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Abstract

Stomatal conductance in C4 photosynthesis

Emmanuel L. Bernardo

The productivity of crops is largely determined by how efficiently they convert carbon
dioxide (CO,) into organic molecules through the process of photosynthesis. The exchange
of gases between the atmosphere and the leaf intercellular spaces is facilitated by stomata,
tiny pores found on the leaf epidermis. These pores act as gateways, allowing CO, to enter
the leaf while water vapor exits through transpiration. The regulation of stomatal behavior

results in a trade-off between CO; uptake and water loss in higher plants.

While genetic and biochemical analysis of stomatal regulation has focused heavily on the
C; species Arabidopsis thaliana, it is well-known that stomatal regulation can vary between
different species and different photosynthetic types. Therefore, this PhD project aimed to
investigate stomatal regulation in C3 and C4 plants, comparing their responses to changes
in light and CO,. To control for potential confounding effects not related to photosynthetic
type, three phylogenetically-controlled species from Cleomaceae, Flaveria, and Alloteropsis

were used in the study.

Chapter focused on the response to blue and red light in C3 and Cy4 species. The study
found that stomatal opening was highly responsive to blue light in a red light background
in C3 dicot species of Cleomaceae and Flaveria, which confirmed previous observations in
Arabidopsis. However, stomatal conductance in C4 dicot species was not responsive to the
same treatment. In addition, stomatal opening in C3 and Cy4 species responded significantly
to red light, while the intercellular CO, was kept constant. However, this response appeared

to be largely species-specific, rather than associated with photosynthetic pathway.

The next chapter investigated stomatal regulation by [CO;]. To distinguish responses
linked to photosynthesis vs responses driven by mitochondrial respiration, CO; responses

were assessed in darkness and under illumination with red light similar to growing condi-



tions. Whereas the Cs species showed significant opening responses to sub-ambient CO,
in darkness, C4s were invariable. In contrast, the opening response to sub-ambient CO,
under illumination was stronger in the C4 species. Together with the differences in blue
light response in Chapter 2, this may suggest that stomatal opening in the C,4 species relies
more on guard cell photosynthesis and less on mitochondrial respiration, compared to the C3

species.

Finally, in the last chapter of the thesis, using NADP-ME antisense lines of C4 F. bidentis.
It was hypothesized that perturbing the C4 cycle, resulting in reduced carbon flux into the
bundle sheath cells, may alter stomatal regulation. The study found that mutant plants had
significantly increased operating C; compared to control plants. When C; was kept the same
as the control plants a significant increase in stomatal opening was observed in the mutant
lines, suggesting that disruption of the C4 cycle disrupted stomatal sensitivity to CO,. Further
exploration of molecular factors known to be involved in the guard cell CO; response was

performed, but turned out inconclusive.

Altogether, the work in this thesis shows that while stomatal regulation in response to
CO; and light has remained qualitatively similar to the ancestral C3 pathway, quantitative
shifts in sensitivity may have supported further optimization of CO; assimilation and water

use efficiency following evolution of the C4 pathway.
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Chapter 1

Introduction

1.1 Sustainable Crop Production and the Global Carbon
and Water Cycles

The Sustainable Development Goals (SDGs) are a set of 17 global goals adopted by all United
Nations Member States in 2015 as part of the 2030 Agenda for Sustainable Development.
These goals represent a framework designed to address a range of global challenges, including
climate change and environmental degradation, which directly impact global crop production

and availability of water resources [133].

SDG 2 is "Zero Hunger" and aims to end hunger, achieve food security, improve nutrition,
and promote sustainable agriculture [133]. By 2050, the world population is expected to
reach the 10 billion mark according to a projection by the UN [89], from its current 8 billion.
Thus, to feed a growing global population, agricultural productivity needs to increase while
promoting responsible and efficient resource management. However, current crop production
practices at a global scale are placing significant strain on both water and land resources in
many places. The unprecedented rate at which the world is heating up is also putting intense

pressure on these precious resources, severely impacting global food supply.

In the context of modern crop production, maximum plant productivity is determined by
the efficiency with which plants transform carbon dioxide into organic molecules through
photosynthesis and release water back water into the atmosphere through a process called
transpiration. This trade-off of carbon dioxide and water molecules is facilitated by tiny

pores found on leaf surfaces, termed stomata. Stomata therefore control plant water status,
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leaf temperature, and carbon assimilation rates [61]. The ease with which stomata allow CO,
into or water out of the leaf is called stomatal conductance (gs), which adjusts depending on
stomatal aperture. Stomatal aperture, in turn, is governed by changes in osmotic potential and
turgor pressure in guard cells (GCs) surrounding the stomatal pore in response to a variety of

cues [53]. Arguably, the two main environmental drivers of stomatal responses are light and
[CO2].

Enhancing plant productivity and water use efficiency (WUE, the amount of carbon
gained for every water loss) requires a comprehensive understanding of steady state gs and
stomatal dynamics in response to light and CO,. Not surprisingly, as the gateway of CO, and
water, stomata play a central role in addressing the question of how to increase the amount
of carbon fixed per unit of water lost through transpiration from a crop. However, despite
the vast researches dedicated to this topic over the course of the last century, a lot of open

questions and knowledge gaps remain.
The task of a crop scientist of our times is elegantly summed up in the following passage,

"...that whoever could make two ears of corn, or two blades of grass, to grow on a spot
of ground where one grew before, would deserve better of mankind and do more essential

service to his country...." -Jonathan Swift

1.2 Stomata control carbon and water exchange between

plants and the atmosphere

The epidermis of the plant leaf has small pores on its surface that act as physical gateways
to let CO; into the leaf and allow the escape of water vapour. Individual pores are termed
a "stoma" (stomata, pl.), from the Latin meaning "mouth". Specialised turgor-operated
"guard" cells surround a stoma, and together, a stoma and pair of guard cells form a stomatal

complex.

Stomatal pores are not passive and are instead highly regulated by endogenous and
exogenous cues. Abscisic acid and high internal [CO;] are well-known signals that induce
stomatal closing. Irradiance, low [CO;], and high humidity meanwhile triggers opening
responses. Stomatal movements operate by perceiving a signal and adjusting the turgor
pressure in the guard cell. Stomatal opening involves the accumulation of solute, mainly K*,

Cl and malate, as well as sugars, upon activation of H"-ATPases and ion-selective channels.



1.2 Stomata control carbon and water exchange between plants and the atmosphere

The closing response is a reversal of this process, which involves metabolising the solutes, or

releasing them to the apoplast [59, 50]

Stomata display a wide range of morphology, size, and distribution (Fig.1.1). For most
dicots, stomata are defined by a pair of elliptic-shaped guard cells. In monocots, stomata
are dumbbell-shaped with additional subsidiary cells flanking the guard cells, such as those
found among grasses. The contrasting morphology of grass stomata facilitates more rapid
responses to short-term and long-term perturbations [42, 15] which may have contributed to

their fast colonisation of semi-arid and arid niches [125, 126].

lJ

A

D

)g Si
vl i

Fig. 1.1 Stomatal traits vary between species. The eudicots (A) Arabidopsis thaliana and (B)
Phaseolus vulgaris display kidney- shaped guard cells (colored in green). The grasses (C) Orzya
sativa and (D) Triticum aestivum show dumbbell-shaped guard cells (solid green) and specialized
subsidiary cells (light green gradient). Clear differences in stomatal size and stomatal density can be
observed. Scale bars 10 uM. (Image and caption from [10]
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1.3 Environmental regulation of stomatal conductance

Efficient coordination of carbon gain versus water loss by stomata is achieved by a range of
responses to environmental factors, most notably light and CO,. Signals are either perceived

directly in the guard cells, or indirectly via signals derived from the underlying mesophyll.

1.3.1 Regulation of stomatal movement by light
Blue light perception and signaling

Blue light induces the opening of stomata. This observation was first reported in Phaseolus
vulgaris [102] where two varieties grown in full sun or shade showed a distinct stomatal
response to BL. The implication was that species with contrasting growth habits might also
utilise the stomatal response of BL differently depending on the habitat and its role in the

ecophysiology of the leaves [143].

BL activates rapid stomatal opening via a pathway that is independent of photosynthesis
and saturates at relatively low fluence rates [117]. Blue light has a direct and independent
effect through autophosphorylation of phototropins, PHOT1 and PHOT2. Upon perception
of blue light, PHOT1 is autophosphorylated and leads to a transient increase in Ca>*. PHOT2,
a homologue of PHOT1, functions redundantly via their substrate BLUS1 (BLUE LIGHT
SIGNALING 1) [49, 122] and CBC1/2 (CONVERGENCE OF BLUE LIGHT AND CO,)
kinases, which inhibit S-type anion channels [43]. Following membrane hyperpolarization,
the activation of inwardly-rectifying K* channels leads to the uptake of K* [58]. Additionally,
blue light induces the accumulation of malate and sucrose through starch breakdown or
biosynthesis. Both of these processes contribute to an elevated solute content within guard
cells, The accumulation of K* and other solutes such as Cl-, malate and/or soluble sugars
drives the influx of water into the GCs and the resulting turgor change leads to stomatal
opening [123, 124].

The red light response

Red light can also stimulate stomatal opening. However, unlike blue light-induced opening,
stomatal opening under red light requires higher flux rates and continuous illumination. The
increase in g is directly proportional to increasing light intensity [8, 116] and is eliminated

by inhibitors of photosynthetic electron transport, including 3-(3,4-dichlorophenyl)-1,1-
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dimethylurea (DCMU), indicating that it is photosynthesis dependent, and indicating that
chlorophyll could be the receptor [79]. This is supported by by the observation that the stom-
ata in albino leaf patches of Vicia faba and Chlorophytum comosum remained unresponsive to
red light, while still exhibiting stomatal opening when exposed to blue light [104]. Stomatal
opening is triggered by red light by driving mesophyll photosynthesis, reducing C;. The
reduction in Cj due to red light could be observed when large areas of a leaf are illuminated,
but not when a single beam of red light is projected onto guard cells only [103], implying
that the red light-induced stomatal opening was an indirect response to the reduction of C; by
photosynthesis. This response to red light is seen as the primary mechanism linking stomatal

behaviour with mesophyll demands.

However, this feedback loop does not appear to be the only mesophyll-derived signal
perceived by stomata. A significant response to red light was still observed in experiments
where C; was kept constant [82]. In addition, epidermal peel experiments revealed that GCs
response to red light are reversibly altered by the presence of the underlying mesophyll tissue.
Lee and Bowling (1992) demonstrated that isolated epidermis of Commelina communis,
incubated without mesophyll cells or with dark-adapted chloroplasts, exhibits limited stomatal
opening. In contrast, when the epidermis is co-cultured with illuminated mesophyll cells
or chloroplasts, stomata open fully [65]. Thus, a link between mesophyll photosynthesis
and guard cell responses must exist [63]. Busch (2014) proposed an alternative signaling
mechanism in which the redox state of the chloroplastic plastoquinone (PQ) pool, rather than
a signal derived from photosynthesis, communicates with stomatal guard cells. However,
additional work is required to investigate the connection between the PQ redox state and the

regulation of stomatal movements triggered by red light [56].

Interestingly, red light enhances blue light-mediated stomatal opening. A weak blue
light illumination with a background of strong red light induces rapid stomatal opening in
Arabidopsis, whereas no opening occurs without red light [117]. The mechanism that leads
to K* uptake that drives stomatal opening by red light is not yet known, but recent evidence
shows involvement of the PM*-ATPase. In the case of Arabidopsis, red light triggers the
photosynthesis-dependent phosphorylation of threonine, which is the penultimate residue of
PM H*-ATPase. This biochemical process results in stomatal opening, as reported by Ando
et al. (2018) [2]. In contrast, in the presence of red light, elevated CO, induces guard cell
PM H*-ATPase dephosphorylation as well as stomatal closure [4]. Similar to the stomatal

opening responses, many components of the closing signalling pathways are still unidentified.



Introduction

1.4 Regulation of stomatal movement by CO,

Higher WUE is generally associated with stomatal morphological traits. For example,
decreasing stomatal density (SD) or altering patterning has been seen as a promising strategy
to develop crops with enhanced WUE, which could lead to improved crop productivity and

reduced vulnerability to climate change-induced drought stress.

In addition to manipulating stomatal morphological traits, understanding how stomata
regulate their apertures based on [CO,] is also important. The response of the stomatal
aperture to changes in [CO;] is well defined in the C3 Arabidopsis thaliana and other C;
crops: stomata closes in response to higher than ambient CO; concentrations and opens at

low CO, concentrations.

Firstly, guard cells respond to changes in CO, concentration. Stomatal aperture measured
on individual stomatal complexes generally decreases when exposed to short-term elevated
CO; and increases under low CO, both in darkness and light [140]. As mentioned above,
guard cells appear to perceive the CO, concentration in the substomatal cavity (C;) instead
of that surrounding the leaf (C,), which offers a direct feedback loop with photosynthetic
activity in the mesophyll tissue [85, 86], where the rate of CO, assimilation directly affects
C; and thereby indirectly impacts stomatal conductance (gs). However, this signal from
the mesophyll may not be the only mesophyll signal that controls stomatal movement
[82, 63, 78].

1.5 Stomatal regulation between C; and C4 photosynthesis

Genetic and biochemical analysis of stomatal regulation has been strongly focused on
the genetic model C3 species Arabidopsis thaliana, driven by the abundance of genomic
resources for this species. However, it is well-known that stomatal regulation can differ
strongly between different species [80]. This might be especially true for species which

differ in their photosynthetic pathway, as detailed below.

1.5.1 Cj3 versus C4 photosynthesis

Plants with C4 photosynthesis are distinct from C3 plants in anatomy and biochemistry. Cy4

operates a CO,-concentrating mechanism (CCM) between two morphologically different cell
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types, bundle sheath (BS) and mesophyll (M) cells. These cells form concentric circles around
the vascular bundles in a wreath-like pattern called ‘Kranz anatomy’, after the German word
for wreath. In this two-cell conformation the initial carboxylation of phospho-enol pyruvate
to form oxaloacetic acid is catalysed by phosphoenol pyruvate carboxylase (PEPC) in the
cytosol of M cells. In the BS cells, local decarboxylation of C4 acids malate and aspartate
releases CO;-close to the site of Rubisco expression, thereby enhancing photosynthesis and

suppressing photorespiration.

