobutrazol have opposite effects

on whole-leaf gas exchange responses to [CO2]

Study of stomatal physiology using isolated epidermis helps us understand GC-
specific stomatal responses devoid of any contribution by underlying mesophyll cells.
Analysis of whole leaf responses and experiments where peels are laid back onto
mesophyll cells or grafted or separated suggest that there are mesophyll signals that
influence GC response (Lee 2006; Mott et al., 2008; Sibbernsen & Mott, 2010; Fujita
etal., 2013). However, despite several mesophyll signals having been proposed, there
is still some debate as to the absolute identity of the mesophyll signals involved and
whether different signals are generated for different responses (Santelia & Lawson
2016, Lawson et al. 2018). Studies demonstrated a correlation of stomatal
conductance (gs) with the rates of mesophyll photosynthesis under different conditions
(Wong et al., 1979; Farquhar & Wong, 1984; Mansfield et al., 1990; Buckley et al.,
2003).

To determine whether GA affects whole leaf stomatal responses to changes in [COz2],
GAsand PBZ were petiole-fed through the transpiration stream with leaf gas exchange
measured using an IRGA system (Ceciliato et al., 2019 and section 2.12.1). Excised
leaves were initially fed with RO H20 (pH 6.0-6.5) and gs was monitored until a steady
state level was achieved inside the gas exchange chamber; this usually required ~45
mins to 1 hour at 450 ppm [CO2]. The steady-state stomatal conductance was then
recorded for a further 10 min before the [CO2] was reduced to 25ppm to promote
stomatal opening. Mock (0.1% ethanol) or treatment (100uM GAs or 1uM PBZ) was
injected into the transpiration stream at the start of the 25ppm [CO2] phase for 30
minutes and this was followed by the addition of 2000ppm [CO:2] for 1 hour to promote
stomatal closure (Figure 3.13A). As observed with stomatal bioassay experiments
(described in section 3.2), 100uM of GAs was found to increase the gs under 1000ppm
of [CO2] compared to mock fed leaves 10 mins after the start of the 1000ppm [CO2]
treatment and remained elevated above that of the mock treatment for the duration of
the 1000ppm [CO2] treatment. Though 100uM of GAs was applied at the beginning of
25ppm of [COg] treatment, the gs remained lower compared to the mock, indicating
GAs has a negative effect on high [CO2] mediated stomatal closure only. When the

[CO2] was shifted again to 25ppm from 1000ppm, the gs remained higher than mock
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for 20 mins and then started to lower down again, indicating that the role of GAs is
specific to E[CO2] (Figure 3.13B).

To complement the stomatal function bioassay described in section 3.3, | next
investigated the impact of petiole feeding with 1uM PBZ using this whole leaf gas
exchange system. Here, the plants were sprayed with 1uM PBZ the night before the
experiment and everything else were same as GAs feeding experiment, such that PBZ
was also then petiole fed at the start of the 25ppm CO:2 treatment. Since GA
biosynthesis Since GA biosynthesis has been reported to occur during the night time,
PBZ was sprayed night before the experiment (Prasetyaningrum et al. 2021). PBZ has
been observed to reduce the gs across all the [CO2] treatments compared to the mock-
fed leaves, which is opposite to the response observed with effect as GAs treatment
(Figure 3.13D).

To determine the speed of stomatal closure with mock and GAs feeding, the maximum
slope (SImax) was calculated between 40 to 90 minutes (50 minutes of 12000ppm [CO2]
incubation). Slmax was calculated from the dynamic sigmoidal model (Vialet-Chabrand
et al., 2013) (details in section 2.12.1). The Slmax is higher in mock-fed stomata than
those treated with 100pM GAs stomata (Figure 3.13C), clearly denoting a slower
closure in the presence of GAs. However, similar measurements from PBZ-fed
samples showed non-significant Slmax values compared to the mock (Figure 3.13E).
Though this indicates a similar closure speed for both mock and PBZ-treated stomata
at 1000ppm [COz2], the gs values (Figure 3.13D) showed a positive effect of PBZ

towards stomatal closure.
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Figure 3.13 Effects of GA; and PBZ on whole leaf gas exchange responses to [CO:]. (A)

Schematic diagram to show the IRGA programme set for specified time and [CO2]. Mock (0.1% ethanol)

and 100uM GAs or 1uM PBZ was injected into the transpiration stream of the examined leaf petiole at
the beginning of the 25ppm [CO_] phase. (B) gs value changes with time in response to [CO,] changes
with mock or 100uM GAs; feeding. (C) Slnax data derived from the fitted dynamic sigmoidal model
measured from both mock and GAs treated samples during 50 minutes of 1000ppm [CO2] injection. (D)
Same as (B) but with the addition of 1uM PBZ. (E) same as (C) but for PBZ-treated samples. For (B)
and (D), statistical analysis was conducted with the average of different leaf samples (n=10) and their

standard error of the mean (SEM). Student’s t-test was conducted for Slnaxwhere *P < 0.05 and P =

0.05 was nonsignificant (ns) from (C) and (E), respectively. Arrows at the top of (B) and (D) indicated

the addition of GAs; and PBZ.
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3.8 Differential expression of GA signalling and metabolism

genes in response to E[CO2]

The experimental data from stomatal function bioassay and whole leaf gas exchange
measurements have demonstrated that GAs modulate GC responses to E[CO2]. The
amount of bioactive GAs in any system can be affected by their synthesis and
deactivation. To determine whether changes in [COz2] affect the expression of genes
involved in GA metabolism or signalling, a qRT-PCR analysis was performed on leaf
tissue exposed to different [CO2]. Col-0 were grown in compost at A[CO2] to the same
age as would be used for bioassays (30 to 31 days old post germination). They were
then subjected to either ambient or elevated [COz2] treatments (450ppm and 1000ppm

respectively) for 2 hours, 6 hours and 24 hours.

Genes involved in GA catabolism (RVE1l, RVE2, GA20x1) showed increased
expression after 6 hours of E[COz] treatment relative to the A[COz2] control. RVE1 was
also consistently upregulated at 2h and 24h, with RVE2 and GA20x expression varying
across these timepoints. In contrast, the general trend for genes involved in GA
synthesis or signalling showed reduced expression across these timepoints, though
GA3o0x1 and GA3ox2 expression was increased under 6h E[CO2] (Figure 3.14).
Collectively, the general trend was for an increase in the expression of catabolism
genes and repression on expression of synthesis and signalling indicates an increment

of [COz] impacts GA metabolism and signalling pathways.

84 |Page



N S
D N
@Q é@o e‘\o
& &
F —
0.3
E[CO,] 2hrs
0.2
0.1
E[CO,] 6hrs 0
-0.1
E[CO,] 24hrs -0.2
T T T T
QSQ/N QgQ/q/ q/o‘\} O?} fb°+ ’b°+
o & o

Figure 3.14 Effect of E[CO:] under three time periods on genes regulating GA
catabolism or synthesis. Heatmap showing differential expression of some
representative genes in GA catabolism and synthesis after the transfer of plants from
ambient (A) [CO;] (~450ppm) to elevated (E) [CO-] treatment (1000ppm) for three different
periods from mature leaf tissue of Col-0 where the number of replicates n=3. An expression
value of 0 (derived from log10 values of normalised A[CO-] treated samples) was used as
a baseline to demonstrate the upper and lower expression of genes according to the colour

scale gradient.

3.9 Leaf ABA and GAs content changes at E[CO:]

The gene expression analysis indicates that changes in [CO2] can influence the
expression of genes involved in GA metabolism and signalling. To determine more
directly whether changes in [COz2] can influence GA content of the leaf, a mass
spectrometry approach was taken with analysis performed on leaf discs treated in the
bioassay system with different [CO2]. Given that | have hypothesised that CO:
enhances sensitivity to ABA by modulating GA levels, ABA content was also analysed.
Material was collected at University of Sheffield and analysis was done in collaboration
with the Laboratory of Growth Regulators, Palacky University and the Institute of

Experimental Botany, Czech Republic. It should be noted that as with bioassays, the
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experimental design means that comparisons are only appropriate between F[CO2]
and A[COg] or F[CO2] and E[CO] (we cannot compare A[CO2] to E[COz]).

Data shown in figure 3.15B indicated a decrease in ABA levels when [CO2] increased
from F[CO2] to A[COz]. There was no significant difference in ABA between F[CO2]
and E[COz], though the trend was still for a reduction in ABA following an increase in
[CO2]. ABA glucose ester (ABA-GE) is an ABA storage or transport form accumulating
in the vacuole and apoplast (Dietz et al., 2000). Conjugation of ABA into ABA-GE can
inactivate ABA and thereby lower the cellular ABA level therefore contributing to the
homeostatic regulation of cellular ABA levels (Dong & Hwang, 2014). Similar to ABA,
ABA-GE did not change with the elevation of [CO2] compared to F[COz2]. Interestingly,
ABA-GE was comparatively higher than ABA content at A[CO2] and E[CO2] treatments
but not at F[CO2] (Figure 3.15C) .

In parallel with the ABA measurements, an analysis of GA metabolism was performed
(Figure 3.16A-D). Figure 3.16B showed measurements of non-13-hydroxylated
gibberellins starting from non-13-hydroxylation pathway intermediates GA24 and Go to
active GA4 and inactive GAs (GAs1 and GAass). Although there is a non-significant
change in active GA4 between F[COz] and A[CO2] and between F[COz] and E[CO2];
pathway intermediate GAg and inactive GAs1 decreased significantly with [CO2]
elevation from F[CO2] to A[COz] and from F[COz] to E[CO2] respectively. Thus,
indicates potential involvement of GA metabolism towards [CO2] mediated stomatal

closure.

On the other hand, simultaneously occurring 13 -hydroxylation pathway to produce the
active and inactive form of GAs showed significant decrease in active GA1 to pose
stomatal closure in response to E[COz2]. However, the GA intermediates (GA1 and
GA20) as well as inactive GAs (GA29 and GAs) remained indifferent with [CO2] elevation
(Figure 3.16D) and thus did not direct any point of action.

In summary, the ABA and ABA-GE measurements indicate a negligible change in their
content with the elevation of [COz] consistent with previous findings (Chater et al.,
2015; Hsu et al., 2018). On the contrary, there is a significant change in the amount
of active GA1 (but not GA4) and some intermediates, indicating that E[CO2] does

modulate GA content.
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Figure 3.15 ABA and ABA-GE measurements from mature leaf tissue at three different [CO2].
(A) A simplified diagram shows the generalized steps in ABA metabolism where measured
components are shown in hexagon shape with bold font (adopted from Dong & Hwang 2014). (B)
Amount of ABA and ABA-GE measured through UPLC-ESI-MS/MS from mature leaf discs treated
with different [CO-] in line with stomatal bioassay experiments. (C) Comparison made between ABA
and ABA-GE at each [CO,] derived from the same data as (B). The number of biological replicates
was three/sample, and technical replicates were 3 from each biological replicate. Statistical analysis
was conducted using two-way ANOVA with Tukey’s multiple comparison tests where the significant

difference among means with SD was **< 0.01, ****P < 0.0001 and P = 0.05 was non-significant (ns).
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Figure 3.16 Measurement of GAs and their intermediate and inactive forms from mature leaf
tissue at three different [CO2]. (A) Steps in the non-13-hydroxylation pathway where bold fonts
indicate the measured components and their (B) amounts from fresh mature leaf tissue treated with
F[CO-], A[CO2] and E[CO;] in a way similar to bioassay experiments using UPLC-ESI-MS/MS. (C)
Stages in the 13-hydroxylation pathway where measured components are shown with bold fonts and
(D) their amounts measured through UPLC-ESI-MS/MS from mature leaf disc treated with different
[CO2] in line with stomatal bioassay experiments. The number of biological replicates was
three/sample, and technical replicates were three from each biological replicate. Statistical analysis
was conducted using two-way ANOVA with Tukey’s multiple comparison tests where the significant
difference among means with SD was *P < 0.05, ***P < 0.001, ****P < 0.0001 and when P = 0.05 was
non-significant (ns). Active GAs shown within a hexagonal shape and other measured GA forms with
bold font.
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3.10 An analysis of GA metabolism and signalling genes in

guard cells

The stages of GA biosynthesis are separated into distinct subcellular compartments
starting from plastids to the endoplasmic reticulum and ultimately, the cytoplasm.
Additionally, early, and later steps in GA biosynthetic pathway occur in distinct cell
types at different stages of plant growth and development. For example, GA3ox1 is
expressed in almost all stages of development whereas GA30x2 is primarily
expressed in germinating seeds and vegetative tissues (Mitchum et al., 2006).
Similarly, components in GA signalling show overlapping as well as distinct functions
to repress GA response. For example, RGA and GAI transcripts are ubiquitous in all
tissues whereas, RGL1/2/3 are present in germinating seeds and/or glowers and
siliques (Tyler et al., 2004). Therefore, such subcellular compartmentalization and
intercellular separation provide another layer of complexity in GA regulated response

in plants.

Stomatal function bioassays involving PBZ application indicate that direct changes in
GCs GA metabolism are sufficient to modulate stomatal responses to [COz] (section
3.3 and Figure 3.6B). At the same time, IRGA analysis through petiole feeding with
GAs showed GA can negate E[COz]-mediated stomatal closure which suggest that
GCs can receive GA from the transpiration stream (section 3.7 Figure 3.13B). This
does not rule out that this GA is not taken up by GCs but does open the possibility that
other cells can contribute. The Arabidopsis eFP Browser database and data form RNA
extracted from the epidermis of 5-week-old Col-0 in which GC were the only living
cells, was used to identify which genes in GA signalling and metabolism are putatively
expressed in GCs (Winter et al., 2007; Pandey et al., 2010). It’s important to remember
that there are differences in methodologies to describe gene expression and the level

of expression of a gene differed from tissue to tissue.
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Table 3.1 List of genes in GA metabolism pathway with different expression levels.

| | | [ ]
1-10 11-50  51-200  200-1500
Pathways Function Gene name Locus GC
expression
Terpene synthase CPS/GAlL AT4G02780
KS/IGA2 AT1G79460
Cytochrome P450 ATKO1/CYP701A3 | AT5G25900
GA monooxygenases /IGA3
biosynthesis KAO/CYP88A3 AT1G05160
KAO2 /CYP88A4 AT2G32440
2-oxoglutarate-dependent GA200x1 AT4G25420
dioxygenases (20DDs) GA200x2 AT5G51810
GA200x3 AT5G07200
GA200x4 AT1G60980
GA200x5 AT1G44090
GA3ox1 AT1G15550
GA30x2 AT1G80340
GA30x3 AT4G21690
GA3ox4 AT1G80330
GA 2-oxoglutarate-dependent GA20x1 AT1G78440
catabolism dioxygenases (20DDs) GA20x2 AT1G30040
GA20x3 AT2G34555
GA20x4 AT1G47990
GA20x6 AT1G02400
GA20x7 AT1G50960
GA20x8 AT4G21200
GA20x9 AT5G58660
GAZ20x10 AT3G47190 No data on
eFP
GA Methyltransferase GMAT1 AT4G26420 No data on
deactivation eFP
GMAT2 AT5G56300
Cytochrome P450 ELA1/CYP714A1 AT5G24910
monooxygenases ELA2/CYP714A2 AT5G24900
Fe dependent 2- GAS2 AT2G36690
oxoglutarate-dependent -
dioxygenases
GA signalling GA receptors GID1A AT3G05120 | |
GID1B AT3G63010 |
GID1C AT5G27320
DELLA, GA signalling GAI/RGA2 AT1G14920
repressor
RGA AT2G01570
RGL1 AT1G66350
RGL2 AT3G03450
RGL3 AT5G17490
OGT, GA signalling SPY AT3G11540 -
repressor
F-box protein SLY1 AT2G17980
SLY2/SNZ/SNE AT5G48170
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The difference in the expression gradient made it difficult to decide what constitutes
an appropriate cutoff value to determine whether a gene is actually expressed in the
system. For example, the GA20x1 expression value was 3.34 whereas for GA20x2
and GA20x8, the respective values were 16.55 and 96.49, which is still relatively low.
Therefore, a colour gradient scale was set ranging from 1-1500 as determined from
gene expression values on the Arabidopsis eFP Browser. Almost every known gene
from GA metabolism and signalling was putatively expressed in GC but with varying
levels (Table 3.1).