Aside from improved CO, capture, the CCM confers C4 species with superior water
use efficiency (WUE) compared with C3 and C3-C4 intermediates. The higher WUE in Cy
plants is facilitated by the higher affinity of PEPC for inorganic carbon, compared to Rubisco,
which allows the same rate of photosynthesis at lower intercellular CO,. However, this
likely requires altered guard cell sensitivity to C;. C4 photosynthesis does not saturate with
light intensity as much as C3 photosynthesis. Additionally, C4 photosynthesis is typically
(close to) CO,-saturated, which may make CO; assimilation rates less dependent on stomatal
conductance than in Cz photosynthesis. Thus, the link between guard cell responses and
photosynthesis of the underlying mesophyll tissue may be easier to deconvolute. And finally,
C4 photosynthesis requires higher vein density [105, 84], with typically a maximum of only
three adjacent mesophyll cells. This drastically alters leaf hydraulic properties and likely

stomatal conductance.

The C4 CCMs are grouped based on the three major C4 decarboxylases they utilise,
solely or in conjunction with a secondary decarboxylase: nicotinamide adenine dinucleotide-
malic enzyme (NAD-ME), nicotinamide adenine dinucleotide phosphate-malic enzyme
(NADP-ME), and phosphoenolpyruvate carboxykinase (PCK). Each subtype, aside from leaf
biochemistry, also differs in terms of anatomy, geographical distribution, and resource use
[32].

Having a CCM alters the relationship of photosynthesis with CO, in C4 species (Fig.
2B) which confers them photosynthetic advantage over C3 species under saturating light
conditions and hot environments. In these environments, C4 species typically display higher
intrinsic water use efficiency and net assimilation rates [105] compared to Cs species. It can
be argued that differential stomatal regulation is required to optimize photosynthetic capacity

and water use efficiency between C3 and Cy4 species.

Species with C4 photosynthesis are known to exhibit reduction in stomatal density as
well as the size of the pore complex [10], however not much is known about altered stomatal

sensitivities under various environmental conditions. The anatomical and biochemical
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features of C4 photosynthesis both give reason to hypothesize that the regulation of stomatal
conductance in response to these environmental factors must also have changed in C4
photosynthesis.

1.6 Phylogenetically-controlled experimental models to com-

pare C; and C4

In evolutionary timescale, the C4 syndrome is a recent occurrence. It developed at least 63
times independently in angiosperms ( [108, 107, 109] suggesting that the transition from
ancestral Cs to the derived Cy state is an easy one in a genetic sense. An evolutionary model
that integrates various aspects of biochemistry, leaf morphology and anatomy and physiology
of the pathway has been proposed. In this model, it takes seven distinctive phases that
culminate in an optimized C4 pathway [105]. The optimization model prescribes a modular,
transitory, and sequential progression from C3 to C4, which has been shown to be flexible
[139] rather than one-directional [41] in acquiring Cy traits.

1.6.1 Cleomaceae family

Comparing C3 and C4 species would typically be confounded by phylogenetic distance
between the species, which would lead to differences not necessarily associated with the
photosynthetic pathway. Closely related species or even subspecies with differing variations
in the pathways offer a way around this issue, allowing a comparison between photosynthetic
types while controlling for phylogenetic effects [84, 46]. C3-Cy4 intermediate and C4 species
are all found in the genus Cleomaceae from the family Cleomaceae, a phylogenetic sister to
Brassicaceae to which A. thaliana belongs. Cleomaceae is the largest genus in Cleomaceae
and contains roughly 200 to 250 species [47]. Tareneya hassleriana is a typical C3 in
this family [16] that is most abundant in South America [92]. Also within this genus is
Gynandropsis gynandra, a recognized Cy4 species [76]. Two other species, C. angustifolia
and C. oxalidea also exhibit features of C4. All three are classified as NAD-ME subtype
which makes for a complementary comparison to C4 Flaveria species, which are of the
NADP-ME type [36]. The C3-C4 C. paradoxa and Cj species C. africana are also contained
in this lineage [55]. Cleomaceae is widespread geographically. Species can be found in arid

areas of Latin America and Africa [47] to the pan- and subtropics, and in Australia [37].
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Since Cleomaceae is a close relative to Arabidopsis [92], it provides a unique opportunity to
utilize the abundance of genomic data on Arabidopsis. Genome sequences of G. gynandra
[7] and T. hassleriana [16] are both available.

1.6.2 Flaveria genus

The genus Flaveria, a dicot, is another recognized model to examine evolution and function
of C4 photosynthesis. The genus contains six NADP-ME Cy4 types, three Cs species, nine
C3-C4 intermediates and three Cy-like species. Cy F. trinervia and F. bidentis are widely
distributed in Africa, in the Caribbean, South America, including the Middle East, and in
almost every state of Mexico [81] while Cs-like F. pringlei is located from South central
Mexico. F. pringlei has proto-Kranz [110] and is not a canonical C3. A true C3 in the
Flaveria is F. cronquistii [96]. Empirical evidence supports that the C3 species of Flaveria
are ancestral to the C3-C,4 and Cy4-like intermediates, as well as the true C,4 species [73, 81],
and therefore presents an opportunity to analyse a continuum from the ancestral Cs to the C4

state. The genus has also provided insights into PEPC regulation [11].

1.6.3 Alloteropsis subspecies

Alloteropsis semialata is the only grass species with individuals encompassing C3 and C4
species (Russell, 1983) and intermediate phenotypes [72]. C4 A. semialata is functionally
classified as an NADP-ME subtype, but it primarily engages PEPCK. In particular, C3+Cy
intermediate plants display a “weak C4 cycle” only having rudimentary anatomical and
biochemical features of a characteristic C4 plant (Dunning et al., 2019). It has been suggested
that the C3 A. semialata subspecies might represent a reversal from the C3-C,4 intermediate
state [70]. Since A. semialata is a grass, it is also a monocot. Interestingly, the A. semialata
C4 subspecies show a wide geographical distribution [71] including cooler regions [137],
whereas the Csz subspecies are confined to Southeast Africa [71]. This seems to be in
contradiction with the general notion that C4 photosynthesis may be less able to acclimate to
contrasting climatic conditions than C3 species [108]. These ecological distributions make A.
semialata an especially interesting model to evaluate the general applicability of observations

on the two other models.



Introduction

1.7 Transgenic plants with altered photosynthetic activities

Transgenic and mutant plants have been instrumental in uncovering the mechanisms of guard
cells, the molecules that sense stimuli, and the pathways of signal transduction. Additionally,
they have been useful in understanding ion uptake and regulation of ion channels, both of

which are essential for stomatal sensitivity and behaviour [64].

Impaired photosynthesis mutants in C3 species have been previously used to study the
coordination of g and CO; assimilation. Several studies have employed RNA antisense to
manipulate the expression of key photosynthetic enzymes in C4 Flaveria bidentis. To date,
specific targets have included Rubisco [31], NADP-malate dehydrogenase [132], pyruvate
phosphate dikinase [30], Rubisco activase [135], carbonic anhydrase [18], PEPC protein
kinase [33], and NADP-ME [94]. Studies in C3 transgenics with altered photosynthetic
capacity showed similar stomatal conductance values in transgenic plants compared to wild-
type controls, despite a severe reduction in A and higher [C;] [45, 60, 119], suggesting altered
guard cell sensitivity to CO,. Nevertheless, as these experiments were conducted under either
white light or a red/blue light source, the possibility of an equal and direct stimulation of
opening by blue light in both wild-type and transgenic plants, independent of photosynthesis,
cannot be ruled out. To address this issue, Baroli and colleagues (2008) used only red light
and still observed lack of sensitivity of guard cells to C; in transgenic tobacco plants with
low Rubisco or cytochrome bgf content, in conjunction with earlier reports that used white
or red/blue light [98, 97, 136]. In another study, antisense SBPase tobacco plants opened
when exposed to increasing red light when C; was kept constant supporting a C;-independent
signal [62]. In general, these findings may suggest that the connection between mesophyll
photosynthesis and the stomatal response to CO; is not as straightforward as previously

believed.

In transgenic potato with low PEPC activity, a role for PEPC and malate activity was
supported by a decrease in stomatal movement in guard cells with reduced PEPC, while the
over-expressors showed accelerated opening [34]. These findings are supported by work on
Amaranthus edulis where plants deficient in PEPC showed slower rates of stomatal opening
and low final gs values [19]. However, Lawson (2009) argued that since the Cauliflower
mosaic virus (CAMyv) promoters were used in most studies, it was assumed that a) all cells
were antisensed in a similar way, and therefore may also have changed the dynamics of the

malate pool, and b) the observed response was equivalent to steady state g [61].
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Although numerous studies documented observations of g, in general, research on trans-
genics with decreased photosynthetic ability was not specifically carried out to investigate
g [61]. Furthermore, the cell-autonomous nature of C3 photosynthesis will inadvertently
affect the photosynthetic assimilate supply in the guard cells as in the mesophyll. In C4 cycle
mutants, this could be less of an issue, but similar studies in C4 that aimed to explore the link

between CO; assimilation and stomatal responses to CO, are lacking.

1.8 Hypotheses and Thesis Objectives

1.8.1 Hypotheses

1.Aside from leaf anatomy and biochemistry, C3 and C4 plants differ in stomatal regulation

under short-term changes to light and CO,.

2. Control over stomatal movements in response to short-term changes to light and CO; is

shared between guard cells and the underlying mesophyll.

1.8.2 Research Aims

1. To investigate how C4 photosynthesis impacts on short-term regulation of stomatal

conductance in response to environmental factors such as light and CO,.

2. To study the role of guard cell physiology and mesophyll photosynthesis in stomatal

responses to CO; and light in C4 species.
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Chapter 2

A comparison of stomatal conductance
responses to blue and red light between
C; and C4 photosynthetic species in three

phylogenetically-controlled experiments

Published as Bernardo et al. 2023 Frontiers in Plant Science 14: 1253976

2.1 Introduction

Efficient coordination of carbon gain versus water loss by stomata is achieved by a range
of stomata responses to these environmental factors, most notably light and CO;. Light
stimulates stomatal opening via at least two distinct signaling pathways with contrasting
action spectra [117], which are either perceived directly in the guard cells or indirectly via

signals derived from the underlying mesophyll [63, 86].

Blue light (BL) is a potent signal for stomatal opening, and guard cells contain all the
components required for the blue light signaling pathway [117, 120]. Blue light initiates
rapid stomatal opening via a pathway that is independent of photosynthesis and saturates
at relatively low fluence rates. Blue light triggers the autophosphorylation of phototropins,
PHOT1 and PHOT?2 via their substrate BLUS1 (BLUE LIGHT SIGNALING 1) [49, 122].
This sequentially triggers the activation of plasma membrane H* ATPase pump, which
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hyperpolarizes the plasma membrane, leading to the uptake of K* through inward-rectifying
channels. The accumulation of K* and other solutes drives the influx of water into the GCs

and the resulting turgor change leads to stomatal opening [117].

Illumination with red light (or photosynthetically active wavelengths other than blue)
also triggers stomatal opening but the quantum efficiency to stimulate opening is typically
lower than blue light. An indirect effect of red light that is tied to CO, inside the leaf
(G;, intercellular COy), is triggered by high (red) light through mesophyll photosynthesis,
which reduces C;j, and consequently affects g;. However, this feedback loop does not appear
to be the only mesophyll-derived signal perceived by stomata. A significant response to
red light was still observed in experiments where C; was kept constant [82]. In addition,
epidermal peel experiments revealed that GC responses to red light are reversibly altered by
the presence of the underlying mesophyll tissue. Thus, an additional link between mesophyll
photosynthesis and guard cell responses may exist [63]. The identity of the mesophyll signal

however remains unresolved.

Plants with C4 photosynthesis are distinct from C3 plants in anatomy and biochemistry.
C4 operates a CO,-concentrating mechanism (CCM) between two morphologically different
cell types, bundle sheath cells (BSC) and mesophyll (M) cells [105]. Having a CCM alters the
relationship of photosynthesis with CO; in Cy4 species which confers them a photosynthetic
advantage over C3 species under saturating light conditions and hot environments [13]. In
these environments, C4 species typically display higher intrinsic water use efficiency and
net assimilation rates [105] compared to C3 species [59]. It can therefore be argued that
differential stomatal regulation is required to optimize photosynthetic capacity and water
use efficiency between C3; and C4 species. And that the mesophyll signal argued above
may be different between C3 and C,4 species. However, not much is known about stomatal

sensitivities with regard to photosynthetic types under various light and CO; environments.

Comparisons between C4 and C3 species are easily be confounded by phylogenetic
distance between the species, which would lead to differences not necessarily associated
with the photosynthetic pathway [84]. For instance, contrasting blue light responses in C3
and C4 were observed in crop species [146], but the findings could not be directly linked to
photosynthetic type alone because the species examined were separated by considerable phy-
logenetic distance. Closely related species or even subspecies with differing photosynthetic
pathways offer a way around this issue, allowing a comparison between photosynthetic types
while controlling for phylogenetic effects [84, 46].
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In this study, blue and red-light stomatal responses were studied in three phylogenetically-
controlled experiments, using closely related species from the Cleomaceae (Tarenaya and
Gynandropsis), Asteraceae (Flaveria), and Poaceae (Alloteropsis) that use either C3 or Cy
photosynthesis. The results show a striking lack of sensitivity to blue light in C4 dicots,
compared to their C3 counterparts, which exhibited significant blue light responses. In
contrast, in the monocot A. semialata, a weak blue light response was observed regardless of
photosynthetic type. The quantitative red light response varied across species, and variation
within-species was also observed as in the case of Flaveria. However, the presence or absence
of a significant stomatal red light response was not related to differences in photosynthetic

pathway.

2.2 Materials and Methods

2.2.1 Plant materials

Stomatal responses were compared across closely related C3 and C4 species from the
Cleomaceae (Cleome), Asteraceae (Flaveria), and Poaceae (Alloteropsis), with considerable
phylogenetic distance separating each of the controlled comparisons. From the genus Cleome,
Tarenaya hassleriana (C3) was compared with Gynandropsis gynandra (Cy4). Seeds of C3
T. hassleriana (Cleomaceae) were obtained from Prof. Julian Hibberd’s group (Cambridge,
UK). From the genus Flaveria, F. cronquistii and F. robusta (C3) were compared with
Flaveria pringlei (C3-like) and with Flaveria trinervia and Flaveria bidentis (C4). Seeds of
F. bidentis, F. trinervia, and F. pringlei were a gift from Dr. Peter Westhoff (University of
Dusseldorf, Germany). Clonal plants of F. cronquistii and F.robusta were a kind gift from
Dr. Marjorie Lundgren (Lancaster University, UK) and Prof. Julian Hibberd (Cambridge
University, UK), respectively. Finally, from the genus Alloteropsis, A. semialata subsp.
eckloniana GMT (C3) and A. semialata subsp. semialata MDG and MAJ (both C4) were a
gift from Prof. Pascal-Antoine Christin (University of Sheffield, UK).

2.2.2 Growth conditions

Seeds of Cs3 T. hassleriana were germinated on moistened filter paper (Whatman, Grade 1)
in a plastic Petri plate (90 mm x 150 mm). The plates containing the seeds were kept in a

growth cabinet maintained at 27°C for 16 h during the day and were placed in an undisturbed
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part of the laboratory overnight to attain a nighttime temperature differential of at least 10°C
for 5-7 days, or until the radicle emerged. Individual seedlings of 7. hassleriana were then
transplanted into 24-cell trays for 2-3 weeks before replanting them into 10 cm H x 9 cm L x
9 cm W plastic pots with M3 compost (Levington®, Evergreen Garden Care (UK) Ltd.). Gas
exchange data were collected from the youngest recently expanded leaf from plants with 4-5
sets of mature leaves. Seeds of C4 G. gynandra were sown in a community pot, also in M3
compost. Once the first true set of leaves appeared in two weeks the plants were transferred
to individual 24-cell trays where the seedlings were allowed to develop for two more weeks
until they were finally transferred to 10 cm Hx 9 cm L x 9 cm W plastic pots. As with 7.
hassleriana, gas exchange measurements were taken from the youngest recently expanded

leaf from plants with 4-5 sets of mature leaves.

Seeds of Cy4 F. bidentis, C4 F. trinervia, and Cs-like F. pringlei were germinated on M3
compost. After 1 week, seedlings with a pair of true leaves were individually transplanted
to 24-cell seed trays where they were allowed to develop for 2 to 3 weeks before being
transferred to 10 cm H x 9 cm L x 9 cm W plastic pots containing M3 compost. Clonal
plants of C3 F. cronquistii and C3 Frobusta were propagated from cuttings. All gas exchange

measurements were taken from plants with 4-5 sets of mature leaves.

The Cleomaceae and Flaveria were grown in an environmentally-controlled growth room
at the Plant Growth Facility (PGF), Department of Plant Sciences, University of Cambridge.
Photoperiod was kept at 16 hours (6:00 to 22:00) of light supplied by fluorescent lamps with
a PPED of 300 pmol m™ s™!. The growth room was maintained at day and night temperatures
of 20°C and 60% RH at ambient CO,. The Alloteropsis accessions were grown at the
Cambridge Botanic Gardens Glasshouse. Plants were vegetatively propagated to contain 2-3
tillers per 1 L pots filled with 4:1 M3 compost: coarse vermiculite and 5 g controlled-release
fertilizer (Osmocote®). Supplemental light from sodium halide lamps (140-160 W m™2) was
provided from 4:00 to 20:00. Greenhouse set point temperature was at 18°C, while nighttime

temperatures were at 15°C. CO, and RH were at ambient.

2.2.3 Gas exchange measurements

An open gas exchange system (LI-6400XT, LI-COR, Lincoln, NE, USA) with an inte-
grated fluorometer and light source (LI-6400-40, LI-COR) was used to measure stomatal

conductance (gs) and assimilation rate (A).
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Red and Blue light Switchover experiment

To characterize stomatal responses to light of different spectral compositions, a series of
switchover protocols were designed comprising sequential changes between 100% red and
75% red + 25% blue light, while keeping the total photosynthetic photon flux density (PPFD)
equal. In Sequence R—RB—R, leaves were first acclimated under 100% red light, and then
switched to 75% red and 25% blue light, and then back to the original light environment of
100% red light. 500 umol m™ s™' PPFD was maintained throughout the time course for this
experiment and the complementary sequence (RB—R—RB). Each switchover experiment
was initiated when steady state was reached (typically after 2 h). Gas exchange measurements
were logged every 60 s throughout the protocol. After logging the first 5 min (in Cleomaceae
and Alloteropsis) and 10 min (in Flaveria) of the steady state condition, the light composition
was switched to either red or red+blue, followed finally by a switch back to the initial light
composition. During each phase gas exchange parameters were logged for 60 mins (in
the Cleomaceae and Alloteropsis) and 50 mins (in Flaveria). Thus, for each measurement
series, 125 mins were recorded for Cleomaceae and Alloteropsis subspecies and 100 mins
for Flaveria. The initial experiment in Flaveria was performed using Cs-like F. pringlei,
C4 Ftrinervia and C4 F. bidentis. However, because Cs-like F. pringlei has proto-Kranz
[37], it is not considered a canonical C3. Therefore, a repeat experiment in Flaveria was
performed to include two true Cs species, F. cronquistii and F. robusta. For this experiment,
only sequence R—RB—R was repeated, since the previous experiments had shown that both
sequences yielded very similar results. Reference CO, during the experiment was controlled
at 400 umol mol™!, block temperature was kept at 25°C and average VPD was ca. 1.2 kPa.

All measurements were taken between 10:00 and 16:00 h.

2.2.4 Determination of the red light response

To characterize the red-light response of stomatal conductance, the protocol by Messinger
et al. (2006) was adopted. This protocol measures the stomatal response to red light,
while controlling for the potentially confounding effect of the stomatal CO; response by
maintaining a constant intercellular CO, concentration (C;) at each light intensity. Briefly, the
Messinger protocol [31] involved illuminating the leaf segment clamped inside the cuvette
with 800 umol m™ s! red light to steady state. Subsequently, the PFD was lowered step-wise
from 800 to 600, 400, 200, O umol m2 s°!, each change was initiated once steady state

of stomatal conductance was achieved. As A and g5 changed in response to the new light
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environment, CO, was manually adjusted using the mixer millivolt signal to keep C; at the

value observed at 800 pmol m2 s™!.

2.2.5 Stomatal morphology and density using epidermal impressions

Epidermal imprints from all species, except for Flaveria trinervia, were taken from adaxial
and abaxial layers using clear nail varnish (Rimmel, London) using the same leaves used for
gas exchange measurements. Dried nail varnish was lifted from the leaf using sticky tape
(Sellotape) and affixed onto glass slides. Images were captured using a Nikon microscope
(Olympus BX41, Japan) fitted with a CCD camera (U-TV0.5zc- 3/Micropublisher 3.3 RTV,
Olympus, Japan) and installed with (Q-Capture Pro 7 imaging software). Total magnifications
of x200 and x400 (Olympus WHB 10x/20 eyepiece x Olympus PN 20x/0.40 or PCN 60x/0.80
objectives) were used for stomatal density counting and investigation of stomatal anatomical
parameters, respectively, unless stated otherwise. For Flaveria trinervia the quality of
nail varnish impressions was not sufficient to collect stomatal anatomical parameters, data
were instead collected from epidermal peels, using the same microscopy set up with a total
magnification of x400. Therefore, these data were not from the same leaf as was used for gas

exchange but instead were taken from other leaves at the same developmental stage.

To assess stomatal size (SS), guard cell width (GCW) and guard cell length (GCL), were
measured using FiJi software [115]. SS was calculated using the formula for the area of an
ellipse. Stomatal density (SD) was calculated as the number of stomata per unit area (-mm?).
A stoma was counted if >50% was located within the field of view. Four random microscopic
fields of view each from the adaxial and abaxial surfaces were collected from 3-5 biological
replicates, giving >300 stomata per species. Logarithmic models were fitted using the *drc’
package [100] in the RStudio environment to examine the relationship between SS and SD

between photosynthetic types.

2.2.6 Experimental design and data analysis

For the red and red+blue light switchover experiments, pairs of C3 and C4 species were
measured in parallel between 10:00 and 16:00 h to control for the effect of circadian rhythms
on stomatal conductance. Each phylogenetically-controlled comparison was an independent
experiment. To estimate the impact of light on stomatal conductance resulting from the shift

from one light environment to the next, a linear mixed-effects model was used. Light was the
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within-subject factor and species was the between-subject factor. Biological replicates were

treated as random variables.

To carry out the analysis, g5 and A at the introduction or removal of blue light (t = 5 min
and t =65 min, R—+BR—R) or the reverse (t =5 and t = 65, BR—-R—BR), and the final g at
t = 125 min were extracted from the gas exchange time series. These values were used to
assess the differences between gg end-point values under R versus BR illumination via linear

mixed-effects modelling.

Linear mixed-effects model was also fitted to the red light response data set. Red light
PFD and species were assigned as within- and between-subject variables, respectively, while

individual biological replicates were treated as random variables.

For every genus, the density of stomata and size of stomata on the abaxial and adaxial
surfaces were analysed using a two-way ANOVA post-hoc comparisons were carried out
using Tukey’s HSD at an a=0.05.

The statistical tests were carried out using R, version 4.2.1 and RStudio, version 2022.07.1
and JMP Pro 17 (SAS Institute).

Graphs were plotted using R, version 4.2.1 and RStudio, version 2022.07.1 and the
ggplot2 package [138]. Figures were compiled using the ggpubr package [51].

2.3 Results

2.3.1 Stomatal sensitivity to blue light is lower in C4 dicots compared

to their C3 counterparts

To compare the sensitivity of stomatal opening to blue light relative to red light of equal
intensity between Csz and Cy4 species, gas exchange was measured in response to a sequence
of 75% red:25% blue (RB) light to 100% red (R) with a total PAR of 500 umol photons m2
s'! as well as the reverse sequence. Following steady state g of 0.49 mol H,O m2 s! atR
light, g in the C3 species T. hassleriana increased gradually to 0.64 mol HO m™ s™! upon
shifting to RB light and the effect was rapidly reversed when the light was returned to R (Fig.
1.A.1). Similarly, when moving from RB—R in the reverse sequence, C3 T. hassleriana
rapidly declined from 0.38 to 0.20 mol H,O m™ s’!, and gradually increased again by the
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switch from R—RB over the course of an hour (Fig. 1.B.1). In contrast, no effects of the
R—RB—R sequence, nor the reverse RB—R—RB sequence were observed on g in the Cy
species G. gynandra, which remained invariable at 0.19 mol H,O m™ s™' (Figs 1.A.2 and
1.B.2). Itis also worth noting that the strong stomatal movements in C3 7. hassleriana did
not correspond to parallel responses in A (Fig.2.2A & B), which instead was not significantly

impacted by the changes in light composition in either of the Cleome species (Fig.2.2).
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Fig. 2.1 Time course of gs in C3 T. hassleriana (A and B) and C4 G. gynandra (C and D) in response
to a sequence of 75 red% + 25% blue light and vice versa. Leaves were initially acclimated in
either 100% red or 75% red+25% blue light until steady-state was achieved. Subsequently, the light
environment was switched depending on the initial light condition while maintaining an intensity of
500 umol m™2 s™'. Subsequently, the leaves were acclimated to the new light condition for 1 hr before
returning it back to the original condition. Light conditions were reversed at t; and tg5. Reference
CO, was maintained at 400 umol mol ™!, block temperature was kept at 25°C and average VPD was
1.2 kPa. Data points represent mean + se (n=4-5). Asterisks indicate significant difference at the end
of blue or red light sequence from the imposition of treatment.
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Table 2.1 Repeated measures (mixed-effects) ANOVA of gg in Cleomeaceae under R—>RB-—>R
sequence (Fig. 2.1A, R?=0.96, RMSE = 0.044).

Source DF F ratio Pr(>F)
Species 1 85.88 0.0002
Light 2 8.90 0.0060
Species x Light 2 8.10 0.0082

Table 2.2 Repeated measures (mixed-effects) ANOVA of g; in Cleomeaceae under RB—>R->RB

sequence (Fig. 2.1B, R?=0.93, RMSE = 0.029).

Source DF F ratio Pr(>F)
Species 1 16.99 0.0092
Light 2 14.45 0.0011
Species x Light 2 12.52 0.0019
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Fig. 2.2 Time course of A in C3 T. hassleriana (A and B) and C4 G. gynandra (C and D) in response to
a sequence of 100% red to 75% red + 25% blue light and vice versa. Leaves were initially acclimated
in either 100% red or 75% red+25% blue light until steady state was achieved.. The light environment
was switched depending on the initial light condition while maintaining 500 umol m s™'. The leaves
were acclimated in the new light condition for 1 hr before returning it back to the original condition.
Light conditions were changed at t6 and t65. Reference CO, was maintained at 400 umol mol™!, block
temperature was kept at 25°C and average VPD was 1.2 kPa. Data points represent n = 3-4 + se.

Fitting the g¢ data to a mixed-effects model revealed highly significant interaction effect
for both R—-RB—R (Table 2.1) and RB—+R—RB sequences (Table 2.2). There was no
evidence for a similar relationship in A, however (Tables 2.3 and 2.4.
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Table 2.3 Repeated measures (mixed-effects) ANOVA of A in Cleomeaceae under R—>RB-—>R
sequence (R?>=0.98, RMSE = 0.397).

Source DF F ratio Pr(>F)
Species 1 24.43 0.0043
Light 2 7.379 0.0108
Species x Light 2 0.9126 0.4325

Table 2.4 Repeated measures (mixed-effects) ANOVA of A in Cleomeaceae under RB—>R-—>RB
sequence (R?=0.93, RMSE = 0.87).

Source DF F ratio Pr(>F)
Species 1 1.519 0.2832
Light 2 2.275 0.1395
Species x Light 2 1.167 0.3792

To find out if these differences between C3 and C4 Cleome species were representative of
general differences in stomatal responses between photosynthetic pathways, the R—+-RB—R
sequence was also performed on Flaveria, another genus which contains C3z, C3-C4, and
C4 species (Fig. 2.3). Following steady state g of 0.35 mol H,O m™? s”! at R light in the
Cs-like F. pringlei (proto-kranz) g increased gradually to 0.40 mol H,O m™ s*! upon the
addition of blue light (Fig. 2.3E). When light was returned to R, g decreased rapidly to 0.29
mol H,O m™ s7!. Similarly, when moving from RB—R, Csz-like F. pringlei rapidly declined
from 0.37 to 0.32 mol HyO m™ s°!, which was gradually reversed by the switch from R—RB
over the course of 40 mins (Fig. 2.3). In contrast, no effects of the R—RB—R sequence,
nor the reverse RB—R—RB sequence were observed on g in both C4 F. trinervia and C4 F.
bidentis, which stayed at 0.10 and 0.19 mol H,O m™ s7! in both sequences.