3.11 Discussion

ABA is well studied as a positive regulator of stomatal closure in response to diverse
biotic and abiotic stresses (Assmann, 1993; Schroeder et al., 2001); CO2 responses
are altered in plants with differences in ABA levels and so a base level of ABA and
ABA signalling has also been shown to be required in high [CO2]-mediated stomatal
closure (Chater et al., 2015; Dittrich et al., 2019). There is also evidence that CO: itself
sensitises stomata to ABA however, changes in [CO2] do not causes any change in
GC ABA levels and there is controversy as to whether [CO2] acts via the PYR/RCAR
family of ABA receptors to sensitise GCs to ABA (Hsu et al., 2018; Dittrich et al. 2019;
Zhang et al., 2020). In this study, an alternative hypothesis has been considered and
that rather than ABA, [CO2] acts on an antagonist of ABA to enhance sensitivity to this
ABA response. Although GAs is a known antagonist to ABA action for plant
developmental events, e.g., seed germination and dormancy, root growth, flower
initiation, shade response and to abiotic stress regulation (Liu & Hou, 2018; Shu et al.,
2018; Vishal & Kumar, 2018); there are few studies that have examined the role of this
hormone in GC function. GA application enhanced stomatal opening transiently
in Vicia faba and Fritillaria imperialis (Fischer et al., 1990) and in Commelina
benghalensis L. under darkness (Santakumari & Fletcher, 1987; Goring et al., 1990).
In contrast, GA-deficient tomato plants under water stress and Arabidopsis with 10uM
of exogenous GA treatment showed no effect on stomatal apertures (Cramer et al.,
1995; Tanaka et al., 2006). GAs at a concentration <0.1uM has been reported to
reduce ABA-induced inhibition of stomatal opening in the light in Arabidopsis leaves

(Goh et al., 2009). Whilst not focused on CO:2 responses, this data supports the
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hypothesis that the homeostatic balance between ABA and GA can regulate stomatal
aperture. Also, GAs was reported to increase basal stomatal apertures in a DELLA
and GID dependent manner (Sukiran et al., 2020). Determination of the optimum GA
concentration is critical as the GA concentration in a plant is generally connected with
its growth and development through crosstalk among different hormonal signalling
pathways (Nemhauser et al., 2006).

Therefore, an initial bioassay experiment was conducted to evaluate the effect of
different concentrations of GAs (50-100uM) on stomatal aperture responses to [CO2]
and 100uM GAs was found to significantly inhibit E[CO2]-mediated stomatal closure
response (Figure 3.4A). Though not directly involve in stomatal response study, the
application of 100uM GAs from different plant species has been reported to mitigate
environmental stresses like salt and heavy metals as well as in GA metabolism
research (Silverstone et al., 2001; Wen & Chang 2002; Rieu et al., 2008; Ali et al.,
2015; Saleem et al., 2015; Xu et al., 2016; Wang et al., 2019). Based on present
findings and concentrations used in the literature, 100uM GAs was therefore chosen
for subsequent experiments. Whilst 100uM GAs may seem excessive, even with the
recent development of GA biosensors (Rizza et al., 2021), cellular GA levels have not
been determined. Furthermore, the uptake capacity of guard cells for GAs is not known
and this is also not the bioactive form in Arabidopsis. GAs4, which is one of the main
bioactive forms (Talon et al., 1990), did elicit the same response as GAs (Figure 3.4C)
and it would be interesting to determine whether GCs show enhanced sensitivity to
GAs over GAs. The concentrations used in this study are comparable with those used
in a number of studies investigating the action of GA and involving exogenous GA
application. The concentration of GA used is not significantly outside that expected
within some cells as determined by the GPS GA biosensor developed by the lab of
Alexander Jones (Rizza et al. 2021 - 18uM GAuis predicted for some cells). This same
paper also highlights this issue of differential cell permeability to GA, so whilst
endogenous levels may be lower than those that are exogenously applied (and
potentially only 5x), there is always the question of how efficiently exogenously applied
hormones are taken up by the target cells and tissue. When considering mass spec
data (Figure 3.16), it must also be appreciated that the quantity is comparative to fresh
weight, much of which will be apoplastic water and cell wall material and so result in a

significantly lower concentration than may be found in cells themselves.
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Addition to exogenous application of GA, transgenic manipulation of GA levels was
also shown to inhibit E[CO2] promotion of stomatal closure. Whilst still not an absolute
demonstration of an in vivo role of GA in this response, the use of the B-estradiol
inducible pUBQ-XVE-GA200x1-P2A-GA30ox1 line (Rizza et al., 2021), demonstrates
that endogenous GA levels also have the potential to modulate E[CO2] responses
(Figure 3.5). Finally, inhibitors of GA biosynthesis (namely, PBZ and DMZ) showed

positive effects towards E[CO2]-mediated stomatal closure (Figure 3.6B).

Mutants in the GA metabolism and signalling also added to our understanding of
participation of GA regulation in E[CO2z]-mediated stomatal closure. GA biosynthesis
is a complex procedure completed in three different organelles of plant tissue involving
terpene synthases (TPSs), cytochrome P450 monooxygenases (P450s) and groups
of 2-oxoglutarate-dependent dioxygenases (20DDs). Maintenance of effective
regulation of bioactive GAs deactivation is also crucial, and this is mediated primarily
by a class of 20DDS, GA 2-oxidases (GA20xs) (Yamaguchi, 2008). ga2oxq has been
reported to produce more GAs and elongated hypocotyls (Rieu et al., 2008) in
Arabidopsis, and overexpression resulted in lower GAs in rice and Arabidopsis
associated with dwarf phenotypes (Schomburg et al., 2003; Lo et al., 2008). Further,
upregulation of GA2ox genes by different stresses indicates a dynamic change of GA
metabolism (Li et al., 2019). Here, a ga2oxq mutant was shown to be insensitive to
E[CO2]-mediated stomatal closure (Figure 3.8), suggesting that the ability to
breakdown active GAs is required in order for GCs to respond to E[CO2]. Stomatal
density showed no change between ga2oxq and Col-0 (Supplementary 2.11)

indicating the mutation does not affect stomatal number.

Bioactive GAs in plants are also maintained through feedback and forward regulation
of GA metabolism (Hedden & Phillips, 2000; Olszewski et al., 2002). GA signalling
components required for this homeostatic regulation are the GID1 receptors, DELLA
proteins and the F-box protein SLEEPY1 (SLY1) (Sun & Gubler, 2004; Ueguchi-
Tanaka et al., 2007) DELLAS are well-known repressors of many GA-dependent plant
responses (Achard & Genschik, 2009). However, GA-induced increase in [Ca?*]cyt
were observed in transgenic plants expressing a mutated degradation-resistant
version of RGA (RGAD17) and in the della quintuple mutant, suggesting the presence
of a DELLA-independent pathway in Arabidopsis (Okada et al., 2017). In tobacco,
Ca?*-dependent protein kinases (NtCDPK1) was found to be phosphorylated in
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response to GAs in plants and auto phosphorylated in vitro (Ishida et al., 2008; Ito et
al., 2014, 2017), again suggestive of a DELLA-independent pathway. This is relevant
because the bioassay data indicates that, unlike with the ga2oxg mutant, stomata of
the dellag mutant are still responsive to E[CO2] mediated stomatal response (Figure
3.9). However, analysis of the stabilised DELLA lines, in particular 3STAP_RGAA17
(Feng et al., 2008) found that these were relatively insensitive to E[CO2] (Figure 3.10).
This provides evidence both for and against DELLA requirements for responses to
E[COz2]. Further data from the Casson lab has recently shown that sleepy mutants are
also relatively insensitive to [CO2] (data not shown) and this may indicate that it is the
stability of the DELLAs that is important for responses to [COz], rather than their
absence. Stomatal density count showed no change between Ler and dellaq though
the stable lines had significantly higher count (Supplementary 2.12 and 2.13
respectively). However, stomatal index measurements would be required to clarify

whether stomatal development is affected or not.

ROS are known to be required for GC ABA-responses and are also produced during
bicarbonate-induced stomatal closure (Pei et al., 2000; Zhang et al., 2001; Kwak et
al., 2003; Kolla et al., 2007). They are also reported to be involved in cross-talk
between ABA and high [CO2]-mediated stomatal closure (Chater et al., 2015; Ehonen
et al., 2019). Moreover, GA has been reported to modulate ROS levels in regulating
cell growth, stress tolerance and seed germination (Fath et al., 2001; Schopfer et al.,
2001; Achard et al., 2008; Li et al., 2018). Present data supports the existing literature
with regards to the connection between ROS and E[COz]-mediated stomatal function.
Though PBZ appeared to enhance ROS at F[COz2] but did not change significantly with
[CO2] elevation. GAs appeared not to block the ROS production as expected with
inhibition of closure in response to E[CO2] (Figures 3.11A and B). This suggests GAs
do not act via ROS regulation to negate E[CO2]-mediated stomatal closure. The
extracellular H202 (eH202) activated Ca?* currents in GCs were reported to mediate
stomatal closure induced by ABA in Arabidopsis (Pei et al., 2000). And eH202 sensor
HPCA1 is required for such eH202 mediated increase of cytosolic [Ca?*] during
stomatal closure (Wu et al., 2020). Therefore, [CO2] sensitivity of hpcal stomata could
provide a regulatory cascade for E[CO2] mediated stomata closure. Though not very
straight forward, our data supported the involvement of HPCAL in promoting stomatal
closure responses to E[COz2] (Figure 3.12A and B). Since HPCAL1 is a sensor for

94 |Page



extracellularly produced H20: to initiate downstream Ca?* signalling E[CO2]-mediated
stomatal closure is likely to work via Ca?* dependent pathway. However, collectively
the data here demonstrates that the ability of GA to antagonise E[CO2z]-mediated
stomatal closure is likely to be ROS-independent, though a role in regulating Ca?*
signalling remains to be investigated. Stomatal density determined no change
between Col-0 and hpcal (Supplementary 2.14) indicating that absence of HPCA1 do
not affect stomatal number, though stomatal index measurements would be required

to clarify whether stomatal development is affected.

With involvement of GAs in modulating E[CO2]-mediated stomatal closure response
in GCs, the next question arises about the source of GA. Does GA negatively regulate
E[CO2]-mediated stomatal closure in GC only or could it work in whole leaves?
Therefore, an attempt was made to measure whole leaf gs fed with either GAs or PBZ.
Using this system, the gs of wholes leaves fed with GAs showed a reduction in
sensitivity to E[COz2] (Figures 3.13B and C) and supports the potential for non-GC
derived GA, though it does not exclude the possibility that this petiole fed GAs
mediates it's effect by being taken up by GCs. However, no significant effect of PBZ
was observed from the petiole feeding experiment (Figure 3.13D and E). The reasons
might be that the gs for the treated samples was already reduced due to PBZ treatment
on the day before experiment. Interestingly, stomatal function bioassay with PBZ
supports the role of GC GA as being important for responses to [CO2]. Additionally,
other stomatal function bioassays with GA application and alteration by using GA
mutants support the involvement of GC derived GAs. Analysis of the expression
pattern of GA metabolism genes in GC determine that though there is difference in
gene expression levels, almost all the genes are expressed in GC (Table 3.1). Thus,
it is plausible to conclude that GC derived GA is sufficient to modulate GC response
to high [COz2] but other tissues may also be involved. Existing literature also support
the correlation between GC metabolism and mesophyll signals in stomatal responses
under a range of different conditions for Cs and CAM species (Wong et al., 1979;
Farguhar & Wong, 1984; Mansfield et al., 1990; Buckley et al., 2003; Santos et al.,
2021). Experimental data also that showed that isolated peels have altered responses
to RL or [COz] compared to those reported for intact leaves (Lee & Bowling, 1992;
Olsen & Junttila, 2002; Roelfsema et al., 2002; Mott et al. 2008).
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Next, gene expression analysis of GA metabolism genes from mature leaf tissue
provided insights into changing gene expression patterns in response to E[CO2]
(Section 3.8). Though direct correlation was not observed across different GA
metabolism genes, a trend of upregulation of GA repressors with [CO2] elevation was
observed (Figure 3.14). However, the mRNA expression of GA metabolism and
signalling genes reported to be negligibly affected by e[COz2] in Arabidopsis (Ribeiro
et al., 2012). Reasons might be the difference in [CO2] i.e., 750ppm as opposed to
1000ppm used in this study alongside differences in growth conditions and GAs

treatment.

Whilst transcriptional analysis can be informative, gene expression and metabolic
pathways can be regulated by other mechanisms. According to the hypothesis the
balance between ABA and GAs regulates E[COz]-mediated stomatal response. The
amount of ABA remained unchanged at E[COz] treated leaf tissue compared to F[CO2]
samples (Figure 3.15 A and B), similar to existing researches that reported no change
of ABA with elevation in [COz2] (Chater et al., 2015; Hsu et al., 2018). Also, the inactive
or storage form of ABA, i.e., ABA-GE, remained unaltered with an increase in [CO2]
(Figure 3.15 A and B), indicating no change in ABA and their conjugates in our
experimental system. Measurement of GAs from both 13-hydroxylated and non-13-
hydroxylated pathways was conducted (Figure 3.16 B and D). Though no significant
change was found for 13-hydroxylated GA4, a significant decrease was observed in
pathway intermediate GAs when [COz] increased to the ambient level. And 13-
hydroxylated active GA: significantly decreased at E[CO2] samples compared to
F[CO2] samples. Both GA and ABA content have been shown to change in response
to elevated [CO2] (~800 mu mol mol?) in other plants species. For example, GAs have
been reported to increase, whereas ABA decreased in Gingko biloba, rice and tall
fescue connecting with photosynthesis and growth increment (Li et al., 2011; Yu et al.,
2019; Qi et al., 2021). Interaction of phytohormones is known to modulate stomatal
apertures like ABA, and jasmonic acid (JA) are known to act antagonistically in the
RL-induced stomatal opening (Zhu et al., 2019), while ABA and JA act synergistically
to trigger stomatal closure in response to elevated [CO2] (Geng et al., 2016). This is
the first report of the involvement of GAs, known antagonists to ABA, to alter E[CO2]-
mediated stomatal closure where their decrease sensitise the closure response of

stomata without changing the ABA amount. The existing literature demonstrates an
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interaction between carbon metabolism and GAs synthesis with a positive relation
between GA synthesis and carbon metabolism during the nighttime (Paparelli et al.,
2013; Prasetyaningrum et al., 2021). Increased GA at night may help stomata be less
inhibited by increased Ci due to nighttime respiration and help stomata to open more
on next morning. At the same time GA metabolism genes were reported to express
variably across the day e.g., GA30x1 was reduced at daytime (Prasetyaningrum et al.,
2021). This might sensitise the stomata to remain more open at daytime in response
to reduced Ci as result of photosynthetic efficiency. Thus, under varying carbon
availability GAs has the relevance to modulate stomatal aperture and ultimately their
growth.

3.11.1 Concluding Remarks

1. GAs inhibit E[COz]-mediated stomatal closure in the epidermis and the whole
leaf system.

2. GA inhibition of E[CO2z]-mediated stomatal closure requires GA20x genes and
may be mediated by changes in expression of genes involved in GA
metabolism.

3. GAs may act in a DELLA-independent pathway without ROS participation in the
studied physiological response.

4. Active GAL content is reduced under E[CO2] with no change in ABA.
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Chapter 4. A role for phyB in regulating
stomatal aperture responses to
elevated [CO2]
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4.1 Introduction

Regulation of the stomatal aperture is a complex process integrating an array of
environmental cues, including light quantity and quality, [CO2], temperature and
vapour pressure deficit (VPD) (reviewed in Lemonnier & Lawson, 2023). For light, it
has been determined that stomata open in response to both red and blue wavelengths,
though blue light (BL) and red light (RL) responses have different fluence responses
(Matthews et al. 2020). PHOTOTROPIN (PHOT) photoreceptors perceive BL to
activate PM bound H*-ATPase present in GCs, activating inwardly rectifying K*
channels. The uptake of K* is accompanied by GCs accumulating both CI-and malate?,
which is believed to be generated by starch breakdown (Kinoshita et al., 2001;
Shimazaki et al., 2007; Horrer et al., 2016; Santelia & Lawson, 2016). The BL response
is independent of photosynthesis as it saturates at very low fluence rates incapable of
driving net carbon assimilation for photosynthesis (Matthews et al., 2020). On the
contrary, the RL response occurs at high fluence rates and is reported to be dependent
on photosynthesis because it is abolished by treatment with the PSII inhibitor 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU) (Sharkey & Raschke, 1981; Schwartz &
Zeiger, 1984; Tominaga et al., 2001; Olsen et al., 2002).

As well as RL driven photosynthetic responses, there is also evidence for the direct
involvement of the red/far-red photoreceptor phyB in RL-mediated stomatal opening
response (Wang et al., 2010). phyB was shown to act in concert with phyA and the BL
receptors CRY and PHOT to regulate stomatal opening under white light, suggesting
the presence of common components between the RL and BL signalling pathways
(Wang et al.,, 2010; Chen et al.,, 2012). Collectively, this indicates roles for both
photoreceptors and photosynthesis in light-mediated stomatal opening.