Significant species by light interaction was detected for R—-RB—R (Table 2.5, p=0.0005),
but not for the reverse sequence, RB—+R—RB (Table 2.6), where the main effects were

marginally significant (Light, p=0.0529; Species, p=0.0717).
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Fig. 2.3 Time course of g; in C3-like F.pringlei (A and B), C4 F. bidentis (C and D), and C4 F.
trinervia (E and F) in response to a sequence of 75% red + 25% blue light and vice versa. Leaves were
initially acclimated in either 100% red or 75% red+25% blue light until steady state was achieved.
Subsequently, the light environment was switched depending on the initial light condition while
maintaining 500 umol m™? s!. The leaves were acclimated in the new light condition for 60 min
before returning it back to the original condition for another 30 mins before terminating the experiment.
Light conditions were reversed at tjo and ty9. Reference CO, was maintained at 400 umol mol!,
block temperature was kept at 25°C and average VPD was 1.2 kPa. Data points represent n=3 + se.

Data points represent mean + se (n=4-5). Asterisks indicate significant difference at the end of blue or
red light sequence from the imposition of treatment.
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Table 2.5 Repeated measures (mixed-effects) ANOVA of g in three species of Flaveria under R—
>RB—>R sequence (R?=0.97, RMSE = 0.017).

Source DF F ratio Pr(>F)
Species 2 711.862  <0.0001
Light 2 12.635 0.0011
Species x Light 4 11.340 0.0005

Table 2.6 Repeated measures (mixed-effects) ANOVA of g in three species of Flaveria under RB—
>R—>RB sequence (R?=0.99, RMSE = 0.014).

Source DF F ratio Pr(>F)
Species 2 4.22 0.0717
Light 2 3.793 0.0529
Species x Light 4 2.2190 0.1285

The results in Fig.2.3 show the differences in blue light response between C3 and Cy
species were also present in Flaveria. However, to account for the fact that the first set of
Flaveria experiments used the proto-kranz Cs-like species F. pringlei as the C3 representative,
the experiment was repeated with the inclusion of two other C3 Flaveria species. Because
the complementary sequence RB—R—RB yielded the similar results as the R—-RB—R
sequence, only the latter was repeated (Fig.2.4) on two ‘true’ Cz species, F. robusta (Fig.2.4A)
and F. cronquistii (Fig.2.4B), as well as the two Cy4 species, F. trinervia (Fig.2.4C) and F.
bidentis (Fig.2.4D) and Cs-like F. pringlei (Fig.2.4E). After reaching steady state in R, g
increased significantly from 0.22 mol HyO m™ s™! to 0.28 (Fig.2.4A) mol H,O m? s'! in
FE robusta upon the switch to RB and from 0.30 mol H,O m2 s to 0.36 mol H,O m™
s1inCy F cronquistii (Fig.2.4B). On the other hand, g; in C4 F. trinervia showed only a
slight non-significant increase from 0.11 mol HyO m™ s™! to 0.13 mol HO m™2 s*! under RB
light (2.4C), and similarly g¢ in C4 F. bidentis remained unchanged at 0.13 mol H,O mZs!
(Fig.2.4D). Finally, in C3-like F. pringlei, from an initial g of 0.16 mol H,O m™ s! it rose
to 0.19 mol H,O m? s™! under BR (Fig. 2.4E). Further, the stimulating effects on gg of the
R—RB switch in the C3 and Cs-like species were largely reversed by the switch back to R
light, but again g; remained unaffected in the C4 species. Similar to the first experiment with

three Flaveria species, a significant interaction effect between species and light composition
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was present (Table 2.7). The light composition switches did not significantly affect the rate
of net CO, assimilation in any of the species (Fig. 2.5), as was found in Cleomaceae.
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Fig. 2.4 Time course of gs in C3 F.robusta (A), Cs F. cronquistii (B), C4 F. trinervia (C), C4 F. bidentis
(D), and Cs-like F pringlei (E) in response to a sequence of 75% red + 25% blue light and vice
versa. Leaves were initially acclimated in either 100% red or 75% red+25% blue light until steady
state was achieved. Subsequently, the light environment was switched depending on the initial light
condition while maintaining an intensity of 500 umol m™ s'!. The leaves were acclimated to the
new light condition for 60 min before returning them back to the original condition for another 60
mins before terminating the experiment. Light conditions were reversed at tg and tgs. Reference CO,
was maintained at 410 umol mol™!, block temperature was kept at 25°C and average VPD was 1.2
kPa. Data points represent n=4-5 + s.e. Data points represent mean + se (n=4-5). Asterisks indicate
significant difference at the end of blue or red li%l% sequence from the imposition of treatment.
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Table 2.7 Repeated measures (mixed-effects) ANOVA of g in five species of Flaveria under R—>RB—
>R sequence (R?=0.97, RMSE = 0.0017). To carry out the analysis, g at the introduction or removal
of blue light (t =5 min and t =65 min, R—BR—R) or the reverse (t =5 and t = 65, BR—-R—BR),
and the final gg at t = 125 min were extracted from the gas exchange time series.

Source DF F ratio Pr(>F)
Species 4 85.88 0.0002
Light 2 8.90 0.0001
Species x Light 8 8.08 0.0048
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Fig. 2.5 Time course of A in C3 Frobusta (A), C3 F. cronquistii (B), C4 F. trinervia (C), C4 F. bidentis
(D), and Cs-like F pringlei (E) in response to a sequence of 75% red + 25% blue light and vice
versa. Leaves were initially acclimated in either 100% red or 75% red+25% blue light until steady
state was achieved. Subsequently, the light environment was switched depending on the initial light
condition while maintaining an intensity of 500 umol m™ s!. The leaves were acclimated to the new
light condition for 60 min before returning them back to the original condition for another 60 mins
before terminating the experiment. Light conditions were reversed at t¢ and tg5. Reference CO, was
maintained at 410 pmol mol™!, block temperature was kept at 25°C and average VPD was 1.2 kPa.
Data points represent n=4-5 * s.e.
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To make sure that the stomata in C4 dicots were not already at their maximum aperture
when the switchover experiments were performed, an independent experiment using 200
ppm CO; showed increasing g in Cleome and in C4 F. bidentis under the same 500 umol m™
s”! RB light combination. The results indicate that the stomata were not already at maximum

opening in the switch over experiment.

2.3.2 C;3 and C4 subspecies of the monocot A. semialata display the
canonical blue light response

Cleome and Flaveria are both dicotyledonous species, but C4 photosynthesis is also quite
prevalent in the monocots [105]. Monocot species have stomatal features distinctly different
from dicots [10]. To determine if the diferences in stomatal responses to blue light described
above also extend to monocots, the R—+RB—R switchover experiment was also performed
on C3 and C4 A. semialata subspecies (Fig.2.6). In this case, significant stimulation of gg in
response to the R—RB switch was observed across both C3 and C4 subspecies, increasing
from 0.05 to 0.07 mol H,O m™ s7! and returning to 0.05 mol HO m™2 s™! in response to the
RB—R switch.
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Fig. 2.6 Time course of g in C3 A. semialata subsp. eckloniana ‘GMT’ (A and B), C4 A. semialata
subsp. semialata ‘MDG’ (C and D) and Cy4 A. semialata subsp. semialata ‘MAJ’ (E and F) in response
to a sequence of 75% red + 25% blue light and vice versa. Leaves were initially acclimated in either
100% red or 75% red+25% blue light until steady-state was achieved. The light environment was
switched depending on the initial light condition while maintaining 500 umol m™ s°!. The leaves
were acclimated to the new light condition for 40 min before returning it back to the original light
condition. Reference CO, was maintained at 410 umol mol™!, block temperature was kept at 25°C
and average VPD was 1.2 kPa. Data points represent n=3-4 + s.e.
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Table 2.8 Repeated measures (mixed-effects) ANOVA of gs in Alloteropsis under R—>RB—>R
sequence (R?=0.91, RMSE = 0.009).

Source DF F ratio Pr(>F)
Species 2 0.252 0.7837
Light 2 12.72 0.0007
Species x Light 4 0.635 0.6457

Table 2.9 Repeated measures (mixed-effects) ANOVA of gy in Alloteropsis under RB—>R—>RB
sequence (R?>=0.87, RMSE = 0.011).

Source DF F ratio Pr(>F)
Species 2 0.123 0.8859
Light 2 7.53 0.0060
Species x Light 4 0.482 0.7486

After reaching steady state in R, g, increased significantly from 0.05 mol H,O m™? 5! to
0.07 mol H,O m? s ! in C3 A. semialata’GMT’ upon the switch to RB, and then returned to
0.05 mol H,O m2 s! when the light was shifted back to R. On the other hand, Both C4 A.
semialata CMDG’ and "MAJ’) also showed an increase from 0.04 mol H,O m™? s! to 0.05
mol H,O m™ s™! under RB, and back to 0.04 when the light was reverse to R.

In the reverse sequence, g followed a similar pattern. In C3 A. semialata’GMT’, g was
0.07 mol H,O m2 s°! at the start of R, which then dropped to 0.05 mol H,O m™ s™! under
R, and returned to 0.07 mol H,O m™ s°! when light was changed to RB. Following steady
state, the initial g¢ in C4 A. semialata ’MDG’ under BR was 0.08 mol H,O m™ s’!, which
rapidly declined to 0.06 mol HyO m™ s™!, with a final g, of 0.06 mol H,O m™ s°'. Similarly,
gs in C4 A. semialata "MAJ’ started at 0.07 mol H,O m2 s7! under RB, decreased to 0.05
mol H,O m™ s™! under R and returned to 0.06 mol H,O m2 s™' under RB.

Under R—+-RB—R and the reverse sequence, RB—R—RB, fitting the g data to a linear
mixed-effects model showed a highly significant effect of light (Table 2.8, p=0.0007; Table
2.9, p=0.0060), but the main effect of species (R-RB-R, p=0.7837; RB-R-RB, p=0.8859) and
its interaction with light (R-RB-R, p=0.6456; RB-R-RB, p=0.7486) were not significantly
different.
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Linear mixed-effects model analysis of A under R—+RB—R showed a significant main
effect of light (Table 2.10, p=0.0013), but the general trends suggested that A was insensi-
tive to the changes in light composition , similar to the Cleomaceae and Flaveria results.
Indeed, analysis of the reverse sequence found no significant effects of species, light or their
interaction on A (Table 2.11).
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Fig. 2.7 Time course of A in C3 A. semialata subsp. eckloniana ‘GMT’ (A and B), C4 A. semialata
subsp. semialata ‘MDG’ (C and D) and C4 A. semialata subsp. semialata ‘MAJ’ (E and F) in
response to a sequence of 75% red + 25% blue light and vice versa. Leaves were initially acclimated
in either 100% red or 75% red+25% blue light until steady state was achieved. Subsequently, the light
environment was switched depending on the initial light condition while maintaining an intensity of
500 umol m2 s7!. The leaves were acclimated to the new light condition for 60 min before returning
them back to the original condition for another 60 mins before terminating the experiment. Light
conditions were reversed at tg and tg5. Reference CO, was maintained at 410 umol mol!, block
temperature was kept at 25°C and average VPD was 1.2 kPa. Data points represent n=3-4 =+ s.e.
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Table 2.10 Repeated measures (mixed-effects) ANOVA of A in Alloteropsis under R—>RB—>R
sequence (R?>=0.98, RMSE = 0.510).

Source DF F ratio Pr(>F)
Species 2 0.094 0.9117
Light 2 11.11 0.0013
Species x Light 4 1.968 0.1550

Table 2.11 Repeated measures (mixed-effects) ANOVA of A in Alloteropsis under RB—>R—>RB
sequence (R?=0.90, RMSE = 0.872).

Source DF F ratio Pr(>F)
Species 2 1.519 0.2832
Light 2 2.273 0.1395
Species x Light 4 1.1378 0.3792

2.3.3 Red light response in phylogenetically-close pairs of C3 and Cy4

dicots and monocots, at constant C;

To evaluate the quantitative "red" light stomatal response, stomatal responses were evaluated
at different red PFDs. The depletion of CO; in the mesophyll can give rise to an apparent red
light response [103] which was not the focus of the experiments here, therefore the stomatal

response to red light was evaluated under constant C;.

In Cleome, C3 T. hassleriana showed a drop in steady state gg from 0.42 mol HyO m™2 s°!
to 0.26 mol H,O m™ s™! when red light intensity was reduced from 800 umol m s™! to 200
pmol red photons m?Zs! (Fig.2.8A) and C; maintained at 288 umol CO, mol‘l(Fig.2.8 gs).
gs in C4 G. gynandra remained consistent around 0.15 mol H,O m™ s™! at the starting light
intensity of 800 umol m™2 s°! red light (Fig.2.8C), while C; was held constant at 173 umol
CO, mol! (Fig.2.8D) and only slightly decreased to 0.12 mol HO m™ s™! when light was
2 1

set to 200 pmol red photons m™ s™".
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Fig. 2.8 Response of gg and A to red light PFD in C3 T. hassleriana (A, B, and E, n=4) and C4
G. gynandra (C, D and F, n=4). A linear mixed- effects model analysis was carried out to test if

photosynthetic type influences the response to red light in congeneric species belonging to Cleomaceae.
Data points represent the mean + s.e.

Using a linear mixed-effects model, the interaction of photosynthetic type and red PFD
on g was found to be significant (Table 2.12, p<0.0291), with C4 G. gynandra differing from

C3 T. hassleriana. In both species CO, assimilation rate also responded significantly to red
light PFD (Table 2.13, p=0.0437).
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Table 2.12 Repeated measures (mixed-effects) ANOVA of A in Cleomaceae under varying intensities
of red light (R*=0.024, RMSE = 0.977).

Source DF F ratio Pr(>F)
Species 1 45.21 0.0005
PPFD 1 10.09 0.0192
Species x PPFD 1 8.148 0.0291

Table 2.13 Repeated measures (mixed-effects) ANOVA of g in Cleomaceae under varying intensities
of red light (R?=1.825, RMSE = 0.93).

Source DF F ratio Pr(>F)
Species 1 6.49 0.0437
PPFD 1 169.26 <0.0001
Species x PPFD 1 4.42 0.0802

In Flaveria, C3 F. cronquistii showed an average g, of 0.36 mol H,O m™ s™! at 800 pumol

2 g1 while

red photons m™ s*! which decreased to 0.27 mol H,O m™ s! at 0 umol photons m”
C; was kept constant at 296 umol CO? mol™! (Fig.2.9A). C3 E robusta had a lower overall gj,
which started from 0.17 mol H,O m™ s™! and decreased to 0.13 mol H,O m? s™'at a C; of

247 mol CO? mol! (Fig.2.9B).

Meanwhile steady state g, in C4 F. bidentis under 800 pumol red photons m™ s™! was 0.18
mol H,O m2 s™! which slowly decreased to 0.13 mol H,O m™ s*!with the decrease in light
intensity (Fig. 2.9E), but while holding C; constant at 157 umol CO, mol-! (Fig.2.9F). g in
C4 F. trinervia was practically unchanged in response to red light intensity ranging between
0.12 and 0.10 H,O m™2 s‘l(Fig.2.9G). Finally, Cs-like F. pringlei had a g5 of 0.19 mol H,O
m2 s”! which decreased to 0.15 mol H,O m™ s™! (Fig. 2.91) as light intensity was reduced
while keeping C; at 240 umol CO, mol™! (Fig.2.91).

Fitting the g data to a linear mixed-effects model (Table 2.14) showed a highly significant
species (p<0.0001) and red light PFD (p<0.0001) main effects, and but a non-significant
interaction effect (p=0.6789). The significance of the red light effect demonstrates that
despite the limited range of the response, stomata did respond significantly to red light across
some of these species. The strong significance of the species effect demonstrates that the

absolute values of stomatal conductance differed significantly between Flaveria species in
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Fig. 2.9 Response of g to red light PFD in C3 F. cronquistii (A, n=4) and C3 F. robusta (B, n=5), C4
F.bidentis (C, n=8), C4 Etrinervia (D, n=5), and Cs-like F. pringlei (E, n=5). A linear mixed- effects
model analysis was carried out to test if photosynthetic type influences the response to red light in
congeneric species belonging to Flaveria. Data points represent the mean + s.e.
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line with photosynthetic type. However, the absence of a significant interaction between
species and red light demonstrates that the magnitude of the stomatal red light response did

not differ significantly between these species.

Table 2.14 Repeated measures (mixed-effects) ANOVA of g in Flaveria under varying intensities of
red light (R?=0.027, RMSE = 0.91).

Source DF F ratio Pr(>F)
Species 4 14.88 <0.0001
PPFD 1 59.608 <0.0001
Species x PPFD 1 0.506 0.6789

Not surprisingly, CO, assimilation rate responded strongly to light intensity in all five
species (Fig. 2.10 and Table 2.15), suggesting that the significant stomatal red light response
in these species may serve to fine-tune coordination between stomatal conductance and

photosynthesis, in concert with the stomatal CO; response.
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Fig. 2.10 Response of A to red light PFD in C3 F. cronquistii (A, n=4) and C3 F. robusta (B, n=5), C4
Fbidentis (C, n=8), C4 F. trinervia (D, n=5), and Cs-like F. pringlei (E, n=5). A linear mixed- effects
model analysis was carried out to test if photosynthetic type influences the response to red light in
congeneric species belonging to Flaveria. Data points represent the mean =+ s.e.
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Table 2.15 Repeated measures (mixed-effects) ANOVA of g in Flaveria under varying intensities of
red light (R?=1.926, RMSE = 0.92).

Source DF F ratio Pr(>F)
Species 4 10.37 0.0002
PPFD 1 516.72 <0.0001
Species x PPFD 1 11.42 <0.0001

The stomatal red-light response was also characterized for C3 A. semialata subsp. ecklo-
niana and C4 A. semialata subsp. semialata (Figs. 2.11A and C). When PFD was reduced
from 800 to 200 umol red photons m™> s™! for C3 A. semialata subsp. eckloniana, g, changed
very little from 0.07 to 0.05 mol H,O m™ s”! (Figs. 2.11A and B). Similarly, the C4 A.
semialatasubsp. semialata kept g¢ at approximately 0.07 mol H,O m™ s°! despite the de-
crease in red PFD (Figs. 2.11C and D). Curiously, the C4 subspecies (Figs.2.11D) had a
higher C; than the C3 subspecies at 800 umol red photons m™ s™' (Figs.2.11C; 153 vs 193
umol CO, mol!), which has been observed previously for this paired comparison [5]. A
linear mixed-effects model (Table 2.16) detected a marginal effect of red PFD (p=0.0525)
but there was no evidence of the effect of subspecies (p=0.3884) and its interaction with red
PFD (p=0.1979). Meanwhile, a significant interaction effect was noted for A in Alloteropsis
(p=0.0182), indicating that the rise in A is dependent on red light intensity (Table 2.17).
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Fig. 2.11 Response of g and A in Cz A. semialata subsp. eckloniana ‘GMT’ (A, B and E, n=4) and
C4 A. semialata subsp.semialata ‘MDG’ (C, D and F, n=5). Linear mixed-effects model analysis was
carried out to test if photosynthetic type influences the response to red light in C3 and C4 subspecies
belonging to Alloteropsis. Each data point represents the mean = s.e.

Table 2.16 Repeated measures (mixed-effects) ANOVA of gg in Alloteropsis under varying intensities
of red light (R?=0.99, RMSE = 0.002).

Source DF F ratio Pr(>F)
Species 1 0.864 0.3884
PPFD 1 5.814 0.0525
Species x PPFD 1 2.095 0.1979
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Table 2.17 Repeated measures (mixed-effects) ANOVA of A in Alloteropsis under varying intensities
of red light (R?=0.88, RMSE = 0.797).

Source DF F ratio Pr(>F)
Species 1 0.136 0.7255
PPFD 1 309.08 <0.0001
Species x PPFD 1 10.353 0.0182

Altogether, these data established a significant red light opening response to red light,
independent of C; in Cleome and most Flaveria species, but only marginally in Alloteropsis.
Thus the observed reduced stomatal sensitivity to red light in C4 G. gynandra compared to
C3 T. hassleriana is unlikely to result from the hypothesized differences between C3 and Cy
photosynthetic types. The differences observed among Flaveria species and the lack of these
in Alloteropsis seem to suggest that these are more likely to be species-specific responses,

rather than generic differences between photosynthetic pathways.

2.3.4 Stomatal morphology and density

Stomatal density and size were determined in conjunction with the gas exchange measure-
ments described in the previous sections. In Cleomaceae, the overall stomatal density was
higher in C3 T. hassleriana (590 stomata mm2) than in C4 G.gynandra (200 stomata mm-2)
(Species, p<0.0001). The distribution of stomata on both leaf surfaces was also found to be
significantly different, but in a species-dependent manner (Species x Leaf surface, p<0.0001).
The SD on the adaxial surface was almost two times higher than the abaxial surface in C3 T.
hassleriana (Fig. 2.12A and Figs. 2.13A and 2.13B). In contrast, in C4 G.gynandra, SD was
25% higher on the adaxial compared to the abaxial surface (Fig. 2.12A and Figs. 2.13C and
2.13D).

While density varied depending on leaf surface in Cleomaceae, stomatal size was signifi-
cantly larger on the abaxial than the adaxial surface (Leaf surface, p <0.0001) (Fig. 2.12A).
This SS difference was similar in both Cleomaceae species (Species x Leaf surface, p =
0.4651).

SD among Flaveria species (Figs. 2.12C and 2.14) were significantly different (Species,
p <0.0001), but the trend in SD was not consistent with the proposed progression of larger

and fewer stomata in C4 Flaveria than from smaller and more stomata in C3 Flaveria [145].
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Instead, F. cronquistii, one of the two C3 species, had the lowest SD whereas the highest SD
was found for F. bidentis, one of the C4 species. Thus, these differences in SD also appear
to be species-dependent, but not determined by photosynthetic pathway. SD was similar
between both leaf surfaces in both C4 Flaveria species (Fig. 2.12C) as well as in the C3 F.
cronquistii, whereas the abaxial surface had higher SD in the Cs-like F. pringlei and the C3 F.
robusta (significant for the latter, p<0.05). SS was higher on the abaxial side for all Flaveria
species except for C3 F. cronquistii resulting in an interaction effect of species x leaf surface
which was highly significant (p<0.0001) (Fig. 2.12D).

Meanwhile, there was no statistically significant difference in SD detected between the
Alloteropsis subspecies (Species, p = 0.338) (Figs. 2.12E and 2.15), while SS was larger
on the abaxial surface (Species x Leaf surface, p = 0.05) (Fig. 2.12F). Altogether, stomatal
density, distribution and anatomical traits appeared to be largely determined by species effect,
rather than photosynthetic pathway, although notably, all C4 species had at equal SD on the
adaxial and abaxial surfaces, whereas the more commonly found bias of SD towards the

abaxial surface was only found in some of the C3 species.
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Fig. 2.12 Stomatal density (SD, stomata mm2) and stomatal size (SS, m?) on the abaxial and adaxial
leaf surfaces of Cleomaceae (A and B), Flaveria (C and D), and Alloteropsis (E and F). Boxplots
with the same letters are not significantly different at @ = 0.05 using Tukey’s HSD test.
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Fig. 2.13 Nail varnish impressions from leaf surfaces of C4 G. gynandra at x400 and C3 T. hassleriana
at x600 used in the study. Photomicrographs were taken using Olympus microscope (BX41). Scale
bar =50 um
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Fig. 2.14 Nail varnish impressions from leaf surfaces of Flaveria species used in the study. Photomi-
crographs were taken using Olympus microscope (BX41), at x400. Scale bar = 50 um
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Fig. 2.15 Nail varnish impressions from leaf surfaces of A. semialata subspecies used in the study.
Photomicrographs were taken using Olympus microscope (BX41), at x400. Scale bar = 50 um
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Fig. 2.16 Overall stomatal size (SS) was negatively correlated with stomatal density (SD), regardless
of photosynthetic type. Logarithmic models describe the data for photosynthetic types.

Stomatal density and stomatal size (Fig. 2.16) were negatively correlated (pseudo R?

=0.65) in both C3 and C4 species represented in the study. The Cs species tended to have

bigger stomata, although Cs F. robusta and C3 T. hassleriana, were similar in size with C4

species.

2.4 Discussion

In this chapter, leaf-level g responses to light quantity and spectral composition were com-

pared between C3 and Cy4 species from Cleome, Flaveria, and Alloteropsis genera. All three
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groups are well-studied models in the quest to understand evolution of C4 photosynthesis.
Combining experimental comparisons within all three genera allowed for a global compari-
son of stomatal light responses between C3 and C4 photosynthetic types while controlling for
the effects of phylogenetic distance within each genus. The C3 and C4 species under the red
and blue light treatments may be at different places in a light response curve such that the

assimilation rate in C4 may not have been fully light-saturated [5] at 500 umol m™2 s*! PPFD.

2.4.1 C4dicots are less sensitive to blue light than C3 dicots

BL promotes diverse physiological plant responses ranging from phototropism, chloroplast
photorelocation movement, leaf flattening, leaf positioning, and stomatal opening [17, 49, 35].
Blue-light induced stomatal opening is probably the most well-characterised among these
responses. However, the stomatal opening response to BL is not universal. Studies in model
and non-model species provide strong evidence of the species-specificity of the BL stomatal
opening response [134]. A recent study reported that C4 crop species [146] displayed
diminished stomatal opening to BL. compared to Cs crops. Indeed, in this study, C4 dicots
were found to be less sensitive to blue light-induced stomatal opening than close relatives
operating the C3 pathway. This observation demonstrates a clear difference between C3 and

C4 opening response, as hypothesized.

In contrast, both the C3 and C4 accessions from the monocot A. semialata displayed
blue light-dependent stomatal opening, which meant that the C4 photosynthetic pathway per
se does not determine this reduced blue light sensitivity. It should also be noted that the
A.semialata had very low g¢ values. When g is exceedingly low, accurate measurement be-
comes challenging, rendering C; estimates more uncertain. Moreover, cuticular conductance
can be disregarded with greater confidence at high g¢ compared to low g, further amplifying

the susceptibility of C; calculations to error accumulation under low g¢ conditions [38].

The decreased sensitivity of C4 dicots to blue light may be a result of decreased guard cell
expression of phototropins, the major blue light photoreceptor in plants. Analysis of transcript
abundance in different cell types of C4 G. gynandra showed that the transcript abundance
of PHOT1and PHOT?2, as well as another blue light photoreceptor, CRY?2, were lower in
mesophyll and guard cells of C4 G. gynandra, than in C3 T. hassleriana [7]. In Arabidopsis,
phototropins are expressed in almost every plant part [111], however the strongest expression
in the epidermis is detected in guard cells, where phots are associated with the plasma

membrane [111]. PHOT1 and 2 have partially overlapping roles. PHOT1 has been suggested
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to respond to lower PFD (0.1-50 pmol m™ s°!), while PHOT2 responds to PFD up to 250
umol m2 s7! in Arabidopsis [29]. Several hypotheses exist with regards to the function of the
stomatal blue light response. One putative role is to stimulate photosynthesis via enhanced
stomatal opening in the morning hours when blue light is more prevalent. In the results
presented here, PFD was kept equal during the spectral changes, and CO, assimilation rate
was invariable, despite significant changes in stomatal conductance in C3 T. hassleriana,
Cs-like F pringlei, C3 F. robusta, C3 F. cronquistii and both A. semialata subspecies. These
observations do not seem consistent with an important role for blue-light induced stomatal

opening for photosynthetic carbon gain.

Could there be other benefits to blue sensitivity of stomatal movements? An alternative
hypothesis to explain the differential sensitivity to blue light could be related to leaf ther-
moregulation. Stomatal opening in response to blue light has been suggested to work as a
proxy for high-intensity sunlight [145] and function primarily to cool the leaf via transpi-
ration [125]. Furthermore, photorespiration increases with temperature in C3 species but is
diminished in C4 species [62, 6]. Hence, net CO, assimilation rate in C4 species has a higher
optimum temperature than in Cs species [140], and a slight elevation of leaf temperature
can substantially increase the photosynthesis rate in C4, whereas the temperature response
between 20°C and 30°C in Cj species is almost negligible. Based on these differences,
the presence of stomatal blue light response may help to cool the leaves of the Cs dicot
species studied here, and thus keep photorespiration lower, while the lack of the stomatal
blue light response in the C4 dicots may help elevate leaf temperature and thereby stimulate

CO, assimilation rate.

Interestingly, this would also be consistent with the putative involvement of diminished
PHOT expression, since PHOTS also perform thermosensory roles [29] and promote evapo-

transpiration and leaf cooling at high temperatures in Arabidopsis [54].

2.4.2 Differences in stomatal red light response are determined by

species, rather than photosynthetic pathway

The mechanism underlying the red light response remains unresolved. Unlike the blue
light response, red light-induced stomatal opening does not seem to involve direct signal
transduction from red light photoreceptors in the guard cells but rather relies on the decrease
in C; through the consumption of CO; via mesophyll photosynthesis [85, 103, 62]. However,

gs was also observed to increase with red light despite constant or high C; or after achieving
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steady-state photosynthesis [78], which implies other signals than C; could also be involved
[63, 27].

C4 photosynthesis operates in a two-cell compartment system, such that a strong metabo-
lite gradient is essential to run it efficiently [67, 6]. Precise coordination between the C3 and
C4 cycles is crucial under varying irradiances and C; to avoid excessive CO, leakage from
the bundle sheath [57]. C3 photosynthesis, on the other hand, is less complex. We therefore
hypothesized that species with these contrasting mesophyll photosynthesis characteristics

may also be expected to show a different stomatal response to red light.