Inarguably stomatal response link and coordinate with mesophyll demand for CO2, and
higher irradiance positively regulates carbon assimilation rates and drives down the
[CO2] within the leaf. PHOT driven BL responses and stomatal responses to low [CO2]
have been shown to interact through two kinases, CONVERGENCE OF BLUE LIGHT
AND CO2 1 and 2, demonstrating links between photoreceptor and [COz] responses
(CBC1/2; Hiyama et al., 2017). Interestingly, previous work from the Casson lab
demonstrated that phyB-9 mutants have a hypersensitive response towards E[COz2]-
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mediated stomatal closure, whilst plants overexpressing phyB (35SphyB) are less
sensitive to this signal (Brown, 2018). Figure 4.1 shows the respective data as follows:
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Figure 4.1 Stomatal aperture area of mature leaves for Col-0, phyB, 35SphyB,
calca4 and phyBca1ca4. Plants were grown at 130 pmolm2s™ light and 500 ppm
CO,. Epidermal peels of the plants were subjected to [CO,] free air, 500ppm and
1000ppm. The bar graphs show the stomatal aperture area plotted against each
[CO.] treatment. Mean values are shown for each genotype (n = 120) with error bars
indicating mean +/- SEM. Symbols indicate significant difference in aperture area
compared with Col-0; one-way AVOVA with post-hoc Dunnett’s test, (p*= < 0.05, p**=
<0.01, p***=<0.001, p****= < 0.0001). (Adopted from Brown, 2018).

However, no distinct signalling components have been reported downstream of the
RL perceiving phytochromes that regulate GC responses to [COz2]. Findings from the
previous chapter demonstrated that E[COz] can mediate changes in GA metabolism
and propose that this enhances sensitivity to ABA to promote GC closure.
Phytochromes are known to regulate ABA and GA in an opposite manner during seed
germination (Dong et al., 2008; Hedden, 2020; Li et al., 2022; Sano & Marion-Poll,
2021). However, such regulation differs at different stages of plant life alongside to
various external stimuli. For example, phyB can positively regulate ABA biosynthesis
and signalling in shoots to synchronize shoot and root growth in response to
unfavourable light exposure (Ha et al., 2018). phyB is also known to positively regulate
both GA and auxin biosynthesis during hyponastic leaf movement (Kupers et al.,
2023). However, light is also known to negatively regulate GA to stabilise DELLAS to
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inhibit Arabidopsis hypocotyl growth (Achard et al., 2007). Thus, it is evident that phyB
may regulate ABA and GA either positively or negatively in many physiological and

developmental responses.

Therefore in this chapter, we hypothesise that phyB regulates ABA:GA homeostasis
in GCs and changes to this homeostasis in phyB mutants leads to the hypersensitive

response of phyB stomata to E[COz2] (Figure 4.2).
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Figure 4.2 Conceptual events showing the stomatal closure involving light
signals and hormonal regulation. The proposition states E[CO,] either directly
repress GA production during stomatal closure response or regulates phyB active form
to down-regulate GA synthesis (this latter possibility is not directly tested in this work).
Conversely, phyB may act via ABA to alter sensitivity to E[CO2] but collectively the
outcome is for a change in ABA: GA homeostasis, which may modulate GC sensitivity
to E[CO;]. Arrows for up-regulation, barred lines for down-regulation and dotted bar

lines indicate hypothesised negative regulation. Image “Created with Biorender.com”.
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4.1.2 Objectives

The following objectives put forward to test the hypothesis:
1. Investigate whether GA affects GC sensitivity of phyB-9 to E[CO2].

2. Determine whether the hypersensitive closure response of phyB-9 mutants to
E[CO.] is due to changes in ABA or GA metabolism.

4.2 Role of phyB in stomatal aperture response to E[CO2]

The enhanced sensitivity of phyB-9 mutant stomata to E[CO2] (Brown, 2018), indicates
that phyB is required for wild-type responses to E[COz]. This previous work had
analysed the stomatal response to changes in [CO2] for both phyB mutants and plants
overexpressing phyB (35SphyB; data shown in Figure 4.1), which strongly support a
role for phyB in stomatal responses to E[CO2]. However, following the completion of
this work, a second site mutation in the VENOSA4 gene was identified in the phyB-9
mutant that affects various leaf traits (Yoshida et al. 2018). Therefore, to further
confirm the role of phyB in regulating stomatal responses to [CO2], a [COz] response
bioassay was performed on a transgenic line in which the phyB-9 mutant was
complemented with a PHYBproPHYB:YFP transgene (phyBcomp, unpublished line,
Casson lab). Here, the PHYB cDNA was translationally linked to YFP and placed
under the control of 2.1kb of upstream sequence. In this bioassay, the phyBcomp line
behaved like the wild-type under F[COz] and E[COz2], though it had a slightly reduced
pore area at A[COz]. By way of contrast, phyB-9 mutants had reduced pore areas
under all [CO2] treatments (Fig. 4.3A). By normalising the response of each genotype
to their F[COz2] control, phyB-9 mutants were observed to be relatively more sensitive

to E[CO2] compared to both Col-0 and the complemented line (Fig. 4.3B).
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Figure 4.3 Stomatal function response of phytochromeB-9 complemented line in phyB-9
mutant background towards the elevation of [CO:]. (A) Epidermal peels from mature leaves of
Col-0, phyB-9 and the complemented PHYBproPHYB:YFP line were incubated in an opening buffer
under F[CO;] for 2 hours followed by incubation with A[CO2] and E[CO-] for another 2 hours to
measure pore area. Pore areas from Col-0 were separately compared to phyB-9 and the phyBcomp
line under three different [CO-]. (B) CO- responsiveness of studied genotypes relative to their F[CO2]
treated samples derived from the same data as (A). (C) GC area of Col-0, phyB-9 and phyBcomp line
under three [CO2] conditions from the same stomata measured to analyse for data (A). Number of
stomata measured n=120. Statistical analysis was conducted using two-way ANOVA with Tukey's
multiple comparison tests, where comparisons were made between genotypes in (A) and (C) and
between [CO;] treatments in (B). The adjusted P values were *P < 0.05, **P < 0.01, ****P < 0.0001

and P = 0.05 were non-significant (ns).
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The GC area measurement showed that the phyB-9 mutant and phyBcomp line both
had significantly smaller GC areas than Col-0 (Figure 4.3C). Whilst the phyBcomp line
rescued GC COzresponses, as determined by pore area measurements (Figure 4.3A),
the GCs of this line were still smaller than those of the WT and not significantly different
to those of the phyB-9 mutant. This could be due to incomplete complementation of
the mutant phenotype within this complementation line or may indicate that GC size
itself is regulated by second site mutations within the phyB-9 line, which have been
reported (Yoshida et al. 2018). It should be noted that GC pore area of 35SproPHYB
plants were less sensitive to CO2 (Brown, 2018), which collectively supports the role
of phyB stomatal aperture responses to COo..

4.3 The hypersensitivity of phyB-9 mutant stomata to E[CO2]

is rescued by GA treatment

There is evidence of coordinated regulation of light, GA and ABA signalling in plant
developmental processes, and phyB is one of the significant regulators between ABA
and GA homeostasis (Seo et al., 2006, 2009; Lau & Deng, 2010; Lee et al., 2012;
Zhao et al., 2022). We already observed the involvement of phyB in stomatal
physiology towards E[COz]-mediated closure response (Figure 4.3A), whilst the
previous chapter demonstrated that GA inhibits E[CO2]-mediated stomatal closure of
Col-0 (Section 3.2). Therefore, it is relevant to investigate whether GA affects the

hypersensitive stomatal closure response observed in phyB-9.

To analyse the impact of GA on phyB-9 responses to [COz], the stomatal bioassay
system was again utilised, as described in section 3.2 with peels incubated in the
presence of mock treatment (0.1% ethanol) or 100uM GAs. Use of different
concentrations of GA3 (50-200 uM) in stomatal function bioassay demonstrated 100
MM as optimum for present study (Figures 3.2 and 3.3). As expected, the phyB-9 pore
area decreased with increasing [CO2] in the presence of the mock treatment.
Incubation in the presence of 100uM GAs resulted in a significant increase in pore
area at E[CO2] compared to the mock-treated samples. However, the same GAs
treatment did not significantly change the pore area under both the F[CO2] and A[CO2]
treatments (Figure 4.4A). The relative stomatal response of GAs treated samples
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compared with their respective mock treatments at each [CO2] condition was drawn
using the same data as Figure 4.4A and confirms that GAs antagonises E[COz2]-
mediated stomatal closure response in phyB-9 (Figure 4.4B). Pore area measurement
from both lines were drawn on same graph to determine whether GAs application can
reverse the hypersensitivity of phyB-9 to that of Col-0. 100uM GAzs inhibited E[COz2]-
mediated closure response in both lines (Figure 4.4C). Interestingly, phyB mutants
treated with GAs had a similar pore aperture to E[CO2] mock-treated Col-0 GCs but
not to those also treated with GAs. Therefore, it can be deduced that the effect of GAs
is specific to E[COz] and, as was the case with Col-0, can partially inhibit the stomatal
closure response. This data may also suggest that phyB has a reduced level of GA
compared to Col-0 and this explains the rescue to mock and not GAs treated WT

levels.

To determine whether the hypersensitivity of phyB-9 to E[COz2] is due to changes in
the expression of genes involved in GA metabolism and signalling, a gRT-PCR
approach was taken. Since, the gs of wholes leaves fed with GAs showed a reduction
insensitivity to E[CO2] in Col-0, gRT-PCR was performed alongside the analysis
performed on Col-0 (Chapter 3, Fig. 3.14). Therefore, bioassay-aged phyB-9 plants
grown at A[COz2] were transferred to E[COz] for 2 hours, 6 hours and 24 hours before
RNA was extracted from mature leaves; samples were also taken from plants retained
in the A[COz2] conditions at these same times. The expression of several genes known
to regulate GA metabolism was checked and compared with Col-0 samples.
Representative of GA biosynthesis genes, GA3ox1 and GA30x2 appeared to have
lower expression compared to Col-0 at 6hours and 24hours treatment. GA catabolism
gene GA20x1 also appeared to be less compared to Col-0. However, the expression
of both RVE1 and RVEZ2, which have been reported to repress expression of the GA
biosynthesis gene GA3ox2 during phyB-mediated seed dormancy and germination
(Jiang et al., 2016), showed differential expression whilst the GA signalling gene GAI
(one of the DELLAS) remained similar to Col-0 (Figure 4.5).

The gene expression analysis here does not provide strong evidence that the
enhanced sensitivity of phyB-9 stomata to E[COz2] is driven by the regulation of these
particular genes, though it is possible that it could affect other genes that regulate GA

metabolism or signalling.
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Figure 4.4 Effect of exogenously applied GAs on stomatal closure response at different [CO-].

(A) Epidermal peels from phyB-9 mature leaves were incubated in F[CO2] air with mock treatment

(0.1% ethanol) or 100uM GA; for 2 hours before the application of A[CO,] and E[CO;]. Pore area

was measured 2 hours following the [CO-] treatments. Pore area was measured and compared

between the mock and GAs treatments at each of the [CO;] condition. (B) Relative response of
100uM GA; treated samples in proportion to their respective mock treatment at each of the three

different [CO-] treatments using the same data as (A). (C) Pore area measurement of both Col-0

and phyB-9 derived from same data as figure 3.2A and figure 4.4A and compared between the

mock and GA; treatments at each of the [CO;] conditions. Total number of stomata measured

n=120. Statistical analysis was conducted using two-way ANOVA with Sidak's multiple comparison

tests. The adjusted significant P value was ****P < 0.0001, and P = 0.05 was non-significant (ns).
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Figure 4.5 Effect of E[CO:] under three time periods on genes involved in GA
metabolism. Heatmap showing differential expression of representative genes in GA
metabolism and signalling after the transfer of Col-0 and phyB-9 plants from A[CO,] to
E[CO.] treatment for three different periods. Gene expression of phyB-9 was analysed
relative to Col-0 expression at respective [CO;] treatment. Here biological replicates n=3
and each has 3 technical replicates. An expression value of 0 (derived from log10 values
of normalised A[CO-] treated samples) was used as a baseline to demonstrate the upper

and lower expression of genes according to the colour scale gradient.
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4.4 phyB modulates leaf ABA and GAs contents in response
to E[CO2]

The previous section demonstrated that, as with the wild type, GAs can partially inhibit
stomatal closure under E[COz2] in phyB-9 mutants. Whilst the gene expression analysis
was not particularly informative, given phyB’s known roles in regulating ABA: GA
homeostasis (reviewed in Zhao et al, 2022), it remains possible that the
hypersensitive phenotype of phyB-9 mutants could be due to changes in ABA and/or
GA metabolism (Figure 4.2). Therefore, ABA and GAs content was measured in
mature leaf tissue of phyB-9 through mass spectrometry analysis under three different
[CO] treatments; the same analysis as was performed on Col-0 leaves (see section
3.9).

No significant change in the amount of ABA was observed in phyB-9 leaf tissue under
the different [CO2] treatments and ABA levels were similar in phyB-9 and Col-0 (see
section 3.9). However, ABA-GE (the ABA storage or transport form) was found to
decrease significantly at E[CO2] compared to F[COz2] treated samples in phyB-9. This
raises the possibility that phyB may be involved in regulating ABA levels through
conjugation under different [CO2] (Dong & Hwang, 2014), though there was no
reciprocal change in free ABA. Interestingly, a higher amount of absolute ABA-GE
than ABA was visible across all the [CO2] treatments (Figure 4.6B). Even the ABA-GE
amount was considerably higher in phyB-9 than Col-0 at F[CO2] and A[CO2],
correlating with the involvement of ABA-GE towards smaller aperture of phyB-9 (Fig.
4.3A). Thus, absolute amount of ABA-GE and its change under E[CO2] suggests a
potential involvement of conjugated ABA towards E[CO:z]-mediated hypersensitive
closure response in phyB-9. Comparison of ABA amount between Col-0 and phyB-9
determines no significant change whereas, ABA-GE was comparatively higher at the
[CO] treatments in phyB-9 (Figure 4.6C). Thus, ABA-GE is proved to be a potential
factor rather than ABA between the lines to explain phyB-9 hypersensitivity closure

response compared to Col-0.
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Figure 4.6 ABA and ABA-GE measurements from mature leaf tissue at three
different [CO2]. (A) A simplified diagram adopted from Dong & Hwang 2014 shows the

steps in ABA metabolism where measured components are shown in hexagon shape with
bold font. (B) ABA and ABA-GE content as measured through UPLC—ESI-MS/MS from
mature leaf disc of phyB-9 treated with different [CO2] in line with stomatal bioassays. (C)
Amount of ABA and ABA-GE from mature leaf disc of Col-0 and phyB-9 treated with
different [CO;] similar to bioassay experiments using UPLC—-ESI-MS/MS and comparison

made between the genotypes at F[CO,], A[CO;] and E[CO;]. The number of biological

replicates was three/sample, and technical replicates were three from each biological

replicate. Statistical analysis was conducted using two-way ANOVA with Tukey's multiple

comparison tests. The adjusted significant P-value among means with SD was **P < 0.01,

and P = 0.05 was non-significant (ns).
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As well as ABA, GAs was also measured. The non-13-hydroxylation pathway starting
from GAz12 occurs in the cytoplasm and a simple flow diagram is shown in Figure 4.7A.
The content of the pathway intermediate GAz4 did not change under the different [CO2]
treatments, but the intermediate GAg, which is the direct precursor of active GAa4,
shows a significant reduction at A[CO2] and E[CO2] compared to F[COz]. In line with
the reduction in GAo, active GA4 also decreased with increasing [CO2] (Figure 4.7B).
This evidenced E[CO.] lowered active GA with a potential point of action. However,

the pathway's inactive GAs (GAss and GAsi1) remained the same with [COz] change.

In contrast to the non-13-hydroxylation pathway, all the measured pathway
intermediates (GA19 and GAzo), active GA (GA1) and inactive form of GA (GA29 and
GAs) during 13-hydroxylation pathway of GA biosynthesis (Figure 4.7C) showed no
significant change with [COz2] elevation (Figure 4.7D). Such observations indicate that
in phyB-9, non-13-hydroxylated GAs might play a role towards high [CO2z]-mediated
stomatal closure response. However, To further clarify the involvement of active GAs
towards the hypersensitive closure of phyB-9 in response to E[CO2], the measured
active GAs were compared between the wild-type and the mutant at each [CO2]
treatment (Figure 4.8). The data clearly indicate lower GAs in phyB-9 compared to
Col-0 and suggesting their role in sensitizing the phyB-9 more towards E[CO:2]-
mediated closure response. In particular, 13-hydroxylated GAs are already at a very
low level in phyB mutants without E[COz2] treatment and so this might suggest that
phyB is required to maintain this pool and that this then impacts on the E[CO2]
regulation of non-13-hydroxylated GAs in phyB mutants.