However, the comparison between the red light response in C3 and Cy4 dicot species
showed that although significant variation in the stomatal red light response was found
between species, no structural differences between C3 and C,4 species were found across the
three phylogenetically controlled comparisons. Instead, a distinct red light response was
found in C3 T. hassleriana, and a weaker, but significant red light effect was also found
across all Flaveria species, suggesting that these species support the coordination between
stomatal conductance and photosynthesis via stomatal responses to both C; and red light. In
contrast, C4 G. gynandra as well as both A. semialata subspecies appear to rely solely on the

C; response.

One aspect of the red light response debate is whether stomatal guard cells can indepen-
dently respond to red light. Indeed, a recent metabolomics study reported a direct guard
cell response to red light [147]. This finding could be consistent with a putative mechanism
involving the phosphorylation of the guard cell plasma membrane H* ATPase leading to
stomatal opening in intact leaves [2]. Consistent with this mechanism, it was demonstrated
that H" ATPase activation by red light was dependent on fluence rate [3]. If this mecha-
nism can be shown to play a significant role, it may offer an alternative explanation for
the observed species differences in the red light response, not necessarily dependent on a

mesophyll-derived signal.

2.4.3 Role of stomatal morphology and density on stomatal movements

in response to light

Stomatal density and morphology are well-known to impact responses to light [39]. These
traits varied significantly between species studied here (Fig. 2.12. For most dicots, such
as Cleomaceae and Flaveria, stomata are defined by a pair of kidney-shaped guard cells.

In contrast, stomata in the monocot A. semialata subspecies are dumbbell-shaped with
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additional subsidiary cells flanking the guard cells. The morphology and size of stomata in
the grasses are often suggested to facilitate more rapid responses to short-term environmental
perturbations [15], such as fluctuating light or acute changes to temperature or VPD [9].
However, there was no evidence in this study linking stomatal morphology nor size to blue

light-induced opening or quantitative red light responses.

Within the dicots, C3 T. hassleriana (Cleomaceae) had denser and smaller stomata
than the C4 species G. gynandra, which was consistent with earlier observations [7]. The
higher SD on the abaxial surface could be responsible for the pronounced red light response,
independent of C; in C3 T hassleriana. However, measurements on intact leaves do not make
it possible to derive whether these responses rely on signal perception in the guard cell, or in

the underlying mesophyll.

Furthermore, in Flaveria, SD and SS varied between species. Unlike in the Cleomaceae
species, SD or SS had no evident relationship to the red light response in Flaveria. Addi-
tionally, the observed between-species variability in SD and SS in Flaveria was inconsistent
with the proposed trajectory of stomatal density and guard cell length (and therefore, size)
changes during C,4 evolution, where C3 Flaveria species tended to have smaller but more
stomata, while C4 Flaveria show increased stomatal size and decreased density [145]. In
fact, Cs-like F. pringlei and Cs3 F. cronquistii, were found to have larger stomata (Fig. 2.12D),
whereas both C4 Flaveria had smaller stomatal sizes. The discrepancy between this study and
Zhao et al. (2022) might have stemmed from low sample sizes used by the latter. Stomatal
parameters in Zhao et al. (2022) were measured from a minimum of 5 individual stoma, to at
most 10 stomata per species, which, as shown in Fig. 2.12D, is insufficient to capture size

differences among Flaveria species.

Another possible reason for these discrepancies is the potential impact of ecological
adaptation in some of the Flaveria species. C3 F. cronquistii had equal stomatal distribution
on both leaf surfaces like the C4 Flaveria species, but with twice larger stomatal size on either
leaf surface. In terms of leaf shape, Cs F. cronquistii has linear, elongated leaves, whereas
the other Flaveria representatives display elliptic or ovate leaf shapes. At an ecological
standpoint, narrower leaves such as those in C3 F. cronquistii perhaps reflect an adaptation in
minimizing excessive heat load [68] whilst maximising net carbon gain [83] and together
with a uniform stomatal distribution and a larger proportion of large stomata allow it to

sustain higher gg rates to effect cooling.
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2.5 Conclusion

Here we used three phylogenetically-controlled comparisons to assess differences between
stomatal anatomy and stomatal responses to red and blue light. The C4 species in the dicot
genera in this study did not have a detectable blue light stomatal blue light response, unlike
their C4 counterparts. However, perhaps surprisingly, the results demonstrate that the impact
of photosynthetic pathway and stomatal morphology and distribution were not as strong as
initially hypothesized, but instead varied between genera. Similarly, the quantitative red light
response showed significant species variation but no association with photosynthetic pathway.
Altogether, the findings suggest that the evolution of C4 photosynthesis in the dicots may
have lead to a change in light-regulated stomatal movements, challenge the general nature of
previously observed stomatal morphological differences between Cz and C4 species [145]

and demonstrate the importance of controlling for evolutionary distance.
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Chapter 3

Investigating stomatal responses to CO,
in C; and C,4 pairs of congeneric dicot

species

3.1 Introduction

C4 plants have a unique CO;-concentrating mechanism (CCM) that allows them to in-
crease the concentration of CO, around the enzyme Ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (Rubisco) in the bundle sheath cells. This helps to suppress the oxygenation
reaction and limit photorespiration, which results in improved efficiency of photosynthesis.
In contrast, C3 plants do not have a CCM and rely solely on the diffusion of CO, into the
leaf for photosynthesis, leading to competitive inhibition of RuBP carboxylation by RuBP
oxygenation, and requires phosphoglycolate detoxification via the photorespiration pathway,

which leads to less efficient carbon fixation.

In C4 species, the ability to raise CO; concentration in the bundle sheath cells reduces the
need for increased stomatal aperture. As a result, C4 species have lower stomatal conductance
and lower transpiration rate than the C3 species, even under similar light and temperature
conditions. Additionally, C4 photosynthesis is typically CO,-saturated at ambient CO,
concentrations, facilitated by the higher affinity of PEPC for inorganic carbon, compared to
Rubisco, leading to a reduced dependence of CO, assimilation rates on stomatal conductance
and consequently a lower operational C; as compared to C3 photosynthesis. This reduced

stomatal conductance at a given rate of CO, assimilation in C4 plants leads to a higher water
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use efficiency (WUE) compared to C3 plants, as less water is lost by transpiration for each
CO; fixed. As such, if stomata are designed to maximise WUE as is often assumed, this
would suggest that C4 stomata would already be relatively closed under ambient conditions,
and would remain closed at CO; levels above ambient. Furthermore, because PEPC in
C4 photosynthesis is saturated at a much lower [C;] than Rubisco, any decrease in g5 will
decrease assimilation (A) rate in a C3 species, whereas in C4 species it will only affect A if C;
is lowered below 100-150 umol mol™! [69], suggesting that C4 plants will be more sensitive

to changes in CO, concentrations in the sub-ambient range.

Both hypotheses above imply that the sensitivity of stomatal movements to both supra-
ambient and sub-ambient CO; could be significantly altered in Cy4 relative to Cs species.
Studies in Arabidopsis show that stomatal responses to CO, are regulated by distinct signal
transduction pathways controlling stomatal movements in response to high or low CO,.[144].
Interestingly, these pathways converge with the blue light response pathway through the
action of the CBC1 and CBC2 (Convergence of Blue Light and CO,) protein kinases, which
interact with the HT1 kinase to impact the SLAC]1 anion channel in response to both cues.
Blue light is a potent signal to trigger stomatal opening [2]. According to Vialet-Chabrand
and colleagues (2021), blue light functions to power stomatal movement through ATP and
reducing power derived from mitochondrial respiration. Findings from the previous chapter
of this thesis show that the two C4 dicot species assessed in this thesis do not have a significant
blue light response. This may imply also that they rely less on mitochondrial energy support

for stomatal opening, compared to their Cs relatives.

In this chapter, we investigated the CO,-dependent regulation of stomatal movements in
pairs of C3 and C4 dicots from Cleomaceae and Flaveria. We hypothesise that 1) because Cy4
photosynthesis is typically CO,-saturated that C4 stomata would remain relatively closed at
ambient and above ambient CO;; 2) CO,-dependent stomatal regulation in C4 species will
exhibit a high degree of sensitivity to CO; and stomatal control compared to C3 species at
sub-ambient CO; range; and, 3) species with weak blue light responses are less dependent
on mitochondrial energy for stomatal movements, and thus, they are expected to be less

responsive to CO; in darkness.
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3.2 Materials and Methods

3.2.1 Plant materials and growth conditions

As in Chapter 2, the same phylogenetically-controlled comparisons from Cleomaceae (Cy
Gynandropsis and C3 Tarenaya) and Flaveria (C4 F. bidentis and Csz F. cronquistii) were
used. Plants were grown similarly in M3 compost as described in Chapter 2, except that a
new formulation of M3 was used, which has reduced peat content. Environmental conditions

were the same as in Chapter 2.

3.2.2 Gas exchange measurements

Gas exchange measurements were performed on recently expanded leaves using an open gas
exchange system (LI-6400XT, LI-COR, Lincoln, NE, USA) with an integrated fluorometer
light source (LI-6400-40, LI-COR). Leaves were either kept in darkness or illuminated with
350 umol m™ s'! Red PFD and 410 ppm reference CO, (CO,R) at a flow rate of 300 umol
s”! and a block temperature of 25°C.

To characterise stomatal behaviour in response to different CO, levels, leaves were
allowed to achieve steady state for 1.5-2 h and then exposed to two different ranges of CO,
concentrations. The lower [CO;] range varied from 410 to 75 and then to 410 ppm, while
the upper [CO,] range started at 410 ppm and increased to 1500 ppm before returning to
410 ppm. At each [CO,], the leaves were exposed for 30 min, and [CO,] were adjusted
using a custom auto-program. Throughout the experiment, the assimilation rate and stomatal
conductance were recorded every 5 minutes. VPD ranged from 1.0 to 1.5 kPa from the
beginning of acclimatisation until the end of the auto-programme, which lasted between 6.5
and 7 h. Due to the lengthy protocol, only one set of measurements was collected per day
for each biological replicate. All measurements were taken within 2 h after the start and 2 h

before the end of the photoperiod.

3.2.3 Experimental design

The objective of the experiment was to determine whether g in C3 and Cy4 dicots respond
differently to changes in CO, concentrations. CO, concentrations followed two simple step-

wise patterns of decreasing then increasing (low CO; range) or increasing then decreasing
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(high CO; range) starting and ending at 410 ppm CO», equally spaced at 30 min intervals, and
logged every 5 min. The treatment combinations (plant and light treatments) were assigned

randomly to each gas exchange system to avoid non-random errors.

3.2.4 Statistical analysis

Timeseries data were first used to generate g¢/C; curves. Log-transformed data were fitted
with linear models following the form, gs=a + b*log(C;) using the drc package [100] in the
RStudio environment [95] to examine the relationship between g¢ and C; during the first
and second half of the CO, response sequences. The slope parameter of the fitted linear
equation were extracted and subjected to mixed-model analysis using JMP Pro version 17

(SAS Institute). The means were compared using Tukey’s HSD at o = 0.05.

CO; response curves and interaction plots were generated using ggplor2 [138] and
compiled using ggpubr [51] in R version 4.2.1 [99] using the RStudio environment, version
2022.07.1 [95].

3.3 Results

To evaluate CO;-dependent changes in g, gas exchange was measured in response to step
changes in CO, concentrations. CO, treatments were designed as ordered sequences of
increasing or decreasing CO, concentrations performed independently on pairs of C3 and Cy4
of Cleomaceae and Flaveria. These treatments were performed under 350 PFD red light or
with the lights switched off.

3.3.1 Cleomaceae, under increasing then decreasing CO; concentration
C4 G. gynandra

In C4 G. gynandra, steady state g, under 100% red light was 0.122 + 0.011 mol CO, m™
s'!, which decreased to 0.112 + 0.012 mol CO, m™ s! after switching to 600 ppm CO,,
and decreased slightly to 0.109 + 0.011 mol CO, m™ s'! after changing [CO,] to 900 ppm
(Figure 3.1A). g, then remained around 0.096 % 0.010 mol CO, m™ s°! to 0.100 + 0.010 mol
CO, m? 57!, between 1200 ppm CO, and 600 ppm CO», before rising to 0.109 + 0.010 mol
CO, m? s at 410 ppm CO at the end of the time course.
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In the dark, steady state gg was 0.085 + 0.010 mol CO, m™ s’ at the beginning of
treatment at 410 ppm CO,, then decreased to 0.075 + 0.007 mol CO, m™ s°! at 1500 ppm
CO, and to 0.073 + 0.006 mol CO, m™ s™! upon return to 410 ppm (Figure 3.1A).

C; T. hassleriana

In C3 T. hassleriana, g5 under 100% red light decreased from 0.355 + 0.027 mol CO,
m~2 57! to 0.293 + 0.023 mol CO, m™ s! after changing [CO,] to 600 ppm (Figure 3.1B).
Subsequently, a more gradual decrease was observed from 900 to 1500 ppm CO; from 0.231
+0.018 mol CO, m2 s7! to 0.164 + 0.014 mol CO, m2 s, gs continued to decrease to
0.153 £ 0.014 mol CO, m? s7! to 0.146 + 0.013 mol CO, m™? s°! before increasing slightly
t0 0.154 + 0.013 mol CO, m™ s! at 600 ppm and finally to 0.179 + 0.013 mol CO, m™ 57!
at the end of treatment. The final g¢ value was 50% lower than the starting g5 of 0.355 +
0.027 mol CO, m™? s°! suggesting a hysteretic effect.

In parallel treatment in darkness, g¢ decreased from 0.076 = 0.010 mol CO, m?2s!to
0.058 = 0.009 at 600 ppm CO; to 0.049 £ 0.006 at 900 ppm CO, after which g remained
stable throughout the rest of treatment at an average g, of 0.040 + 0.005 mol CO, m™? s™!

(Figure 3.1B).

3.3.2 g, response curve of Cleomaceae under decreasing then increasing

CO; concentration
C4 G. gynandra

At low [CO,], under 100% red light, g5 of C4 G. gynandra gradually increased from 0.140
+0.018 mol CO, m™2 s! at 410 ppm CO», to 0.360 + 0.056 mol CO, m™2 s7! at 75 ppm
CO, (Figure 3.1C). Maximum gg was reached at 100 ppm CO,, where gs was 0.375 + 0.056
mol CO, m™ 57!, twice the starting g. In the second half of treatment, from 200 ppm CO,
back to 410 ppm CO,, g, decreased rapidly from 0.324 + 0.041 mol CO, m? 5! to 0.214 +
0.019 mol CO, m2 s! at the end of the treatment. In the dark, gs remained constant from
the starting g of 0.041 + 0.005 mol CO, m™ 5! to the end of treatment at 0.048 + 0.003
mol CO, m™ 57!, except for a small increase in the second half of treatment at 100 ppm CO»,
with a gs of 0.058 + 0.004 mol CO, m™ s”! (Figure 3.1C).
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C3 T. hassleriana

At 100% red light g, in C3 T. hassleriana at 0.354 + 0.051 mol CO, m s™! at 410 ppm COs.
Subsequently, gs reached the maximum g value of 0.462 + 0.034 mol CO, m™2 s™! at 75 ppm
CO, (Figure 3.1D). On switching to higher [CO,] g¢ began to slowly decrease until a final g
of 0.316 + 0.049 mol CO, m™? s”! was reached at the end of the experiment at 410 ppm CO».

The beginning of g of C3 T. hassleriana was 0.105 £ 0.019 mol CO, m™ 57! in the dark
(Figure 3.1D). g, increased to 0.238 + 0.014 mol CO, m™ s! reaching maximum values at
75 ppm CO,. Subsequently, the change to 100 ppm CO; in the second half of treatment gave
a g; of 0.225 + 0.019 mol CO, m™ s°! that continued to slowly decrease to 0.080 + 0.014
mol CO, m2 s7! at the final CO, concentration of 410 ppm.
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A C4 G.gynandra B C3 T.hassleriana
410->1500->410 410->1500->410
%1 [ZT0IE00I900 200 B00 200900160040l 1 [ZT0I600I900 200500200900 600AT0]
Nz Nz
'€ 0.4 ' 0.41
o o) +++++++
N N +
T T ++++
g 02 g 02 M st
o&; D,% -~ TTTTTTTPT000009
0.0 0.0
0 100 200 0 100 200
time (min) time (min)
C C4 G.gynandra D C3 T hassleriana
410->75->410 410->75->410
0.64 0.6 1
Nz Nz
'E 0.4 + 'E 0.4 +HH
o H o +
M‘ | iy i
g 02 ++H++ M g 02 Wﬂﬁﬂﬂﬁﬁ
G | 5| ot L.
0.0 0.0
0 100 200 0 100 200

time (min) time (min)

Fig. 3.1 Response of gy in Cleomaceae to sequences of increasing (A,B) or decreasing (C,D) [CO;].
To characterise stomatal behaviour in response to different CO; levels, leaves were allowed to achieve
steady state at 350 umol m™ s™! red light PPFD for 1.5-2 h and then exposed to two different ranges
of [CO;]. The lower [CO;] range varied from 410 to 75 and then to 410 ppm, while the upper [CO,]
range started at 410 ppm and increased to 1500 ppm before returning to 410 ppm. At each [CO;],
the leaves were exposed for 30 min, and [CO;] were adjusted using a custom auto-program. The
assimilation rate and stomatal conductance were recorded every 5 minutes. VPD ranged from 1.0
to 1.5 kPa from the beginning of acclimatisation until the end of the auto-programme, which lasted
between 6.5 and 7 h. Due to the lengthy protocol, only one set of measurements was collected per day

for each biological replicate. All measurements were taken within 2 h after the start and 2 h before
the end of the photoperiod.

Substantial stomatal movements were also observed in the dark, with g; peaking at the
lowest CO; concentration. gg increased more than two-fold from steady state gg of 0.105 +
0.043 mol CO, m2 s7! at 410 ppm to 0.238 + 0.032 mol CO, m2 s'! at 75 ppm.
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3.3.3 g, response curve of Flaveria under increasing then decreasing

CO, concentration
C4 F. bidentis

At 410 ppm CO, steady state g; under 100% red light was 0.133 = 0.012 mol CO, m™ s7!
and decreased slightly to 0.094 + 0.010 mol CO, m™ s7! at the highest [CO,] of 1500 ppm.
A stepwise reduction in CO; had no effect on g until the CO; concentration returned to its
original level. In the dark, g, showed a steady decrease with an initial steady state gs of 0.084
+0.013 mol CO, m2 s, t0 0.060 = 0.011 mol CO, m2 s7! at 1500 ppm, to the final [CO;]
of 410 ppm, with a g; of 0.049 % 0.008 mol CO, m™2 5!,

Cs F. cronquistii

Steady state under 100% gs in C3 F. cronquistii at 410 ppm started at 0.210 = 0.029 mol
CO, m? 5! decreasing to 0.130 % 0.026 mol CO, m™% s™' at 1500 ppm, further decreasing to
0.114 + 0.027 mol CO, m™2 s™' at 410 ppm at end of treatment. Similarly, in the dark, steady
state g5 showed a steady decline from 0.157 + 0.044 mol CO, m™ s'! at the beginning of
treatment, slowly decreasing to 0.121 + 0.032 mol CO, m™ s! to 0.101 + 0.030 mol CO,

m™2 s! at the end of treatment.

3.3.4 g, response curve of Flaveria, under decreasing then increasing

CO; concentration
C4 F. bidentis

Cy4 F. bidentis steady state gg under 100% red light was 0.155 + 0.013 umol CO, m™? 5!
increasing by roughly 0.030 umol CO, m™ s’ at every decrease in [CO,]. At the lowest
[CO,] g was 0.414 + 0.022 umol CO, m™? s°!. The highest g, of 0.431 + 0.021 pmol CO,
m2 s”! was recorded in the second half of the treatment, at 100 ppm CO,, with 0.431 + 0.021

umol CO, m? 571

The steady state g, in the dark was 0.081 + 0.013 umol CO, m™ s at 410 ppm at the
beginning of treatment. g decreased by 0.073 + 0.012 umol CO, m™ s™!' at 410 ppm, before
reaching 0.080 + 0.012 umol CO, m™ s™!, which was practically starting g, values, at 75
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ppm CO,. From the second half of the treatment, g5 decreased further from 0.075 + 0.012
umol CO, m™? s™! at 100 ppm CO, to 0.045 + 0.010 umol CO, m™2 s,

Cs F. cronquistii

When exposed to 100% red light, C3 F. cronquistii began with a steady state of g5 of 0.205 +
0.023 umol CO, m2 s and increased to 0.255 + 0.026 umol CO, m2stat75 ppm [CO,].
The highest g¢ values were observed in the second half of the time course, when the CO,
level was at 100 ppm, with 0.260 + 0.025 umol CO, m™? s!. Subsequently, g decreased
rapidly and eventually reached a final g of 0.142 + 0.015 pmol CO, m™2 s°! after returning
at 410 ppm.

In darkness, the steady state g, was 0.087 + 0.014 yumol CO, m™ s™!, which gradually
increased to 0.103 + 0.017 umol CO, m™ 5! when [CO,] was 75 ppm. During the second
half of the treatment, when the [CO,] was 100 ppm, g, rose to 0.109 + 0.017 umol CO, m™
s'!. Subsequently, g decreased to 0.060 + 0.014 pumol CO, m™2 s™! upon return at [CO5] of
410 ppm at the end of the experiment.
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Fig. 3.2 Response of g in Flaveria to sequences of increasing (A,B) or decreasing (C,D) [CO»]. To
characterise stomatal behaviour in response to different CO; levels, leaves were allowed to achieve
steady state at 350 umol m™ s! red light PPFD for 1.5-2 h and then exposed to two different ranges
of [CO;]. The lower [CO;] range varied from 410 to 75 and then to 410 ppm, while the upper [CO,]
range started at 410 ppm and increased to 1500 ppm before returning to 410 ppm. At each [CO;],
the leaves were exposed for 30 min, and [CO;] were adjusted using a custom auto-program. The
assimilation rate and stomatal conductance were recorded every 5 minutes. VPD ranged from 1.0
to 1.5 kPa from the beginning of acclimatisation until the end of the auto-programme, which lasted
between 6.5 and 7 h. Due to the lengthy protocol, only one set of measurements was collected per day

for each biological replicate. All measurements were taken within 2 h after the start and 2 h before
the end of the photoperiod.
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3.3.5 Log-linear curve-fitting to systematically analyze responses to
CO,, light and presence of significant hysteresis

Cleomaceae

To analyse the stomatal responses to CO» in the presence and absence of light in a more
structured way, the g values were first plotted as a function of C; (Figure 3.3 and Figure 3.5).
Then, log-linear plots were fitted to the data and the resulting slope values were statistically
compared between the four combinations (high/low CO; and light/darkness) (Figure 3.4 and
Figure 3.6). In C4 G. gynandra, a highly significant two-way interaction was found between
the effects of light and CO, (p=<0.0001) Table (3.1). When the leaves were left in darkness
or illuminated, the slope under high CO, condition was close to zero and not significantly
different (P<0.05). In contrast, at low CO,, there was a significant difference (P<0.05) in the
slope parameter between leaves kept in darkness where it was still close to zero and those
leaves which were illuminated where it was significantly more negative. These differences
were present both during at the descending and ascending parts of the treatment. Thus, the
effect of decreasing CO, on stomatal opening was only significant in the presence of light
but not in darkness. Comparison of the slopes of log-linear fits between the ascending and
descending parts of the experiment showed that there was no significant hysteresis in the

stomatal responses observed in C4 G. gynandra in any of the conditions.
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Fig. 3.3 Plots of g, as a function of C; in C4 G. gynandra for A) high CO,, darkness, B) low CO;,
darkness, C) high CO,, light; and D) low CO,, light. First (circle) and second (triangle) portions
of the CO, response curve indicate where CO, concentration was either increasing or decreasing.
Arrows indicate the direction of the response. Data were taken from n = 5-6 biological replicates.
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C4 G. gynandra, slope
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Fig. 3.4 Violin/box plots of the slope parameter from log-linear fits of the C4 G. gynandra and C3 T.
hassleriana CO, response curves.

Table 3.1 Mixed-effects ANOVA of the slope parameter in C4 G. gynandra in all light and CO,
conditions.

Source DF F ratio Pr(>F)
Light 1 19.46 0.0002
CO, 1 15.08 0.0006
Light*CO, 1 17.47 0.0003
Range 1 0.0993 0.7552
Light*Range 1 0.1449 0.7066
CO,*Range 1 0.4794 0.4949
1

Light*CO;,*Range 0.2364 0.6309

In C3 T. hassleriana, a highly significant interaction between the effects of light, CO,,
and CO; range (p=0.0360) was found Table (3.2). In leaves kept in darkness, slopes at
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high [CO;] were not significantly different between the ascending (-0.0244) and descending
(0.0017) portions of the treatment. Meanwhile, when leaves were illuminated, the slope was
more negative (-0.1391) during the ascending part of the CO; response, while it was closer
to zero (-0.0197) at descending CO; levels thus demonstrating significant hysteresis. At low
CO,, regardless of illumination, the slopes during the descending and ascending parts of the
curve were more negative and not statistically significant from each other (P>0.05). Thus, in
C3 T. hassleriana, stomata responded significantly to changes in Cj in the subambient range,
both in darkness and under illumination, whereas stomatal movements in response to Cj in

the supra-ambient range were only significant in the presence of light.
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Fig. 3.5 Plots of g as a function of C; in C3 T. hassleriana for A) high CO,, darkness, B) low CO,,
darkness, C) high CO,;, light; and D) low CO», light. First (circle) and second (triangle) portions
of the CO, response curve indicate where CO; concentration was either increasing or decreasing.
Arrows indicate the direction of the response. Data were taken from n = 5-6 biological replicates.
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C3 T. hassleriana, slope
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Fig. 3.6 Violin/box plots of the slope parameter from log-linear fits of the C3 T. hassleriana CO,

response curves.

Table 3.2 Mixed-effects ANOVA of the slope parameter in C3 T. hassleriana in all light and CO,

conditions.

Source DF F ratio Pr(>F)
Light 1 9.93 0.0036
CO, 1 31.25 <0.0001
Light*CO, 1 18.21 0.00002
Range 1 33.42 <0.0001
Light*Range 1 8.33 0.0072
CO,*Range 1 4.61 0.0400
Light*CO,*Range 1 4.82 0.0360

Stomatal responses to CO, in C4 F. bidentis showed significant two-way interaction
between the effects of [CO,] and the range of [CO;] (p=0.0050) and between light and
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CO; (p=<0.0001) Table (3.3). At high CO,, whether in darkness or illuminated, the slope
parameter in C4 F. bidentis were not significantly different at the ascending and descending
parts of the treatment. However, at low CO,, the presence or absence of light had a strong
influence on the slope parameter which became significantly more negative in the presence
of light. Furthermore, the slopes were significantly more negative for the ascending part
of the experiment, indicating significant hysteresis due to more rapid closing than opening
in the subambient range. In darkness, the slope was closer to zero (0.0001) than in the
second portion (ascending) of the experiment (slope value). Similarly, when leaves were
illuminated, the ascending portion of the CO, response was more negative (-0.1832) than the
initial descending part (-0.1264). These differences were statistically significant and imply
that decreasing CO, stimulated the stomatal opening response and that although there was
also a marginally significant response to low CO; in darkness, the opening stimulus was

substantially stronger when the leaves were illuminated.
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Fig. 3.7 Plots of g as a function of C; in C4 F. bidentis for A) high CO,, darkness, B) low CO,,
darkness, C) high CO,, light; and D) low CO», light. First (circle) and second (triangle) portions
of the CO, response curve indicate where CO, concentration was either increasing or decreasing.
Arrows indicate the direction of the response. Data were taken from n = 5-6 biological replicates.
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Fig. 3.8 Slope parameter from log-linear fits of C4 F. bidentis

Table 3.3 Mixed-effects ANOVA of the slope parameter in Cy4 F. bidentis in all light and CO,

conditions.

Source DF F ratio Pr(>F)
Light 1 2224 <0.0001
CO, 1 255.0 <0.0001
Light*CO, 1 182.2 <0.0001
Range 1 44.22 <0.0001
Light*Range 1 1.637 0.2029
CO,*Range 1 8.956 0.0050
Light*CO,*Range 1 0.7093 0.4054

In C3 F cronquistii (Figure 3.9 and ??), a significant two-way interactions between light
and range (p=0.0226) and light and CO, (p=0.0308) were detected Table (3.4). Slope values

were more negative in tyhe ascending part of the CO, treatment than during the descending
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part of the CO, response curve, but this difference was only significant under illumination.
Additionally, slopes at low CO, were marginally more negative in the presence of light,

whereas at high CO,, slopes were not significantly different between illuminated leaves and
those kept in darkness.
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Fig. 3.9 Plots of g as a function of C; in C3 F. cronquistii for A) high CO,, darkness, B) low CO,,
darkness, C) high CO;, light; and D) low CO,, light. First (circle) and second (triangle) portions
of the CO, response curve indicate where CO, concentration was either increasing or decreasing.
Arrows indicate the direction of the response. Data were taken from n = 5-6 biological replicates.
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Fig. 3.10 Slope parameter from log-linear fits of C3 F. cronquistii

Table 3.4 Mixed-effects ANOVA of the slope parameter in C3 F. cronquistii in all light and CO,
conditions.