Collectively, the measurements of active and inactive ABA and different forms of GAs
indicate that higher ABA-GE and lower active GAs may be involved in phyB-9
hypersensitivity to E[CO2].
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Figure 4.7 Measurement of GAs, their intermediate and inactive forms from mature leaf
tissue of phyB-9 at three different [CO:]. (A) Steps in the non-13-hydroxylation pathway
where bold fonts indicate the measured components and active GA are shown in a hexagon
box, and their (B) amounts from fresh mature leaf tissue of phyB-9 treated with F[CO,], A[CO2]
and E[CO-] in a way similar to bioassay experiments using UPLC-ESI-MS/MS. (C) Stages in
the 13-hydroxylation pathway where measured components are shown with bold fonts and
active GA inside hexagon box, and (D) their amounts measured through UPLC-ESI-MS/MS
from mature leaf disc treated with different [CO_] in line with stomatal bioassay experiments.
The number of biological replicates was three/sample, and technical replicates were three from
each biological replicate. Statistical analysis was conducted using two-way ANOVA with
Tukey's multiple comparison tests. Adjusted P values among means with SD were ** P <0.01,
*** P <0.001, *** P < 0.0001 and non-significant (ns) when P = 0.05.
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Figure 4.8 Comparison of active GAs between Col-0 and phyB-9. GA; and GA;
measurements from Col-0 (section 3.9) and phyB-9 (section 4.4) was compared at
three tested [CO-] conditions. The number of biological replicates was three/sample,
and technical replicates were three from each biological replicate. Statistical analysis
was conducted using two-way ANOVA with Tukey's multiple comparison tests. Adjusted
P values among means with SD were ** P < 0.01, *** P < 0.001, **** P < 0.0001 and

non-significant (ns) when P = 0.05.

4.5 Reduction in ABA biosynthesis rescues the phyB

hypersensitive stomatal response to E[CO-]

Findings from Casson lab and this project indicate the involvement of the RL
photoreceptor phyB and the hormones ABA and GA in regulating stomatal closure in
response to E[CO2]. The mass spectrometry measurements indicate that phyB
mutants have more ABA-GE compared to Col-0, though this doesn’t appear to lead to
comparative differences in free ABA. To determine whether the hypersensitive
response of phyB-9 stomata to E[CO:2] is linked to ABA metabolism, a genetic

approach was taken to manipulate ABA levels in phyB-9. A phyB nced3 nced5 triple
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mutant was generated; NCED3 and NCED5 are rate limiting enzymes in ABA
biosynthesis and it has previously been shown that nced3 nced5 mutants are less
responsive to E[CO2] (Frey et al. 2012; Chater et al. 2015). Confirmation of the triple
mutant phyB-9 nced3 nced5 was conducted through genotyping of nced3 and nced5

followed by sequencing of the phyB locus (supplementary 2.8 and 2.9 respectively).

To determine whether altering ABA metabolism impacts on the phyB-9 response to
E[COz2], a [CO] response bioassay was conducted using Col-0, phyB-9, nced3nced5
and phyB-9nced3nced5. The bioassay system involving more than three lines was
found to be limited to the experimental capacity, and therefore the [CO2] treatments
were split into two different sets of experiments. In the first set, the stomatal response
of the tested four lines was carried out using F[CO2] and A[COz] (Figure 4.8) and the

second set involved stomatal function response at F[CO2] and E[COz2] (Figure 4.9).

The pore area of phyB-9 and nced3nced5 at F[CO2] was significantly less than Col-0,
whereas phyB-9nced3nced5 had a similar pore area to Col-0. Following incubation at
A[COz2] phyB-9 demonstrated a reduced aperture, as reported earlier (Brown, 2018
and in this report), whereas the nced3nced5 mutant did not show any response to the
A[CO.] treatment, supporting previous data (Chater et al. 2015). The triple mutant
phyB-9nced3nced5 had both aperture and responses similar to that of Col-0 (Figure
4.8A). All the mutants, except for nced3 nced5, showed a closure response towards
A[CO2] when the same data was used to determine the proportional response to
F[COz2] (Figure 4.8B). Whilst aperture responses appeared similar to Col-0 for the triple
mutant, measurements of GC area at both F[CO2] and A[CO2] showed a significantly

lower GC area in phyB-9 and phyB-9nced3nced5 compared to Col-0 (Figure 4.8C).
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Figure 4.8 Involvement of phyB and ABA biosynthesis genes NCED3 and NCED5 towards
stomatal function response at A[CO-]. (A) Epidermal peels from mature leaves of Col-0, phyB-
9, nced3nced5 and phyB-9nced3nced5 were incubated in an opening buffer under F[CO;] for 2
hours followed by incubation with A[CO;] for another 2 hours, before measuring pore area. Pore
area measurements were separately compared between Col-0 and each mutant at F[CO,] and
A[CO2]. (B) Response of each of the studied genotypes at A[CO;] in proportion to their respective
response at F[CO;] was analysed using the data from (A). (C) GC area measurements and
comparisons were made between the genotypes separately at F[CO2] and A[CO;]. Number of
stomata measured n=120. Statistical analysis was conducted using two-way ANOVA with Tukey's
multiple comparison tests for (A) and (C); and with Sidak's multiple comparison tests for (B) where
adjusted P values were *P < 0.05, ***P < 0.001, ****P < 0.0001 and P = 0.05 was non-significant

(ns).

114 |Page



This experimental approach was then repeated to examine the stomatal response to
F[COz2] and E[CO2], using the four lines mentioned above. phyB-9 showed reduced
aperture at F[COz] as well as hypersensitive response towards E[COz] as reported
(Brown 2018 and in this report). As reported previously, nced3nced5 mutants
appeared relatively insensitive to E[COz] (Chater et al. 2015). In contrast, the triple
mutant phyB-9nced3nced5 demonstrated a similar pore area as Col-0 at both [CO2]
treatments indicating that the absence of ABA synthesis can overcome the
hypersensitive closure response of phyB-9 (Figure 4.9A). However, [CO2]
responsiveness had not been lost from phyB-9nced3nced5. Relative response data of
each mutant line revealed how they responded at E[COz2] proportional to their F[CO2]
response (Figure 4.9B). GC area measurements indicate their involvement towards
aperture change in phyB-9 but not in nced3nced5 at both [CO2] treatments (Figure
4.9C). Although GC area significantly reduced in phyB-9nced3nced5 compared to Col-
0 at E[COz2], similar apertures between the lines (Figure 4.9A) indicate no effect of GC

change on aperture response.

Overall, the two sets of experiments suggest that the hypersensitive response of
stomatal closure towards E[CO2] in phyB-9 can be rescued by reducing ABA
biosynthesis. And this was evident from the phyB-9nced3nced5 triple mutant, which
appeared to have a similar aperture change as Col-0 at A[COz] and E[CO2]. However,
the pore area phenotype of the respective parental lines and the triple mutant, do not
support an epistatic interaction and instead suggest that phyB and NCED3/5 may act

additively to regulate responses to E[CO2].
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Figure 4.9 Involvement of phyB and ABA biosynthesis genes NCED3 and NCEDS5 towards
stomatal function response at E[CO:]. (A) Epidermal peels from mature leaves of Col-0,
phyB-9, nced3nced5 and phyB-9nced3nced5 were incubated in an opening buffer under F[COg]
for 2 hours followed by incubation with E[CO,] for another 2 hours before measuring pore area.
Pore area measurements were separately compared between Col-0 and each mutant at F[CO]
and E[CO-]. (B) Response of each of the studied genotypes at E[CO-] in proportion to their
respective response at F[CO;] was analysed using the data from (A). (C) GC area
measurements and comparisons were made between the genotypes separately at F[CO-] and
E[CO:]. Here n=120. Statistical analysis was conducted using two-way ANOVA with Tukey's
multiple comparison tests for (A) and (C); and with Sidak's multiple comparison tests for (B)
where adjusted P values were *P < 0.05, **P < 0.001, ***P < 0.001, ****P <0.0001 and P = 0.05

was non-significant (ns).
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4.6 REVEILLE genes modulate the stomatal response to
E[CO:]

RVE1 and RVE2 are MYB transcription factors that play a critical role in regulating GA
biosynthesis in a phyB-dependent manner during primary seed dormancy and light-
dependent germination (Finkelstein et al., 2008; Holdsworth et al., 2008; Graeber et
al., 2012). So, the question is that whether phyB and RVE1/RVE?2 interact to regulate
GA metabolism functions in the mature plant to E[COz]-mediated stomatal closure
response.

To determine the involvement of RVE genes, a [CO2] response bioassay was
conducted using Col-0, a single mutant of RVE1 (rvel, Alonso et al. 2003) and a
transgenic line overexpressing RVE1 (RVE1OE, present study, Table 2.1). Prior to
this bioassay, RVE1 expression levels were analysed by gPCR in several RVE1OE
lines to identify a candidate line for bioassays (Supplementary 2.5). Following the
bioassay, it was evident that both the rvel mutant and RVE1OE line had significantly
smaller pore areas than Col-0 at F[CO2] (Figure 4.10A). Whilst the pore area of Col-0
was reduced at both A[CO2] and E[COz2] compared to the F[COz2] control, both the rvel
mutant or the RVE1OE line had reduced responses to the increase [COz] treatments,
which was more clearly evident when the relative response at A-or-E[COz2] to F[COz2]
was calculated (Figs. 4.10A-B). This collectively could suggest that both the mutant
and OE line are relatively insensitive to [COz]. An analysis of GC area indicated that
the GCs of the mutant are not different in size compared to Col-0, though those of the
OE line are smaller (Figure 4.10c). Therefore, this suggests that in the case of the rvel
mutant at least, GC size is not a contributor to the smaller pore areas and that the
stomata are more closed under all treatments. Given that both the mutant and OE line
had similar phenotypes and responses, this does not clearly define a role for RVE1 in

[CO2] responses.
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Figure 4.10 Involvement of RVE1 towards stomatal function response at different [CO_].
(A) Epidermal peels from mature leaves of Col-0, rve? and RVE1OE were incubated in
opening buffer under F[CO_] for 2 hours, followed by incubation with A[CO-] and E[CO;] for
another 2 hours prior to measuring pore area. Comparisons were made between Col-0 with
rve1 and RVE1OE, respectively, at each [CO;] treatment. (B) Relative response of each of
the studied genotypes at A[CO;] and E[CO,] in proportion to their respective response at
F[CO2] and analysed using the data from (A). (C) GC area measurements and comparison
made between Col-0 with either rve 1 or RVE10E at each [CO;] condition. Number of stomata
measured n=120. Statistical analysis was conducted using two-way ANOVA with Tukey's
multiple comparison tests where adjusted P values are *P < 0.05, **P < 0.01, ****P > 0.0001

and P = 0.05 was non-significant (ns).
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RVE2 is the closest homolog of RVE1l and reported additive with dual roles in
controlling seed dormancy and germination (Zhang et al., 2007; Jiang et al., 2016).
Therefore, another [COz] response bioassay was conducted using single mutants
rvel, rve2 (Alonso et al. 2003) and double mutant rvelrve2 (present study, Table 2.1).
As three lines was found to limit the experimental capacity the [CO2] treatments were
split into two sets of experiments as previously described (section 4.5). The first set
described in Figure 4.11 involved the F[CO2] and A[CO] treatments, while the second
set involved the F[COz] and E[CO] treatments (Figure 4.12). Confirmation of the
genotype of the rvelrve2 line was achieved through T-DNA genotyping
(Supplementary 2.7).

Pore area measurements of each studied mutant were compared with Col-0 at the two
[CO2] treatments. As seen previously, the pore area of the single rvel mutant was
smaller than Col-0 under F[COz2] conditions and this was also the case for the single
rve2 mutant but not for the rvelrve2 double (Figure 4.11A). Col-0 showed a closure
responses to the A[CO] treatment but this was less evident for the single mutant lines
and yet the double mutant was determined to have a significant closure response
(Figures 4.11A-B). GC area measurements indicated that the observed pore area

changes are not clearly correlated with GC area (Figure 4.11C).
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Figure 4.11 Involvement of RVE1 and RVE2 towards stomatal function response at A[CO-].
(A) Epidermal peels from mature leaves of Col-0, rve1, rve2 and rve1rve2 were incubated in an
opening buffer under F[CO2] for 2 hours, followed by incubation with A[{CO>] for another 2 hours
before measuring pore area. Comparison made between Col-0 with the studied mutant lines at
each [CO;] treatment. (B) Relative response of each of the studied genotypes at F[CO-] and
A[CO.] in proportion to their respective response at F[CO-] and analysed using the same data as
in (A). (C) GC area measurements and comparison made between Col-0 with each of the mutant
lines at each [CO2] condition. Number of stomata measured n=120. Statistical analysis was
conducted using two-way ANOVA with Tukey's multiple comparison tests for (A) and (C) and two-
way ANOVA with Sidak's multiple comparison tests for (B). Adjusted P values were *P < 0.05, **P
<0.01, *™*P < 0.001, ****P > 0.0001, and P = 0.05 was non-significant (ns).
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The second set of experiments revealed more open stomata in rvel, rve2 and
rvelrve2 compared to Col-O at E[COz2], suggesting an impaired closure response
towards E[COz] (Figure 4.12A). There was no difference in pore area between the
mutants with Col-0 at F[COz2], which contrasts with the first set of experiments. The
same data was utilised to determine the [CO2] response of each genotype in proportion
to their response at F[COz] and found all of them were responsive towards E[COz2]-
mediated closure, though the magnitude of the response was less in each of the
mutants compared to Col-0 (Figure 4.12B). GC area measurements indicated pore
area changes were independent of GC area with [CO2] elevation for the mutants and
wild line (Figure 4.12C).

Altogether, these data indicate RVE1 and RVE2 are involved in E[COz]-mediated
stomatal closure response since the mutants showed significantly open stomata
compared to Col-0 stomata. The relative responses data added more evidence by
showing response dissimilar to Col-0 where the mutants had lower responsiveness
towards E[COz2].
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Figure 4.12 Involvement of RVE1 and RVE2 towards stomatal function response at
E[CO.]. (A) Epidermal peels from mature leaves of Col-0, rvel, rve2 and rvelrve2 were
incubated in an opening buffer under F[CO] for 2 hours, followed by incubation with E[CO,]
for another 2 hours prior to measuring pore area. Comparison made between Col-0 with the
studied mutant lines at each [CO,] treatment. (B) Relative response of each of the studied
genotypes at F[CO,] and E[CO,] in proportion to their respective response at F[CO] and
analysed using the same data as in (A). (C) GC area measurements and comparison made
between Col-0 with each of the mutant lines at each [CO2] condition. The number of stomata
measured n=120. Statistical analysis was conducted using two-way ANOVA with Tukey's
multiple comparison tests for (A) and (C) and two-way ANOVA with Sidak's multiple comparison
tests for (B). Adjusted P values were *P < 0.05, **P < 0.01, ***P < 0.001, ****P > 0.0001, and

P = 0.05 was non-significant (ns).
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4.7 Clock genes modulate stomatal response to E[CO2]

Stomatal aperture responses are known to be regulated by the circadian clock (Webb,
2003; Kinoshita et al., 2011). The interaction of the circadian clock with stress
signalling pathways integrates with internal and external stimuli to control growth,
development, and stress response in plants (Sharma et al., 2022). However, whether
the circadian clocks are integrating signals to mediate stomatal aperture in response
to changes in [CO2] has not been reported. CCA1 and LHY, which are MYB
transcription factors, are two of the key transcription factors of the well-studied
transcriptional-translation feedback loop to initiate and set the phase of clock-
controlled rhythms in plants (Alabadi et al., 2001). The 8 members of the REVEILLE
family, including RVE1 and RVE2, are closely related to CCAl1 and LHY and
collectively act in clock output pathways or, in the case of RVES, regulates the
expression of genes within central oscillator (reviewed in McClung, 2014). RVEL1 is
reported to be a direct target of CCAL1 (Nagel et al., 2015) and of PRR5 and PRR7
(Liu et al., 2013; Nakamichi et al., 2012) the repressors of clock regulation, indicating
the complicated nature of the circadian clock. Stomatal functions bioassay from
previous section (section 4.6) revealed the potential involvement of RVE1 and RVE2
in regulating stomatal aperture responses to [COz]. Given that RVE1/2 are associated
with regulating clock outputs, it was decided to investigate whether mutations in the
core clock genes CCA and LHY also affect responses to [CO2]. To do this, [CO2]

bioassays were performed on a double mutant ccallhy in the Ws-2 background.

Under F[COz2] conditions, the pore area of ccallhy was greater than the Ws-2 control
and this was observed under each of the [COz] treatments (Figure 4.13A). By
normalising to the pore area under F[COz2], it is evident that whilst the ccallhy double
mutant does respond to changes in [COz], as was found with rvel and rev2, the
magnitude of the response is less than that of the control (Figure 4.13B). GC area was
significantly lower in ccallhy at F[CO2] and A[COz] but similar to Ws-2 at E[CO]
indicating that GC size alone cannot account for the differences in pore area under
each [COz] (Figure 4.13C).
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Figure 4.13 Involvement of CCA1 and LHY towards stomatal function response at E[CO].
(A) Epidermal peels from mature leaves of Ws-2 and ccalhy were incubated in an opening
buffer under F[CO] for 2 hours, followed by incubation with E[CO5] for another 2 hours prior to
measuring pore area. Comparison was made between Ws-2 with the studied mutant lines at
each [CO;] treatment. (B) Relative response of each of the studied genotypes at A[CO,] and
E[CO;] in proportion to their respective response at F[CO,] and analysed using the same data
as in (A). (C) GC area measurements and comparison made between Ws-2 with each of the
mutant lines at each [CO-] condition. Number of stomata measured n=120. Statistical analysis
was conducted using two-way ANOVA with Sidak's multiple comparison tests for (A) and (C) and
two-way ANOVA with Tukey's multiple comparison tests for (B). Adjusted P values were *P <
0.05, **P < 0.01, ***P < 0.001, ****P > 0.0001, and P = 0.05 was non-significant (ns).
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4.8 Discussion

It had previously been determined that mutations in the photoreceptor phyB resulted
in hypersensitive stomatal closure in response to E[COz2] (Brown, 2018; Figure 4.3A).
In this chapter, the aim was to investigate the mechanism involved in phyB’s enhanced
sensitivity to E[COz2], with the main focus on determining whether this is due to
changes in ABA:GA homeostasis. Given that the phyB-9 allele had recently been
determined to carry a second mutation that affects leaf and photosynthetic traits
(Yoshida et al. 2018), it was first important to determine whether the E[CO2] phenotype
was specific to phyB. phyB-9 bioassay experiments were repeated and the
hypersensitivity to E[CO2] was demonstrated to be due to phyB function as normal
sensitivity to E[COz2] was restored in a complementation line i.e., PHYBproPHYB:YFP
(Figure 4.3A). Response data relative to F[COz2] also supports this notion (Figure
4.3B). Additionally, the aperture change in response to E[CO2] was found independent
of GC area in the complementation line because stomatal closure response in the
complementation line was indifferent to Col-O despite of having similar GC area as
phyB (Figure 4.3C). Now question arises on the regulation of such hypersensitive

response.

phyB is known to regulate ABA and GA either positively or negatively at different
stages of development as well as during stress responses. For example, phyB
mediates antagonistic regulation of ABA and GA during seed germination while
positively regulate ABA metabolism in shoots in response to adverse light exposure to
light (Dong et al., 2008; Ha et al. 2018; Hedden, 2020; Sano & Marion-Poll, 2021; Li
et al., 2022). GA is reported to be positively and negatively regulated by phyB during
hyponastic leaf movement and hypocotyl growth respectively (Achard et al. 2007;
Klpers et al., 2023). The previous result chapter points the involvement of GAs
towards E[CO2]-mediated stomatal closure in Col-0 (Chapter 3). Therefore, attempts
were made to determine GAs for phyB-9 hypersensitivity relative to Col-0.

The [CO2] function bioassay using phyB-9 in the presence of 100uM GA3 experiment
provided evidence of the involvement of GAs to negate [COz]-mediated stomatal
closure as found in chapter 3 with Col-0 (Figure 4.4A and B). However, the
hypersensitive closure response did not restore to similar level as Col-0 with 100uM

GAs application, though it did restore the closure response to that of the E[CO2] mock
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treatment (Figure 4.4C). This result putatively supports phyB mutants have a reduced
GA level compared to Col-0 and hence, indicates a quantitative ability of GA to negate
E[COz2] responses. The lower expression of some of the tested genes involved in GA
metabolism (GA3ox1 and GA30x2) compared to Col-0 might direct their involvement
in hypersensitivity of phyB-9 (Figure 4.5). However, gene expression analysis of all
the genes in GA metabolism would provide more insight. The current project revealed
no change in ABA with [COz] elevation compared to F[COz2] from mature leaf tissue of
phyB-9 (Figure 4.6B). Generally, higher levels of ABA have been reported in phyB
mutants of Arabidopsis (Gonzalez et al., 2012). However, the decrease in ABA-GE
amount with [COz2] elevation in phyB-9 (Figure 4.6B) and the presence of a high
amount of ABA-GE compared to Col-0 (Figure 4.6C) may contribute to the phyB-9
hypersensitive response. ABA-GE has been proven to be a source of active ABA and
is hydrolysed by the Arabidopsis thaliana beta-glucosidasel (AtBG1) during water
deficit, as evidenced by the impaired stomatal closure of atbgl in response to water
stress. AtBG1-dependent regulation of ABA homeostasis and the phyB-mediated light
signalling pathways were reported to act antagonistically in controlling stomatal
development (Allen et al., 2019). Also, there is evidence for the accumulation of ABA-
GE under moderate and severe heat stress (Jensen et al., 2023). At the same time,
GA measurements from leaf tissue treated similarly as [CO2] function bioassay
showed a decrease in active GA, GA4 and its immediate precursor GAg (Figure 4.7B).
This directs evidence towards the hypothesis, i.e., the homeostatic balance of ABA:
GA regulates stomatal movement upon [COz] changes (Figure 4.2) and phyB as one
of the regulators of ABA: GA homeostasis for plant development and stress response
(Seo et al., 2006, 2009; Lau & Deng, 2010; Lee et al., 2012) might sensitise E[CO2]-
mediated stomatal closure. Interestingly, GAs from the non-13-hydroxylation pathway
showed change in phyB-9 (Figure 4.7B) as compared with in Col-0. However, the
levels of GA1 were already significantly reduced in phyB-9 compared to Col-0 and this
may be a factor in phyB hypersensitivity (Figure 3.13). This might suggest that in WT
plants, phyB has a role in regulating GA1 levels in response to [CO2] and that in the
absence of phyB, the GA4 pathway is targeted. Collectively then, the lower GA4 and
GA:1 in phyB-9 compared to Col-0 suggests their involvement towards sensitizing the
phyB-9 more to E[CO2]-mediated stomatal closure (Figure 4.8). This indicates how GA
biosynthesis differs in different species, organs and developmental stages reported in
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existing works of literature (Kobayashi et al., 1989; Sponsel et al., 1997; Israelsson et
al., 2004; Eriksson et al., 2006; Hirano et al., 2008).

Stomatal aperture response data from bioassays, as well as conductance
measurements from infrared gas analysis in the ABA synthesis mutant nced3nced5 at
E[COz2], suggest either a [CO2]-induced increase in ABA is required to initiate stomatal
closure or in presence of reduced ABA, the sensitivity of stomatal closure to E[CO2] is
reduced (Chater et al., 2015). Enhanced closure of phyB-9 mutant found to be rescued
in absences of ABA biosynthesis genes NCED3 and NCED5 by developing phyB-
9nced3nced5. The triple mutant was found to have a similar aperture as Col-0 at both
A[COz2] and E[COz2] as opposed to the enhanced closure observed in phyB-9 (Figure
4.8A and 4.9A). During seed germination, phyB-mediated light signals inhibit ABA
biosynthesis through modulation of SOMNUS, a CCH-type zinc finger protein (Dong
et al., 2008) specifically expressed in seeds. In addition, PIFs (an essential component
of light-mediated response) and ABA synthesis have been reported to modulate leaf
hyponasty in response to a low red-to-far-red ratio (Michaud et al., 2023). Therefore,
present findings support the role of ABA in mediating E[CO2]-mediated closure via
phyB, or at least phyB could sensitise the response. However, the E[CO2]-mediated
stomatal closure response in the phyB-9nced3nced5 indicates an additive genetic
response and suggests their action via alternative pathways as the triple mutant was
sensitive to [COz] elevation (Figure 4.8B and 4.9B). Stomatal density measurements
from Col-0, phyB-9 and nced3nced>5 are consistent with existing findings (Chater et al.
2015; Brown, 2018). Stomatal density of phyB-9nced3nced5 is similar as nced3nced5
but significantly higher than Col-0 and phyB-9 (Supplementary 2.15).

In the context of seed germination, RVE1 and RVE2 have essential roles in regulating
ABA and GA signalling and levels and are in turn regulated by phyB (Jiang et al., 2016;
Zhao et al., 2022). Therefore, there could be a regulatory point through which phyB
influences plant responses to high [COz2]. Analysis of [COz2] functions bioassay using
rvel showed more open stomata compared to Col-0 at E[CO2] (Figures 4.10A and
4.12A), indicating that it may positively regulate E[COz]-mediated stomatal closure.
However, RVE1OE did not support such a response (Figure 4.10A) and using more
than one line might circumvent this limitation.

In addition to rvel alone, [COz] functions bioassay involving rve2 and rvelrve2
demonstrated their involvement towards E[COz]-mediated stomatal closure as they
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had more open stomata compared to Col-0 (Figure 4.12A). It's important to note that
though the mutants were responsive to [CO2] elevation as Col-0, the magnitude of
response is different from the wild as evidenced by their relative response data
(Figures 4.10B, 4.11B and 4.12B). Data on stomatal density revealed no change
between the mutants and Col-0 (Supplementary 2.16) indicating that these mutations
do not affect stomatal number, though stomatal index measurements would be
required to clarify whether stomatal development is affected. The RVE group of the
MYB-related (1R-MYB) subfamily has 11 member proteins including RVE1-RVES8 and
RVE7-like, CCA1 And LHY(Du et al., 2013). In addition to circadian clock regulation
processes, they play diverse roles in plant development and stress response (Liu et
al., 2023). Therefore, other family members may have an additive role towards E[CO2]-
mediated stomatal function.

Although the role of circadian rhythms in stomatal function is known (Hennessey et
al., 1993; Mansfield & Heath, 1963; Mendes & Marenco, 2014), integration between
high [CO2] and circadian clock has not studied directly. The present study revealed
partial participation of core circadian clock genes CCALl and it's close homolog LHY
towards E[CO2]-mediated stomatal closure (Figure 4.13 A and B). CCA1 and LHY
appeared to be integral for stomatal development since the double mutant ccallhy

had significantly reduced density compared to Ws-2 (Supplementary 2.17).

4.8.1 Concluding Remarks

[ERN

. phyB-9 is hypersensitive towards E[COz]-mediated stomatal closure response.

2. 100uM of GAs can negate E[CO2]-mediated stomatal closure in phyB-9.
3. GAs lowers with [CO2] elevation, whereas ABA remains unchanged.

4. phyB sensitivity to E[CO2] is restored if ABA biosynthesis is blocked by mutating
NCED3 and NCEDS5.

5. Circadian clock-related genes, RVE1 and RVE2 as well as CCAl1 and LHY

partially regulate E[CO2]-mediated stomatal closure.
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Chapter 5. Role of phyB in regulating
rice responses to elevated [CO2]
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5.1 Introduction

As a staple food for more than half of the global population, rice is grown in more than
100 countries (Fukagawa and Ziska 2019). Rice grows either in lowland or highland
with a high demand of water from irrigation and/or rain. At present approximate 75%
of global rice cultivation is based on irrigated lowland rice systems in warm and
temperate regions of Asia, Africa, and Latin America (Rao et al., 2017). The global
increases in a[COz] levels and the resulting predicted changes in temperature are, as
with many crops, likely to present significant challenges for rice production. Studies
have shown that like many other plant species, rice also experiences reduced gs in
response to e[CO2] levels (Morison, 1987; Drake et al., 1997; De Costa et al., 2003).
In addition, the nutritional content of the rice grains including proteins, minerals, and
vitamin B was reported to be reduced with increasing [CO2] demonstrating the inverse
relation between plant carbon accumulation and nitrogen content with e[CO2] (Zhu et
al., 2018; Senthil-Nathan, 2021). Therefore as an external stimulus, e[CO2] affects rice

in multiple ways.

The photoreceptor phyB plays a significant role in a variety of photomorphogenic
processes in plants (Rausenberger et al., 2010; Pham et al., 2018). Phytochromes
mediate photomorphogenic roles and reported to maintain crosstalk between
phytochrome-mediated light signals and drought signalling pathways in diverse plants
(Franklin & Quail, 2010). Five alleles of phyB mutants were isolated through y-ray
mutagenesis of rice seedlings where OsphyB1l had an insertion and other four
OsphyB2-OsphyB5 had deletions of nucleotides in the PHYB genes (Takano et al.
2005). Two allelic mutants of rice phyB (OsphyB1 and OsphyB2) exhibited reduced
transpiration, significant reductions in stomatal density and improved drought
resistance compared to wild varieties (Liu et al., 2012). Similar observations have been
reported from phyB mutants in Arabidopsis (Casson et al. 2009; Boccalandro et al.
2009). More widely, rice phyB mutants showed reduced NH4* uptake and resistance
to sheath blight and saline—alkaline stress (Jung et al., 2023), whilst phyAB double
mutants were shown to have defects in anther and pollen development (Sun et al.,
2017).

Although studies have demonstrated the role of e[CO2] and phyB in rice separately,

no work has studied their combined effect on rice physiology and development. For
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the first time, the present study identified stomatal and phytohormone responses of
Arabidopsis phyB mutants towards E[CO:2] (chapter 4). phyB is evolutionarily
conserved with high protein sequence identity and mode of action between
Arabidopsis and rice (Dehesh et al., 1991). Therefore, given the phenotypic responses
of Arabidopsis phyB mutants to E[COz], phenotypic and physiological responses of
rice phyB mutants were analysed in response to E[CO2] (1000ppm) compared to
A[COz2] (450ppm). For this, both the rice phyB mutants i.e. OsphyB1 and OsphyB2
were chosen and several experiments were conducted including short-term E[COz2]
exposure and long-term growth at E[COz2]. To determine the interaction of E[CO2] and
phyB in rice, a number of stomatal and photosynthetic traits were measured, alongside

measurements of yield.

5.1.2 Objectives

The following objectives were put forward to study the role of rice phyB towards
E[CO2]:

1. The physiological response of rice phyB mutants, OsphyB1 and OsphyB2 to
E[CO2].

2. The developmental response of rice phyB mutant, OsphyB1l grown under
E[COz2] condition.

5.2 Thermal imaging demonstrates that OsphyB mutants are

hypersensitive to short-term elevation in [CO2]

The stomata of Arabidopsis phyB-9 mutants demonstrated increased sensitivity
towards E[COz2], with their stomata closing more than controls (chapter 4, section 4.2).
To determine whether rice phyB mutants behave normally towards elevation in [COz2],
a stomatal function bioassay was attempted. However, despite several attempts it was
not possible to isolate rice epidermis and functional stomata and so, alternative

methods were explored. As a primary approach, infrared thermal imaging was utilized.
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This is an established alternative to examine stomatal conductance by measuring leaf
temperature at a scale varying from leaf to canopy (Jones, 1999; Leinonen et al., 2006;
Costa et al., 2013). Leaf surface temperature is a good proxy to determine leaf cooling
and transpiration capacity and can be used to indirectly assay stomatal behaviour in

a dynamic environment.

OsphyB1 and OSphyB2 mutants are in the japonica rice cultivar Nipponbare (NB) and
so this was used as the control (segregating non-transgenic) for all experiments.
Infrared thermal imaging experiments revealed that both mutants had significantly
higher leaf temperature at A[CO2] compared to NB, suggesting that the mutants have
significantly lower stomatal conductance (Figure 5.1A). To assess the dynamic
response of the OsphyB mutants to an increase in [COz2], thermal imaging was
performed across a time series as the cabinet [CO2] was increased from A[CO2] to
E[CO2] (1000ppm) followed by a return to ambient conditions in the growth chamber
(Figure 5.1B). In line with the initial analysis, the leaves of OsphyB mutants were
consistently hotter than those of the NB control, with no observable difference between
the two mutant alleles. Also, the result indicates that OsphyB1 and OSphyB2 were
more responsive to the [COz] shift compared to NB, given that the magnitude of the
leaf temperature changes was greater. For example, temperature difference before
and after [CO2] injection was 0.4°C in NB whereas this was 0.95°C and 0.90°C in
OsphyB1 and OSphyB2 respectively. Similarly, the mutants showed higher
temperature difference than NB between E[CO2] injection and when the treatment is
stabilized back to the A[CO2]. This suggests that the OsphyB stomata both closed
and opened more to the increase and decrease in [COz], though other factors such as
stomatal density and plant architecture may contribute to stress responses (Zhao et
al. 2022). As there was not a significant difference observed between the two alleles
in terms of temperature changes over time and shifts in [CO2], further experiments

were conducted only with OsphyB1.
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Figure 5.1 Leaf temperature measurement of OsphyB mutants and NB in response to changes
in [CO.]. (A) Representative infrared thermal images of NB, OsphyB1, and OsphyB2 with temperature
gradient scale alongside average temperature of the examined lines. Here, temperature measured for
300 minutes from 5 plants/line and did an avarage to determine temperature for respective genotypes.
(B) Temperature measurements were taken every minute for 300 minutes where the first 60 minutes
were at 450ppm [CO2], followed by CO; injection to 1000ppm for 120 minutes before a CO, purge to
return [CO2] to 450ppm for a further 120 minutes. For visual clarity, data points are shown at 5 minute
intervals instead of 1 minute. Aty and At; denote temperature difference between 450ppm [CO;] and
after 1000ppm [CO2] injection to 450ppm [CO;] stabilization respectively. Measurements were taken
at 45mins, 165 mins and 180 mins for the lines. Black font for NB and deep and light red for OsphyB1,
and OsphyB2 respectively. Plants were between 35-41 days old post germination and n=5 plants per
line. Statistical analysis was conducted using two-way ANOVA with Tukey’s multiple comparison tests
with *P < 0.05 and P = 0.05 non-significant (ns).
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5.3 OsphyB1 has altered stomatal responses to E[CO:]

The previous section demonstrated that the magnitude of the response to a change in
[CO2] was greater in OsphyB mutants than the NB control. To observe whether
OsphyB has a role in regulating long-term effects of growth under different [CO2], on
stomatal behaviour and related developmental traits, NB and OsphyB1 were grown at
either A[COz] or E[CO] (full conditions detailed in section 2.2.2). All measurements
were taken from flag leaves, which make a significant contribution to rice yield and
remain more active as they are the last to emerge on a mature flowering tiller (Sicher,
1993).

IRGA and porometer measurements were taken to provide information on both leaf
gas exchange and photosynthetic performance under conditions matching cabinet
growth chamber settings (sections 2.12.2 and 2.12.3 respectively). Unlike the IRGA,
the porometer measures one surface of the leaf at a time, which allows for a
comparison of the contribution of both abaxial (AB) and adaxial (AD) surface to leaf
gas exchange as well as the combined total. Both IRGA (Figure 5.2A) and combined
porometer measurements (Figure 5.2B) showed a good correlation in gs
measurement. In both A[CO2] and E[COz2], NB had a greater stomatal conductance
(gs) than the OsphyB1 mutant, which correlates with the thermal imaging data (Figure
5.1B). A significant reduction in gs was also observed at E[CO2] for both NB and
OSphyB1 from IRGA and porometer respectively, which suggests that E[CO2]
supresses gas exchange in the long term though it is not clear whether this is
specifically due to stomatal closure and/or changes in SD and GC size (Figure 5.2A
and B). To investigate effect of stomatal anatomy towards gs, SD and GCL
measurements from AB and AD surfaces were combined and compared between the
genotypes and [CO2] treatments (methods described in section 2.9.2). SD was
significantly lower in OsphyB1 at both [CO2] growth conditions compared to NB.
Though statistically insignificant, a slight increase in SD was observed for both NB and
OsphyB1 when grown under E[CO2] as compared to A[COz2] (Figure 5.2C). There were
no differences in GCL between the genotypes grown at A[CO2] but growth under
E[CO2] led to significantly smaller GCL in NB whereas GCL remains unchanged in
OsphyB1 with [CO2] elevation (Figure 5.2D). Whilst there are changes in SD and GCL
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under E[COg], collectively, it seems more probable that the reduction in gs observed
at E[COg] is primarily driven by changes in stomatal pore aperture.
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Figure 5.2 Total leaf stomatal conductance of NB and OsphyB1 from flag leaves of plants
grown under A[CO:] and E[CO:]. (A) gs measurements using IRGA (LI-6800 Portable
Photosynthesis System). (B) combined gs of both AB and AD surfaces using a porometer (LI-
600 Portable Photosynthesis System) (C) Combined SD measurement from AB and AD
surfaces. (D) Combined GCL measurement from AB and AD surfaces. Plants were between 55-
56 days old for (A), 60 days old for (C), and (D) whereas 70-73 days old for (B) post-germination.
The biological replicates were n=6. Statistical analysis was conducted using two-way ANOVA
with Tukey’s multiple comparison tests where the difference between genotypes and [CO,]
treatments were significant with **P < 0.01, ***P < 0.001, ****P < 0.0001.
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5.4 The stomatal conductance of the abaxial and adaxial

surfaces responds differentially to E[CO:]

Stomata on the AB and AD leaf surfaces of amphistomatous species have been
reported to respond differently to external stimuli such as changes in light quantity and
[CO2] (Long et al.,, 1989; Mott & Peak, 2018; Wall et al., 2022). Porometer
measurements were therefore taken to separately measure the gs of both the AB and
AD surfaces in the examined genotypes under different [CO2] conditions. E[COz2]
promoted stomatal closure on both surfaces of NB and OsphyB1 as evidenced by
lower gs measurements. However, the magnitude of response was different between
the surfaces (Figure 5.3A). The AB surface of both NB and OsphyB1 showed a greater
magnitude of a response towards E[COz] compared to the AD surface. In the case of
NB, the mean AB gs at E[CO2] was 41% that of the gs at A[COz2], whereas for the AD
surface this was 67% and for OsphyB these were 31% and 48% respectively. When
comparing NB to OsphyB, there was very little difference in gs on the AB surface
however, OsphyB had significantly lower gs on the AD surface under both A[CO2] and
E[CO.] (Figure 5.3A).

Significant differences in stomatal anatomy like SD and GCL on the AB and AD
surfaces have been observed to be responsible for differences in gs between species
(Phaseolus vulgaris and wheat) and within species (wheat) (Wall et al., 2022). To
determine the involvement of stomatal anatomy towards the differential gs across the
genotypes and with different [CO2], SD, and GCL measured from both surfaces are
presented separately (Figure 5.3B and C). For NB, the SD of the AD surface was
consistently less than that of the AB surface but changes in [CO2] did not alter the SD
of either surface (Figure 5.3B). However, GCL was reduced under E[COz] on both
surfaces to a similar extent. [CO2] causes changes in GCL but the AB and AD surfaces
have very similar measurements and hence for NB, there were no major surface
specific differences in SD and GCL that could explain the surface differences in gs
(Figures 5.3A-C). For OsphyB, the SD was found to increase at E[CO2] on the AB
surface but there were no differences in GCL with changes in [COz] (Figure 5.3B-C).
For the AD surface, neither SD or GCL showed a significant change with [CO2].

Therefore, whilst changes in [CO2] do drive some genotype and surface specific
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differences in SD or GCL, these changes do not appear to account for the surface

specific differences in gs and implicate stomatal pore aperture as the possible driver.

=
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Figure 5.3 gs and stomatal traits measurement between the flag leaf surfaces of NB and
OsphyB1 grown under A[CO-] and E[CO.]. (A) gs measurements using a porometer (LI-600
Portable Photosynthesis System) from AB and AD surfaces separately. (B) SD count from AB and
AD surfaces was carried out separately. (C) GCL measurements from AB and AD surfaces were
conducted separately. Plants were between 55-60 days old post germination where n=6.
Comparisons were made between genotypes and [CO;] treatments. Statistical analysis was
conducted using two-way ANOVA with Tukey’s multiple comparison tests where the difference
between genotypes and [CO;] treatments were significant with **P < 0.01, ***P < 0.001, ****P <
0.0001, and non-significant (ns) with P = 0.05.
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5.5 OsphyB1 is more water efficient than wild type

Water use efficiency (WUE) is generally a function of water consumption relative to
photosynthetic gain i.e. carbon assimilation. Since stomata are the gateway to
maintaining water and gas exchange between plant and atmosphere, stomatal
function and features can be major determinants of WUE in response to environmental
cues. phyB has previously been shown to regulate WUE in Arabidopsis, with phyB
mutants displaying improved WUE over WT plants (Boccalandro et al. 2009) however,
this has not been determined for phyB mutants in rice. Therefore, IRGA
measurements were taken under cabinet conditions to determine intrinsic water use
efficiency measurements (described in section 2.12.2). This data indicated that
OsphyB1 was more water efficient than NB under both A[COz] and E[COz2] growth
conditions, similar to what has previously been observed in Arabidopsis. Also, plants
(both NB and OsphyB1) grown under E[CO2] showed increased water use efficiency
compared to the same genotype under A[CO2] (Figure 5.4). Similar observation was
supported by transpiration (E) measurement as lower transpiration means plants are
losing less water (Figure 5.4B).

Carbon isotope discrimination (A*3C) measures the ratio of 2C and 3C in plant tissue
and is used as a proxy for lifetime WUE (Farquhar et al., 1989). This measurement
relates to the preference of RuBISCO to fix 12CO: over *CO2 and the relative barrier
to gas diffusion presented by stomata. If stomata are more closed and hence present
a greater barrier to diffusion, RuBISCO fixes the available 12CO: first before then fixing
13CO2 as the [CO2] in the leaf drops (Ci). Therefore, a lower value of A3C indicates
improved WUE (and so is the opposite to IWUE, Figure 5.4A where higher values
indicate improved WUE). As with iWUE, the AC analysis showed higher water
efficiency in OsphyB1 compared to NB under both the [CO2] growth conditions.
However, the trend of having more water efficiency with [CO2] elevation as observed
from IWUE measurements (Figure 5.4A) was not supported suggesting that growth at
E[CO2] resulted in reduced lifetime WUE (Figure 5.4C). Since leaf samples for A3C
measurements were collected at a late stage of flag leaves when the panicles were
almost filled with grain this might affect the WUE as reported in maize (Cui & Han,
2022). In addition, WUE and A'3C are known to vary independently, making it difficult

to obtain trends in water use efficiency from A'3C data (Seibt et al., 2008).
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Figure 5.4 WUE measurements from NB and OsphyB1 flag leaves grown under A[CO:] and
E[CO:]. (A) Intrinsic water uses efficiency (iWUE) measured by dividing A, by gs derived from
IRGA (LI-6800 Portable Photosynthesis System). (B) Transpiration (E) measured from IRGA (LI-
6800 Portable Photosynthesis System). (C) Carbon isotope discrimination (A'*C) measurements
through IRMS analysis. Plants were between 70-73 days old post germination where n=6.
Comparisons were made between genotypes and [CO-] treatments. Statistical analysis was
conducted using two-way ANOVA with Tukey’s multiple comparison tests where the difference

between genotypes and [CO,] treatments were significant with **P < 0.01 and ****P < 0.0001.
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5.6 Under steady-state conditions photosynthetic

parameters are not affected at E[CO_]

To determine whether OsphyB1 regulates photosynthetic performances, several
photosynthetic parameters were measured under the two different [CO2] growth

conditions.

The efficiency of photosystem II (PSll) was measured using a FluorPen (FP100,
Photon Systems Instruments) from light and dark-adapted leaves from NB and
OsphyB1 grown under A[CO2] and E[COz2] conditions. No significant difference was
found between genotypes and between [CO:] treatments from light-adopted
measurements (Fv'/Fm') (Figure 5.5A). However, dark adopted measurements
(Fv/Fm) showed a significant difference between NB and OsphyB1 at both [CO2]
growth conditions though no significant difference was observed with [CO2] elevation
(Figure 5.5B).

Net CO2 assimilation (An) measurements were conducted on flag leaves using an
IRGA (LI-6800 Portable Photosynthesis System) to observe any effect of the growing
the genotypes at the two different [CO2]. For these measurements the IRGA light and
[CO2] was set to match the cabinet conditions. No significant difference was found
between the [CO2] conditions in both genotypes. Even the An was found similar when
compared between the genotypes (Figure 5.5C).

Measurements of total chlorophyll content indicate there is significantly lower
chlorophyll in OsphyB1 compared to NB at both A[CO2] and E[CO2] growth conditions.
However, no effect of [CO2] change was observed in total chlorophyll content in the

case of both the studied genotypes (Figure 5.5C).

Altogether, different factors to measure photosynthesis efficiency showed no effect of
[CO2] elevation in NB and OsphyBl, although OsphyBl appeared to be
photosynthetically less efficient compared to NB considering Fv/Fm and chlorophyll
content data. However, similar net CO2 assimilation rate under the same light condition
between wild rice and OsphyB1 indicates OsphyB1 may be more efficient in using light

despite having less chlorophyll content.
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Figure 5.5 Measurements of photosynthetic traits from flag leaves of NB and OSphyB7 grown
under A[CO;] and E[CO-]. (A) Light adopted quantum yield measurements and (B) Dark adopted
quantum yield measurements using FluorPen (FP100, Photon Systems Instruments, Brno, Czech
Republic). (C) Steady state measurements of net CO2 assimilation (A,) from IRGA (LI-6800 Portable
Photosynthesis System) after matching the conditions according to the growth chamber conditions.
(D) Total chlorophyll concentrations measured from flag leaf extraction. Plants were between 70-73
days old post germination where n=6. Comparisons were made between genotypes and [CO]
treatments. Statistical analysis was conducted using two-way ANOVA with Tukey’s multiple
comparison tests where the difference between genotypes and [CO.] treatments were significant with
*P < 0.05, **P < 0.01, ****P < 0.0001, and non-significant (ns) with P = 0.05.
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5.7 Differential response of E[CO:2] between tillers and flag

leaf

To further characterise the response of the two genotypes to growth under different
[CO2], several traits were measured. These included tiller number, initiation of
reproductive phase via panicle initiation, flag leaf length, and flag leaf area. Tiller
number differs with varieties, environment, and agronomic practices (Mohanan & Mini,
2007). With an elevation of [COz2], tiller number (vegetative and reproductive tillers)
increased significantly in NB but not in OsphyB1. At both [COz2] growth conditions, the
number of tillers is always lower in OsphyB1l than in NB (Figure 5.6A). The
reproductive phase started earlier in OsphyB1 as demonstrated by panicle initiation
(days from post-germination of seeds) in comparison to NB at both [CO2] conditions.
This is consistent with previous reports in rice as well as in Arabidopsis phyB mutants
(Reed et al., 1993; Takano et al., 2005). However, the effect of E[CO2] on flowering
have demonstrated for the first time here and no effect of [CO2] treatments on panicle

initiation in both genotypes have previously been observed (Figure 5.6A).

Measurements of flag leaf length revealed a significant reduction in length in NB plants
grown at E[COz2], whereas OsphyBL1 flag leaf length did not change under the different
[CO2] (Figure 5.6C). OsphyB1 flag leaves were shorter than those of NB at A[CO2] but
there was no difference at E[COz2]. This was reflected in leaf area measurements with
NB area reduced at E[COz2], whilst there was no change in OsphyB1 (Figure 5.6D).

Therefore, the effect of E[CO2] was found positive to increase tiller number in NB but
negatively impact flag leaf size, whereas these traits did not change in OsphyB1 under
the different growth [CO2]. Though no reports determine the role of red light to affect
tiller number and leaf size in response to CO:2 elevation, but low light is known to

impact rice tillering and leaf area (Xiu et al. 2013, Das et al. 2022).

5.8 OsphyB1 shows a significant reduction in yield

compared to wild type

Given the differences in tiller number and flag leaf size and area between NB and
OsphyB1 and that the flag leaf is known to have a significant impact on yield (Li et al.
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1998, Yue et al. 2006) the impact of different growth [CO2] on yield was then

determined.
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Figure 5.6 Measurements of growth traits from NB and OsphyB1 grown under A[CO;] and
E[CO-]. (A) Total tiller number counted when the plants are 66 days old post-germination. (B)
Time of panicle initiation measured in days post-germination of seeds. (C) Measurements of flag
leaf length from 60 days old plants. (D) Leaf area was measured when the plants were between
63-64 days old post-germination. Biological replicates, n=6. Comparisons were made between
genotypes and [CO-] treatments. Statistical analysis was conducted using two-way ANOVA with
Tukey’s multiple comparison tests where the difference between genotypes and [COg]
treatments were significant with **P < 0.01, ***P < 0.001, ****P < 0.0001 and, non-significant
(ns) with P = 0.05.
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Panicles are important for the rice reproductive phase and yield and total panicle
number was lower in NB compared to OsphyB1 at both [COz] growth conditions. Also
E[CO2] did not affect panicle number in NB whereas, OsphyB1l mutants had
significantly more panicles at E[COz] (Figure 5.7A). However, when total panicle
weight was measured, this was significantly greater in NB compared to OsphyB1
under both [COz2] therefore, despite having more panicles OsphyB1 panicles were
significantly lighter (Figure 5.7B). As with panicle number, NB panicle weight did not
change under the different [CO2z], whereas OsphyB1 panicle weight was significantly
increased under E[COz]. However, it was observed that not all panicles contained
seeds and so rather than total panicle weight, the weight of seed bearing, or seedless
panicles was then measured (Figure 5.7 C-D). This identified a major difference
between NB and OsphyB1, which accounts for the reduced weight of OsphyB1l
panicles. NB has significantly more seed-bearing panicles than OsphyB1 (Figure
5.7C) and conversely, OsphyB1 had significantly more seedless panicles (Figure
5.7D). The [COz] had no effect on the weight of seed bearing panicles in either
genotype however, growth at E[CO2] led to a significant increase in seedless panicles
in OsphyB1 (Figure 5.7D). Therefore, panicles of OsphyB1 had less developed grains
and fewer seeds compared to NB at both [CO2] conditions (Figure 5.7E).

To determine if this impacted on grain size, filled seeds were removed from panicles
and the 100 seed weight was calculated for each genotype and [CO2] growth
treatment. [CO2] did not appear to effect seed weight in either genotype, though
OsphyB1 seed weight was more variable at E[CO2]. This may account for why
OsphyB1 seed weight is significantly lower than NB at A[COz2] (Figure 5.9A).

Collectively, these data indicate that under these growth conditions, [CO2] has no
significant effect on the yield of NB and that OsphyB was lower than NB and this was

due to a significant increase in seedless panicles.
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Figure 5.7 Panicle traits observed from NB and OsphyB1 plants grown A[CO:] and E[CO-].
(A) Total number of panicles per plant. (B) Total panicle weight per plant after harvesting
including grain-filled seeds and seedless panicles. (C) Weight measured from dried panicles with
grain-filled seeds only. (D) Weight of panicles that have no grain-filled seeds. (E) Representative
images of panicles from NB and OsphyB1 grown at A[CO2] and E[CO2]. Biological replicates,
n=6. Comparisons were made between genotypes and [CO,] treatments for the above-
mentioned measurements. Statistical analysis was conducted using two-way ANOVA with
Tukey’s multiple comparison tests where the difference between genotypes and [COg]

treatments was significant **P < 0.01, ****P < 0.0001, and non-significant (ns) with P = 0.05.
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Figure 5.8 Yield from NB and OsphyB1 plants grown A[CO.] and E[CO-]. (A) Weight
of 100 seeds from both NB and OsphyB1. (B) Image of the seed grains from each line
grown under different [CO-] chambers. Biological replicates were n=6. Comparisons were
made between genotypes and [CO,] treatments for the above-mentioned measurements.
Statistical analysis was conducted using two-way ANOVA with Tukey’'s multiple
comparison tests where the difference between genotypes and [CO;] treatments were
significant **P < 0.01, ****P < 0.0001, and non-significant (ns) with P = 0.05.

5.9 Discussion

Mutants in two different alleles of rice phyB i.e., OsphyB1l and OsphyB2 appeared
hotter than NB from infra-red thermal images suggesting that they have a reduced
stomatal conductance (Section 5.1). In addition, [CO2] shift within the chamber
revealed both the mutants were more responsive in stomatal closure as well as
reopening response compared to NB during dynamic [COz] changes. This finding
indicated a hypersensitive response in rice phyB mutant, similar to what was observed

in Arabidopsis phyB-9 as described in section 4.1.

This observation led to the further investigation of the developmental responses of rice
phyB mutants grown under E[COz2] and here, considering the importance of flag leaves
towards photosynthetic potential and yield, all experiments except for thermal imaging

experiments, was carried out using flag leaves (Sicher, 1993; Adachi et al., 2017).
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As it was not possible to reliably use the stomatal bioassay system to assess rice
stomata to changes in [COz2], gs was instead measured using a leaf porometer and
infrared gas analyzer. Both methods showed lower gs in OSphyB1 compared to NB
under both [CO2] conditions. In addition, E[COz2] caused a reduction in gs in both the
studied genotypes (section 5.2) agreed with the available literature (Morison, 1987;
Drake et al., 1997; De Costa et al., 2003). In addition to functional responses,
anatomical traits like SD, GCL, and stomatal patterns are known to affect the
determination of gs (Willmer & Fricker, 1996; Weyers & Lawson, 1997; Hetherington
& Woodward, 2003; Casson & Hetherington, 2010; Lawson & Blatt, 2014; Matthews
et al., 2018; Faralli et al.,, 2019). The combined effect of reduced SD and GCL in
OsphyB1 and OsphyB1 compared to NB was reported to lower the gs (Liu et al., 2012).
However, the present study showed reduced SD as reported but similar GCL in
OsphyB1 compared to NB at A[COz2]. No reports have shown the effect of E[CO2] on
OsphyB1 and our work revealed no change in SD and GCL at E[COz2]. On the contrary,
SD and GCL behaved in an opposite manner with [COz2] elevation in NB (Section 5.2)
suggesting the potential involvement of OsphyB1 in mediating both developmental and

functional stomatal response towards E[COz].

There are reports on differential stomatal responses on the two leaf surfaces in
isobilateral amphistomatous leaves to external stimuli such as light intensity and [CO2]
(Mott & Parkhurst, 1991; Richardson et al., 2017; Wall et al., 2022). Porometer
measurements from the present study indicated different gs from both surfaces of NB
and OsphyB1. However, with the elevation of [CO2], the AB surface of both NB and
OsphyB1 showed a greater closure response compared to the AD surface (Figure
5.3A). SD has been reported more on AB surface compared to AD surface in species
of rice and we also observed a similar trend in our studied genotypes NB and OsphyB1
(Ishimaru et al., 2001; Ohsumi et al., 2007; Hubbart et al., 2013; Chatterjee et al.,
2020). This might partly suggest the differential response of gs on both surfaces.
However, the lower gs of AB surface at E[COz2] could not be explained by changes in
SD and/or GCL as the changes appeared to be similar on both surfaces (Figures 5.3B
and C). Collectively, this indicates reduction in gs involved of only functional response

with no direct corelation between either the SD or GCL.

In line with lower gs, OsphyB1 appeared to be more water efficient than NB from

different measurement approaches including IRGA and A3C and is consistent with
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existing reports (Boccalandro et al. 2009; Liu et al., 2012). Although at E[CO2] both
the genotypes tended to be more water efficient as determined from IWUE and
transpiration measurements from IRGA, A3C showed opposite results with E[CO2].
A'3C is sensitive to the ratio of the chloroplast to ambient CO2 mole fraction, (Cc /Ca)
rather than ratios of intercellular to ambient CO2 mole fraction (Ci/Ca) and,
consequently, to mesophyll conductance (Seibt et al., 2008; Cernusak et al., 2013). It
is not possible to determine Cc/Ca from the same gas exchange measurements as
the Ci/Ca as mesophyll conductance may differ over time. On the other hand, WUE at
the leaf level depends on evaporative demand, which does not directly affect A3C.
Thus, WUE and A®3C vary independently (Seibt et al., 2008) and specifically with
changes in atmospheric [CO2] as evident from the present study.

Though the effect of E[CO2] was evident from stomatal function responses, anatomy,
and WUE between the genotypes, photosynthesis efficiency remained unaffected as
measured with An, PSII, and chlorophyll content (Section 5.3). No effect of E[COz2] on
An was in contrast with existing literature (Allen et al., 1995; Ziska & Teramura, 1995;
De Costa et al., 2003). The reasons for such discrepancy might be the difference in
[COz2] from other literature and use of flag leaf in the present study. In addition, use of
relatively low light (600 pmolm2s, detailed described in section 2.12.2) instead of
high saturating light usually used in IRGA for CO2 response curve resulted no
significant difference. There is also report of unaltered Fv/Fm in wheat with e[CO2]
under well-watered conditions (Conroy et al., 1994). PSII efficiency was found to be
stressed in OsphyB1 compared to NB with less chlorophyll content. However, like An,
PSIl and chlorophyll content remained unaffected with an elevation of [CO2] in
OsphyB1.

Though the tiller number increased, flag leaf length and leaf area reduced in NB at
E[CO2] and this is in agreement with existing literature after panicle initiation indicating
that the effect of E[CO2] varied at different growth stages (Kim et al., 2003). Tiller
number, flag leaf length, and leaf area remained unchanged in OsphyB1 with the
elevation of [COz2]. A decrease in cell division of the primordial leaf in OsphyB was
speculated to lower the number of cells in the leaf (Barréco et al., 2006; Liu et al.,
2012) and might play a negative role in tiller number, flag leaf length, and leaf area in
OsphyB1 compared to NB. Also, panicle initiation is earlier in OsphyB1 similar to phyB

mutants in Arabidopsis (Dehesh et al., 1991). A similar report has also been published
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on rice when grown under LD (long day) conditions (Takano et al., 2009) though plants
were grown at ND (neutral day) conditions in the present study. This indicates light
signals mediated by phyB delayed flowering at both LD and ND but not at SD (short
day) (Takano et al., 2009).

Yield is considerably lower in OsphyB1 in comparison with NB. Reduced SD observed
in OsphyB1 may act as a CO2 diffusion barrier that limits CO2 uptake thereby reducing
photosynthesis and ultimately yield. Although, present study reported no difference in
An between the species but significantly low chlorophyll content and lower Fv/Fm may
act as limiting factor to yield. In addition, higher leaf temperature due to reduced SD
(Figure 5.1B) seems more likely to reduce spikelet fertility and grain filling in rice
(Jagadish et al. 2007; Sreenivasulu et al., 2015; Hu et al. 2022). Interestingly weight
of seedless panicles was higher in OsphyB1 to NB suggesting their enhanced sterility
(Sun et al., 2017). A slight decrease in yield at E[CO2] grown NB correlated with
reduced flag leaf length and area since they have a significant influence on rice grain
yield (Li et al., 1998; Zhang et al., 2015).

5.9.1 Concluding remarks

1. The physiological functioning of stomata is significantly impacted by E[CO2], both in

the short and long term, while CO2 assimilation remains unaffected.

2. Adaptations in stomatal behavior in response to E[CO2] assist in maintaining water

balance and ultimately lead to a balanced yield.

3. The role of phyB in mediating responses to E[COz2] in rice was found to be critical,

as evidenced by various measurements conducted in this study.
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Chapter 6. General discussion
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6.1 Introduction

Stomata are the primary responder controlling the exchange of water vapour and CO2
between the plant interior and atmosphere depending on the prevailing environmental
conditions. As such, they play a major role in regulating plant water relations and
carbon gain. The control of plant gas exchange is primarily driven by the regulation of
both stomatal aperture and the number of stomata that develop on the leaf surface in
response to diverse environmental stimuli to maintain an optimum gs (Bertolino et al.,
2019; Caine et al., 2019; Harrison et al., 2020). Global a[COz2] is predicted to increase
between 730 ppm to 1020 ppm by the 215t century from model simulations (Meehl et
al. 2007). The continuing trend for increases in a[CO2] and warming is predicted to
dominate future changes in gs over other global change factors such as change in
precipitation, enhanced nitrogen deposition and ozone pollution (Wang et al., 2012;
Liang et al., 2023). Therefore, a better understanding of stomatal aperture regulation
in response to high [CO2] would provide opportunities to manipulate crops for
improved yield. This study focused on the interaction of the phytohormones GA and
ABA to modulate stomatal closure in response to treatment with E[CO2]. Additionally,
the involvement of light signals via the photoreceptor phyB was determined in this
response. Finally, the role of phyB in mediating physiological responses and

developmental adaptation in rice under E[CO2] condition was also investigated.

6.2 E[COz]-mediated stomatal closure targets GA

metabolism not ABA

A number of studies have identified crosstalk between e[CO2] and ABA during the
promotion of stomatal closure and it has been hypothesised that E[CO2] can act by
sensitising GCs to ABA (reviewed in Engineer et al., 2016). Sensitising a biological
system to a signal can be achieved by altering the biosynthesis of the signal or
changing the density of receptors. However, there has been contrasting data as to
whether [CO2] regulates the ABA signalling receptors and changes in [CO2] do not
appear to result in any measurable changes in ABA levels (Chater et al., 2015; Hsu et
al., 2018; Dittrich et al., 2019; Zhang et al., 2020). An alternative mechanism is to

therefore change the concentration of an antagonist to the signals, and this led to the
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hypothesis that GAs may modulate GC responses to [COz2] elevation by countering
GC sensitivity to ABA. GAs was also found to negate ABA mediated stomatal closure
response under [COz] free conditions demonstrating its antagonism towards ABA
(section 3.4). Application of 100pM of GAs or GA4 was found optimum for the inhibition
of E[COz]-induced promotion of stomatal closure. Additionally endogenous GA
generated in the B-estradiol inducible pUBQ-XVE-GA200x1-P2A-GA3ox1 line (Rizza
et al., 2021) proved to be effective in a similar way (section 3.2). Moreover, GA
inhibitors PBZ and DMZ provided support for this hypothesis as they positively mediate
[CO2]J-induced stomatal closure (section 3.3). A genetic approach was also used to
investigate the role of GA in responses to E[COz2] by analysing the response to E[CO2]
of mutants in GA metabolism and signalling. A quintuple mutant of GA2ox (ga20xq;
deactivate bioactive GAs by 2B-hydroxylation) has previously been shown to have
more GA in the system (Rieu et al., 2008). The GC insensitivity of ga2oxq towards
[CO2] elevation suggests that a wild type CO2response requires GA2ox mediated GA
catabolism. (Figures 3.8A and B). Use of other mutants in GA synthesis pathway e.g.,
GA-deficient mutant ga3ox7ga3ox2 with very low GA (Mitchum et al., 2006) would
provide more insight into the requirements for GA biosynthesis or breakdown in E[CO2]

responses.

As well as the epidermal bioassay system, whole leaf gs measurements with an IRGA
supported a role for GAs in inhibiting E[CO2]-mediated stomatal closure by both
inhibiting closure and reducing the rate at which closure occurred. PBZ feeding did
results in a reduction in gs but unlike GAs did not significantly alter stomatal closure
rate in response to a change in [CO2] (section 3.7). As PBZ was both sprayed on
leaves the night before and then applied by petiole feeding, further analysis may be
required to determine whether this method of application significantly altered GA levels

over the duration of the experiment.

Since GAs in plants are known to be maintained through feedback and forward
regulation of GA metabolism (Hedden & Phillips, 2000; Olszewski et al., 2002)
components in GA signalling would help to better understand GA regulation of stomatal
responses to E[COz2]. Stomatal function bioassays with dellag and DELLA stabilized
mutant lines 35TAP_RGAA17 and 35STAP_GAIA17 (Feng et al., 2008; Koini et al.,
2009) suggest evidence both for and against DELLA requirements for responses to
E[CO2] (Figures 3.9 and 3.10). This also suggests that stability of the DELLAs rather
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than their absence is important for responses to [COz2]. Not all GA signalling is DELLA-
dependent and so it is also feasible that there may be involvement of DELLA-
independent pathways, for example via Ca?* dependent signalling as reported in many
GA responses (Ishida et al., 2008; Okada et al., 2017).

ROS signalling is known to act as a mediator between ABA and E[CO2]-mediated
stomatal closure (Chater et al., 2015; Ehonen et al., 2019). As expected, ROS levels
were seen to increase with increasing [COz] as determined by measuring GC
fluorescence stained with H2DCFDA (Figure 3.11Aand B). GA treatment did not impact
on ROS production in GCs, suggesting that GA is likely not acting via ROS to inhibit
E[COz2] induced promotion of closure. GCs treated with PBZ however, did not appear
to generate more ROS with increasing [COz2], though the levels of ROS were initially
higher under F[COz2] than the control, which does correlate with the reduced apertures
of PBZ treated GCs under these conditions. Collectively however, given that GA does
not appear to alter ROS production and yet does alter E[CO2] promotion of closure, it

cannot be confidently concluded that GA acts through ROS.

Though not specifically linked to the role of GA in CO2 responses, mutants in HPCA1,
which perceives extracellular ROS to initiate downstream Ca?* signalling, were tested
for their response to [CO2]. As with GA, hpca1 mutants were found to be involved in
regulating E[COz]-mediated stomatal closure in the present study (Figure 3.12A and
B) in addition to being linked to ABA-mediated stomatal closure (Wu et al. 2020). CO2
signaling and ROS have only been linked to NADPH respiratory burst
oxidase RBOHD and RBOHF (Chater et al. 2015). They generate extracellular ROS
so it might be that HPCA1 is perceiving this in the context of GC CO: signalling.

Recent studies have found correlations between changes in the expression of GA
metabolism genes and GA levels in plants. For example, GA3ox7 expression was
found to correlate with active GA4 levels at night (Prasetyaningrum et al., 2021). This
night-time rise in GA also aligns with circadian control of GA signalling, whereby
DELLAs are stabilised during the day and the GID1 receptors are expressed more at
night (Arana et al.,, 2011). In another example of transcriptional control, RVE1
negatively regulates GA30ox2 expression to control GA levels in seeds, with rvet
mutants having higher levels of active GA (Jiang et al., 2016). Given these previous
studies had shown a link between transcriptional control of GA metabolism genes and
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GA levels, it was therefore surprising to find no direct relation to corroborate their
involvement (Figure 3.14). A more extensive analysis of GA metabolisms and
signalling genes within the Casson lab gave similar findings (data not shown).
However, absolute measurement of GAs from two parallel GA biosynthesis pathway
showed that active GA1from 13-hydroxylation pathway was reduced at E[CO2] in Col-
0 (Figure 3.16). Beyond transcriptional control, post-transcriptional and translational
processes expand gene regulatory pathways to shape hormone responses (reviewed
in Waadt et al., 2022). Indeed, within GA signalling DELLA stability is regulated post-
translationally (reviewed in Blanco-Tourifian et al., 2020). Significantly, measurements
of ABA and ABA conjugate from the same samples remained similar with [CO2]
elevation. This provides strong support for the hypothesis that E[CO2] can promote
enhanced sensitivity to ABA by regulating an ABA antagonist, GA. By generating a
higher ABA/GA ratio, GC sensitivity to ABA is enhanced and this may regulate the
closure response at E[COz2] (Figure 6.1). Given the lack of a clear transcriptional
mechanism the exact molecular mechanism of GA regulation towards E[CO:2]-
mediated stomatal closure need to be addressed. However, more widely this data
indicates that scenarios in which GA levels are altered may alter GC responses to
endogenous ABA; for example, during very early seedling growth when GA levels are
high or, as discussed, at night when GA levels are known to peak. It is interesting to
note that despite the widely held view that stomata close at night, there is actually a
significant level of night-time transpiration due to stomata opening (Fricke, 2019;
McAusland et al., 2021).
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Figure 6.1 GAs has a potential role during E[CO.]- mediated stomatal
closure response. A homeostasis exists between ABA and GA where GA
reduces with the elevation of [CO-], and ABA remains unchanged. Barred line

denotes negative regulation.

6.3 phyB mediates E[CO-]- mediated stomatal closure
through ABA and GA homeostasis

Stomatal aperture regulation in response of light and [COz2] is critical for optimum
carbon assimilation (Lawson et al. 2014; Papanatsiou et al. 2019). Despite, the
dependence of RL response on photosynthesis no well-defined signalling factor have
been reported downstream of the RL perceiving phytochromes that regulate GC
responses to [CO2]. Mutants of the RL photoreceptor phyB (here phyB-9) were
previously reported to be hypersensitive in their stomatal closure response at E[CO2]
(Brown, 2018). The phyB-9 allele was recently found to contain a second mutation in
the VENOSA4 gene, which is involved in chloroplast development (Yoshida et al.,
2018). This could clearly impact on plant responses to [CO2] however, by analysing a
complementation line in which a PHYB-YFP fusion protein was expressed using the
PHYB promoter, it appears that the hypersensitivity to E[CO2] is indeed phyB
dependent (Figure 4.3A and B). phyB is reported to regulate ABA and GA either

positively or negatively at different stages of plant development (Dong et al., 2008;
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Hedden, 2020; Li et al., 2022; Sano & Marion-Poll, 2021). In mature plants, it was
shown that phyB-5 mutants contained more ABA under well-watered conditions and
yet, the phyB mutant displayed reduced sensitivity to ABA (Gonzalez et al., 2012).
Given the results from present study (chapter 3), where it was shown that E[CO2] can
modulate GA levels and that this may alter ABA sensitivity, attempts were made to
explain the hypersensitive closure of phyB-9 stomata based on ABA and GA
metabolism (Figure 4.2). Treatment of phyB-9 with 100uM GAs was able to rescue
E[COz]-mediated hypersensitive stomatal closure, suggesting that changes in GA and
not ABA could account for the hypersensitivity of phyB to E[COz2]. As was the case for
Col-0, analysis of the expression of several genes in GA metabolism pathway and their
comparison to Col-0 did not provide any clear picture to describe hypersensitive
stomatal closure response in phyB-9 (Figure 4.5). Nonetheless, active GA4 and its
immediate precursor GAg from non-13-hydroxylation pathway were reduced with [CO2]
elevation in phyB-9 in contrast to Col-0 where primarily the 13-hydroxylation pathway
was involved. Interestingly, this data could suggest that phyB plays a role in regulating
GA1 and that E[CO2] inhibits this resulting in the reduced GA1 levels observed in Col-
0 at E[COz]. Conversely, in a phyB mutant GA1 levels are already significantly reduced
and E[COz2] now acts to reduce GA4levels and it would be interesting to determine if
this is mediated by other members of the phytochrome family. Collectively, therefore
in a phyB mutant both GA1 and GA4 levels are reduced at E[COz], significantly altering
the ABA:GA homeostasis relative to Col-0 and potentially accounting for phyB
hypersensitivity to E[COz]. At the same time no change in ABA was observed, however
there were higher levels of ABA-GE in phyB-9 compared to Col-0 (Section 4.4).
Mutation of the ABA biosynthesis genes NCED3 and NCEDS5S rescued phyB-9
hypersensitivity to Col-0 levels as observed from CO:2 function bioassay with phyB-
9nced3nced5 triple mutant. Interestingly, the triple mutant neither completely abolish
the sensitivity to [CO2] elevation as nced3nced5 double mutant nor was it
hypersensitive as phyB-9. This suggests that phyB does not act directly on these ABA
biosynthesis to regulate sensitivity to E[CO2] and that genetically, they act additively
(section 4.5), further supporting a role for phyB in regulating GA and not ABA. The
involvement of GA metabolism towards phyB-9 hypersensitivity was checked via
circadian clock-related genes, RVE1 and RVEZ2 since they are reported to regulate GA
metabolism in a phyB dependent manner during seed dormancy and germination
(Finkelstein et al., 2008; Holdsworth et al., 2008; Graeber et al., 2012; Jiang et al.
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2016). Partial involvement of RVE1 and RVE2 demonstrated their potential to regulate
stomatal closure response towards E[CO2] (section 4.6). The RVE group of MYB-
related (1R-MYB) proteins with RVE1 and RVEZ2 includes the core components of the
circadian clock, CCA1 and LHY (Du et al., 2013). CCA1 and LHY were also found to
partially regulate E[COz2]- mediated stomatal closure response and suggests interplay
between circadian clock and high CO:2 response in stomatal aperture regulation
(section 4.7); this is particularly interesting given the link between the circadian clock
and GA signalling (Arana et al., 2011). Examination of genes defective in GA
metabolism by crossing with phyB-9 background would be a good approach to

determine their involvement towards E[COz]- mediated stomatal closure response.

6.4 phyB in rice proves critical for E[CO2]-mediated growth

behaviours

Rice phyB mutant alleles OsphyB1 and OsphyB2 appeared to be hypersensitive in
their stomatal closure response to E[CO2] as was the case for Arabidopsis phyB-9
(Brown 2018; present study). This potential involvement of phyB at E[CO2] and
considering the importance of stomatal aperture regulation to balance carbon and
water utilization (WUE) led to investigate the combined effect of E[CO2] and phyB on
rice growth and physiology. Similar to short term E[CO2] exposure, both the wild-type
control (NB) and OsphyB1 showed lower gs under E[CO2] compared to A[CO2] grown
samples. To determine whether the lower gs was due to E[CO2] mediated changes to
stomatal anatomical traits like SD and GCL or aperture responses (or a combination),
these traits were measured. It was decided to analyse both leaf surfaces as it has
demonstrated that abaxial and adaxial surfaces can respond differently (Casson &
Hetherington, 2010; Lawson & Blatt, 2014; Richardson et al., 2017; Matthews et al.,
2018; Faralli et al., 2019; Wall et al., 2022). Growth under E[CO2] did result in some
genotype and surface specific differences in SD or GCL, however the functional
response of changing stomatal aperture appeared to be the key to reduced gs with
[CO2] elevation (sections 5.3 and 5.4). OsphyB1 was found to be more WUE than NB
in line with existing literatures (Boccalandro et al. 2009; Liu et al., 2012). Though iWUE
and transpiration measurements determined positive effect of E[CO2] towards WUE,
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A'3C showed no effect (section 5.5). This denotes the discrepancy of using A'3C with
IRGA to determine WUE (Seibt et al., 2008; Cernusak et al., 2013). For example, the
lower gs with increasing [COz2] might not change carbon metabolism in later stages of
development. Measurements of An, PSII and chlorophyll content corroborate this as
they remained unaffected with an elevation of [COz] in both NB and OsphyB1 mutant
(section 5.6). In this regard, analysis of genes involved in carbon assimilation would
provide better understanding. However, several growth traits like tiller number, flag leaf
length and area measurements changed in E[CO2] grown NB compared to A[COz]
grown samples. In OsphyB1 mutants these traits were not affected by E[COz2], despite
the hypersensitivity of their stomatal aperture response. The early onset of the
reproductive phase with panicle initiation and vyield is significantly compromised in
OsphyB1 compared to wild NB (Takano et al., 2005; Takano et al. 2009) but remained
unaltered with increasing [COz2] in both genotypes (Figures 5.6B and 5.8A). Therefore,
except for stomatal physiological function being affected by E[CO2] during both short
and long term treatments, E[CO2] does not appear to promote increases in yield in
rice. Altogether, the present study determined that stomatal aperture function is
important for improving water use at E[CO2] and that mutation of phyB improves WUE

but conversely, phyB is required for optimum yield irrespective of the growth [CO2].

6.5 Conclusions and future directions

A model diagram has produced integrating key findings from present study (Figure
6.2). Stomatal aperture regulation in response to increasing [CO2] was found to be
regulated via ABA and GA homeostatic balance in Arabidopsis. E[CO2]-induced
promotion of stomatal closure results from higher ABAto GA ratio where GAis reduced
with no alteration in ABA. With existing evidence of interaction between carbon
metabolism and GAs synthesis (Paparelli et al., 2013; Prasetyaningrum et al., 2021)
and present findings of GA to modulate stomatal aperture to E[CO2] support a potential
avenue to crop engineering under varying [CO2] conditions. The exact regulatory
pathway of GA modulation in stomatal function needs to investigate broadly. RL
photoreceptor phyB was also found to regulate E[COz2]-induced promotion of stomatal
closure via ABA and GA homeostasis but with alternative pathways as Col-0. Though,

partial involvement of circadian clock genes was found to mediate the response
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alongside ABA biosynthesis components; direct involvement of components of GA
metabolism needs to be determined. In this regard more mutant lines from GA
metabolism pathway alongside use of GA biosensor would be useful tools to
investigate this mechanism further. In the model crop rice, phyB was found to be
involved in stomatal function regulation in response to E[CO2] and aid to maintain
water balance with optimum yield under E[CO2] growth condition. Since higher
temperature because of increasing [COz2] is known to affect rice yield (Jagadish et al.
2007; Sreenivasulu et al., 2015; Hu et al. 2022) study the effect of both the factors

would be a potential area of future investigation.
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Figure 6.2 Summary model showing the key findings towards E[CO;]-induced promotion
of stomatal in Arabidopsis and rice. In Arabidopsis stomatal closure results from reduction in
GA through inactivation of GA synthesis with no alteration in ABA. The experimental evidence
does not conclusively demonstrate any role for DELLA or ROS mediated signalling, however it
cannot be discounted. Circadian rhythms were found to be partially involved. Red light
photoreceptor PhyB was found to sensitize this response via ABA and GA homeostasis. No direct
effect of E[CO2] was examined on Arabidopsis phyB. In rice E[CO-] and phyB regulates stomatal
closure in opposite manner while phyB positively regulates flowering time. Collectively these
factors maintain rice yield via WUE optimization Arrow lines for positive regulation, barred line for
negative action, dotted arrow for putative positive involvement, dotted bar lines for probable
negative effect, gray bar line for partial and negative regulation and blue cross showing no

involvement. Image “Created with Biorender.com”.
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Supplementary 2.1 Images of different Arabidopsis wild and mutant lines used
during the present study. Plants were at the age of between 31-36 days post
germination. Mutant lines in each of the image has their respective wild background on left
hand side of the images.

219 |Page



Col-0 phyB-9 ___ PHYBproPHYB:YFP

Yo

Col-0 rvel RVE1OE

rve2

Supplementary 2.2 Images of different Arabidopsis wild and mutant lines (left panel)
and rice lines (right panel) used during the present study. Arabidopsis Plants were at the
age of between 31-36 days and rice plants were between 65-70 days post germination.
Mutant lines in each of the image has their respective wild background on left hand side of
the images.
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Supplementary 2.3 Germinating seeds to screen putative RVEL1OE from T1
generation. (A) Col-0 seeds germinated almost completely and without delay. (B)
Non RVE1OE seeds germinate as Col-0. (C) Seeds of putative RVE1OEL1l line
germinated slowly in presence of GAs and (D) Delay of germination was more in
absence of GA; from putative RVEL1OEL line.
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Supplementary 2.4 Percentage of delayed germination of putative RVE1OE
lines from T2 generation. Number of seeds per plate ranged between 80-60 and
three combinations of %2 MS media was used.
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Supplementary 2.5 Confirmation of RVEL1OE lines. Relative expression of RVE1
gene in Col-0 and two lines of RVE1OE. Statistical analysis was conducted using
one-way ANOVA with Tukey’s multiple comparison tests where the significant
difference between the lines were **P < 0.01 and P = 0.05 non-significant (ns).
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Supplementary 2.6 Confirmation of RVElrvelrve2rve?2 lines. 1% agarose gel image
for the five lines with RVE1 heterozygous and rve2 homozygous mutants. Upper left was
for RVE1 genomic and upper right was for T-DNA insertion. Lower one was for RVE2
genomic and TDNA insertion respectively. L= gene ladder, N=negative, P=positive and
W=water control. For genomic PCR, positive control was Col-0 genome and negative
control was respective mutant genome. Vice versa for TDNA insertion PCR.
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Supplementary 2.7 Confirmation of rvelrve2 lines. 1% agarose gel image
for the twelve rvelrve2 homozygous double mutants screened from 74
seedlings. Upper two rows were for RVEL genomic and T-DNA insertion
respectively. Lower two rows were for RVE2 genomic and TDNA insertion
respectively. L= gene ladder and W=water control.
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Supplementary 2.8 Confirmation of nced3nced5 double mutant. 1% agarose
gel image for the eighteen putative phyB-9nced3nced5 triple mutants screened
from 74 seedlings. (A) Upper row was for NCED3 genomic and lower row was for
T-DNA insertion respectively. (B) Same as (A) but for NCED5. L= gene ladder,
W=water control, pB= phyB-9 and Col0= wild line Col-0.
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Figure 2.9 Confirmation of point mutant in phyB-9 from phyB-9nced3nced5
triple mutant. Six putative phyB-9nced3nced5 triple mutant lines sent for sequencing
were 1,2, 6,11,15 and 18. Line 19 was phyB-9 and Genomic was for wild line Col-0.
Multiple sequence alignment was conducted using GeneDoc version 2.7.000 and a
point mutation of TGA in phyB-9 instead of TGG as in wild genome was found.
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Supplementary 2.10 Matching between running and scheduled temperature
from rice growth chambers. Measurements are recorded for 5 subsequent days
in line with thermal imaging experiment.
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Supplementary 2.11 Measurements of stomatal density from abaxial surface of Col-0
and ga2oxg. Mature leaf of same age as bioassay experiment was chosen. The number of
replicates/genotypes was 20. Statistical analysis was conducted using unpaired T-test and the
difference between the lines was non-significant i.e., P = 0.05.
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Supplementary 2.12 Measurements of stomatal density from abaxial surface of Ler and
dellag. Mature leaf of same age as bioassay experiment was chosen. The number of
replicates/genotypes was 20. Statistical analysis was conducted using unpaired T-test and the
difference between the lines was non-significant i.e., P 2 0.05.
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Supplementary 2.13 Measurements of stomatal density from abaxial surface of Col-0,
phyB-9, nced3nced5 and phyB-9nced3nced5. Mature leaf of same age as bioassay
experiment was chosen. The number of replicates/genotypes was 20. Statistical analysis was
conducted using one-way ANOVA with Tukey's multiple comparison tests. The adjusted P
value among means were **P < 0.01, ***P < 0.0001 and non-significant i.e., P = 0.05.
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Supplementary 2.14 Measurements of stomatal density from abaxial surface of Col-0
and hpcal. Mature leaf of same age as bioassay experiment was chosen. The number of
replicates/genotypes was 20. Statistical analysis was conducted using unpaired T-test and the
difference between the lines was non-significant i.e., P = 0.05.
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Supplementary 2.15 Measurements of stomatal density from abaxial surface of
Col-0, phyB-9, nced3nced5 and phyB-9nced3nced5. Mature leaf of same age as
bioassay experiment was chosen. The number of replicates/genotypes was 20.
Statistical analysis was conducted using one-way ANOVA with Tukey's multiple
comparison tests. The adjusted P value among means were **P < 0.01, ****P < 0.0001
and non-significant i.e., P =2 0.05.
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Supplementary 2.16 Measurements of stomatal density from abaxial surface of
Col-0, rvel, rve2 and rvelrve2. Mature leaf of same age as bioassay experiment
was chosen. The number of replicates/genotypes was 20. Statistical analysis was
conducted using one-way ANOVA with Tukey's multiple comparison tests. The
adjusted P value among means was non-significant i.e., P = 0.05.
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Supplementary 2.17 Measurements of stomatal density from abaxial surface of
Ws-2 and ccallhy. Mature leaf of same age as bioassay experiment was chosen. The
number of replicates/genotypes was 20. Statistical analysis was conducted using
unpaired T-test and with significant difference ****P < 0.0001.
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