Source DF F ratio Pr(>F)
Light 1 25.43 0.0036
CO, 1 26.44 <0.0001
Light*CO, 1 5.111 0.0380
Range 1 61.35 <0.0001
Light*Range 1 5.746 0.0226
CO,*Range 1 0.1629 0.6892
Light*CO,*Range 1 0.5437 0.4663
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3.4 Discussion

In this chapter, the stomatal sensitivities to CO, between the C3 and Cy4 species were exam-
ined. The experiments in this chapter assessed the stomatal movements in phylogenetically-
linked C3 and C4 species of Cleomeaceae and Flaveria. These species belong to well-studied
genera that are widely used to uncover the evolutionary history of C4 photosynthesis. The
choice of a pair of congeneric C3 and C4 species allowed a comparison between photosyn-

thetic types while taking into account the possible confounding effect of evolution.

3.4.1 Investigating g responses to varying CO, concentrations

Experiments quantifying the response of net assimilation rate to CO;, concentration are
typically performed by employing CO, response curve protocols in which the concentration
of CO; is changed every 2-3 min. However, such quick changes in CO; concentrations do
not give enough time for full stomatal responses to occur. Instead, experiments testing the
CO; response of stomata typically use a step-change approach wherein the leaf is allowed to
achieve steady state gg and then the concentration of CO, is either increased or decreased,
monitored for at least 30 min or until steady-state condition is achieved at the new [CO;],
and then switched back to the original CO, level. These procedures are more appropriate for
testing g responses to short-term changes in [CO,] because it allows ample time for stomata
to acclimate and achieve steady-state conditions in the new CO, environment. However, such
protocols typically only quantify the stomatal response to two distinct CO;, concentrations
and do not provide information about differential sensitivities across supra-or sub-ambient

CO; ranges as we hypothesised between C3 and C4 photosynthetic species.

In this chapter, we therefore pioneered an approach to test short-term responses of stomata
to changes in CO,. The new protocol involved step-wise progressive increase or decrease
in CO, every 30 min from steady-state gg at ambient CO, and then returning to ambient
conditions following the same CO, sequence during the first half of the experiment, but
then reversing the sequence during the second part of the protocol. Doing so allowed for
constructing CO, response curves that captured short-term changes in stomatal responses
and provided a systematic means to assess the sensitivity of stomatal movements in response
to changes in CO; in the sub-ambient and supra-ambient range. Furthermore, the recursive
design allowed a statistical assessment of hysteresis due to asymmetric rate constants of

opening and closing.
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There are disadvantages following this protocol. First, the duration of the experiment
was 6-7 h (including acclimation to steady state at the start to the experiment), which meant
that only one plant could be measured per instrument during the photoperiod. Second,
steady-state g was not achieved at every step-increase or -decrease in CO, was not observed
in the experiment despite waiting for 30 min. This may have been confounded by the fact that
changes in [CO,] were directional, i.e., it was quite possible that the previous CO, level had
a carry-over effect on the next CO; level. As such, the g response at every step-change was
not truly independent. Despite these side-notes, converting the timeseries data into functional
gs/C; curves followed by curve-fitting was able to address the specific hypotheses posed in

this chapter.

3.4.2 C4 stomata are relatively closed at ambient CO, and remain

closed at supra-ambient CO,

A fundamental response of Cs plants to increasing CO, concentration is to minimise tran-
spirational water loss by reducing gs and simultaneously increasing assimilation rates [20].
Indeed, in C3 T. hassleriana, illuminated leaves at elevated [CO;] showed a dramatic reduc-
tion in gg at rising [CO,] which was also observed in C3 F. cronquistii although somewhat
less prominent. In both species, significant stomatal closing responses at high CO, were more
clearly observed under illumination, since stomata were already largely closed at ambient
CO; in the dark. Therefore, this pattern appears to correspond to expectations that stomatal

movements primarily function to optimise water use efficiency.

C4 species are typically CO;-saturated because of the CCM, which reduces the need
for C4 stomata to be open at ambient CO, [69, 52]. Hence, C4 stomata are predicted to be
relatively closed (lower steady-state g) at ambient CO, compared to C3 stomata, and could
be expected to be closed (maintain ambient steady-state g5) at higher than ambient CO; levels.
Indeed, C4 G. gynandra (Figure 3.1A) and Cy4 F. bidentis (Figure 3.2A), consistently showed
log-linear response slopes close to zero for any of the measurements at supra-ambient CO»,
regardless of background illumination or ascending or descending phase of the experiment.
This suggests that the stomatal closing response to high CO, in these C4 species is able to

completely suppress the stimulus of red-light illumination in contrast to their Cs relatives.
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3.4.3 Stomata in C4 dicots are more sensitive to CO, and showed limited

stomatal movements in darkness than their C3 counterparts

Under low CO,, C4 G. gynandra showed a strong opening response under red light, indicating
that decreasing C;j is a strong signal for stomatal opening. Similarly, in C4 F. bidentis, g5 was
found to increase under decreasing CO,. An alternative interpretation is that C4 guard cells
are more attuned to sensing CO, in order to maintain carbon flux to the CCM. C4 species
thus tend to have lower g; and may have diminished BL response for the same reason, in

addition to its thermoregulatory roles (Chapter 2).

As discussed in Chapter 2 of this thesis, stomatal guard cells in C4 dicot species used in
this chapter weakly respond to blue light, while their C3 counterparts display strong stomatal
opening responses. Surprisingly, stomatal movements were observed even in darkness. A
significant increase in g was recorded for C3 7. hassleriana, and smaller movements for
Cs and C4 Flaveria under low CO, conditions. Vialet-Chabrand et al. (2021) concluded
that blue light is responsible for providing energy for stomatal opening through ATP and
NADPH generated via mitochondrial respiration. The finding that both blue light insensitive
species show very little to no opening response to low CO; in darkness seem to support this

conclusion.

The observed stomatal movements in the two C4 dicots are entirely consistent with the
hypothesis that stomatal opening responses would be more sensitive in subambient C;. The
immediate reason for this is the high affinity of PEPC for bicarbonate and the very high
catalytic rate of carbonic anhydrase, which together allow the same CO; uptake flux at lower
C; than Rubisco. This results in significantly higher carboxylation efficiency, but therefore
much steeper responses of CO; assimilation to Cj in the subambient range. The results imply
that stomatal movements have adapted to these C4 biochemical features to become especially

responsive in this range of C;.

This response is only seen with background illumination, while the two C3 species
also significantly respond to low CO; in darkness. This seems to be in line with a limited
contribution from mitochondrial respiration in the Cy4s and seems to suggest that stomatal
opening in these C4 species is more directly related to CO, assimilation than in their C;3
relatives. If this is a general Cy4 feature, perhaps this also helps Cy4 species limit water loss,
considering that the C4 syndrome is often suggested to have evolved in response to hot and
dry conditions [105].
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An additional point to make is the need for an electron sink (i.e. CO; fixation) in the
presence of background illumination, which requires sufficient stomatal opening when CO,
supply starts to restrict CO, assimilation rates. Since the slope of the CO, response to the
assimilation rate is much steeper in C,4 species, they may risk being photoinhibited more
easily if C; decreases too much. This might be another side of the coin both for the increased
sensitivity at low CO; in C4 and for the fact that this can only be observed with background
illumination. This may also provide an alternative explanation for the findings by Pignon
and Long (2020), that the CCM in Cy4 species is stronger than would be predicted from an
efficiency standpoint. The ’overinvestment’ in initial carbon acquisition which was suggested
by these authors may actually be a necessary safety feature to prevent severe photo-inhibitory
conditions by maintaining CO, supply to light-independent reactions downstream of electron

transfer.

3.5 Conclusion

This chapter assessed for the first time the differences in sub-ambient and supra-ambient CO,
sensitivity between congeneric C3 and Cy4 species using a novel protocol. CO; sensitivity of
stomatal conductance in C4 species was found to be shifted to sub-ambient range relative to
closely related Cs species. In addition, C4 species only showed significant responsiveness in
the presence of light. Both differences suggest that stomatal conductance responses are more

tightly linked with photosynthetic CO; assimilation in C4 than in C3 species.
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Chapter 4

Investigating g, regulation in C4 Flaveria

bidentis with a diminished C4 cycle

4.1 Introduction

Stomatal pores, formed by a pair of specialised guard cells (GCs), regulate gas exchange
between plants and the atmosphere. Stomata have the crucial role of balancing the uptake of
CO, for photosynthesis and water loss via transpiration by adjusting its aperture. Stomatal
conductance (gs) to CO, and water depends on various environmental factors. Many of
these factors that influence stomatal behaviour have been extensively studied and reported.
Stomatal apertures widen when exposed to low CO, concentrations, high light, and high
humidity but close under high CO;, darkness, low humidity, high temperature and drought
[25, 75, 28].

Stomatal movements are frequently evaluated in relation to the concentration of CO, since
the internal CO, concentration (C;), regulated by both external CO; levels and photosynthetic
carbon assimilation rates, is considered a crucial mechanism that connects stomatal behavior
with mesophyll photosynthetic rates [86]. Scientific consensus is that CO, sensing takes
place within the guard cells themselves. This is supported by evidence of CO; responses
in epidermal peels [26]. Furthermore, it is widely accepted that guard cells sense C; rather
than atmospheric CO, concentration (C,) [85]. However, research with transgenic plants
seem to challenge this consensus view. gs remained similar between the WT and transgenic

plants, despite the fact that transgenic plants had elevated C; concentrations due to reduced
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photosynthetic rates. In addition, stomata only appeared to close when C,; was elevated
[136, 8].

One mechanism of high CO, sensing reported in Arabidopsis involves an elevated guard
cell CO,/bicarbonate concentration, which enhances the interaction between MPK4 and
MPK12, mitogen-activated protein (MAP) kinases, [131] with HIGH LEAF TEMPERA-
TURE 1 (HT1) kinase [121]. This interaction leads to the down-regulation of HT1-dependent
phosphorylation and activation of the downstream kinase CONVERGENCE OF BLUE
LIGHT AND CO; (CBC1/2) [43]. The guard-cell located HT1 kinase thus acts as a negative

regulator of CO;-induced stomatal closure.

The indirect feedback loop through changes in C; through mesophyll photosynthesis
is not the only signal that controls stomatal movement [78, 82]. A significant response to
red light was observed in experiments where C; was kept constant [82], suggesting that
the stomatal opening induced by red light can also occur due to signals other than C;.
Furthermore, epidermal peel experiments have shown that the response of GCs to red light
can be reversibly altered by the presence of the underlying mesophyll tissue. This suggests the
involvement of a mesophyll-driven signal as part of the controlling mechanism for stomatal
movement. Similarly, stomata in both WT and antisense SBPase tobacco plants opened
when exposed to increasing red light when C; was kept constant supporting a C;-independent
signal [62], in contrast to the earlier proposal that an increase in gs was solely due to CO,
depletion in the mesophyll [103]. Taken together, these findings suggest additional links
between mesophyll photosynthesis and guard cell responses [63], in addition to the indirect

feedback loop involving C;.

Furthermore, the degree to which the stomata open or close (and therefore g changes)
depends on the stomatal characteristics, including stomatal density (SD, the number of
stomata per leaf area), which is influenced by the leaf growth environment and surrounding
conditions. Species with C4 photosynthesis are known to exhibit a reduction in SD as well
as the size of the pore complex [10], however, not much is known about altered stomatal

sensitivities under various environmental conditions.

C4 plants, besides having a functional C3 cycle, possess a carbon concentrating mecha-
nism (CCM) that enhances photosynthesis by releasing CO, at the Rubisco site. The CCM
involves two cell types, mesophyll cells (M) and bundle sheath cells (BS), working together

to increase CO, concentration around Rubisco.
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The CCM is compartmentalised between two morphologically different cell types, the
mesophyll (M) and bundle sheath (BS) cells. Briefly, in the cytosol of M cells, carbonic
anhydrases (CAs) catalyze the reversible interconversion of CO,+H,0 <> HCO3™ + 2H*. The
addition of HCOj3™ to phospho-enol pyruvate produces the four-carbon compound oxaloacetic
acid (OAA) along with inorganic phosphate via phospho-enol pyruvate carboxylase (PEPC).
Malate dehydrogenase converts OAA into malate within the chloroplasts of mesophyll cells,
after which it diffuses to BS cells. In BS chloroplasts, decarboxylases such as NADP-
malic enzyme (NADP-ME) facilitates the decarboxylation of aspartate and malate leading
to an increase in the concentration of CO, around Rubisco such that Rubisco is close to
CO, saturation, effectively enhancing photosynthesis and suppressing photorespiration by

eliminating the oxygenation reaction of Rubisco.

To work efficiently, the C4 photosynthetic mechanism must balance the CO; supplied
through the stomatal pores to the C3 cycle and the photosynthetic demand for CO, of the
C4 cycle. However, the different response times of photosynthesis and gg pose challenges
in achieving efficient coordination between them, especially in fluctuating environmental
conditions [63]. Although stomatal function and behaviour in C4 plants share similarities
with those of C3 plants, some variations in magnitude and sensitivity to light and CO; have
been observed between the two [46, 74, 146].

Several studies have manipulated the expression of key photosynthetic enzymes in Cyq
Flaveria bidentis via RNA antisense. To date, Rubisco [31], NADP-malate dehydrogenase
[132] and pyruvate phosphate dikinase [30], Rubisco activase [135], carbonic anhydrase [18],
PEPC protein kinase [33], and NADP-ME have been targeted [94]. The approach has been
valuable for understanding enzyme function and regulation, as well as carbon flux between
Cs and C4 cycles. However, none of these studies was specifically designed to investigate
the effect of a perturbed C4 cycle on stomatal regulation. As a result, while many of these
studies reported observations of gg, the experiments were generally not designed to a) wait
long enough for the stomatal responses to unfold and b) do not keep check of the pleiotropic

effects on gg such as increases in C; when A decreases [61].

The chapter focusses on stomatal regulation in transgenic Cy4 F. bidentis with reduced
NADP-ME activity. While responses to red light and stomatal sensitivity to blue light
appeared unaffected by the decrease in NADP-ME activity, the results showed that NADP-
ME antisense lines of F. bidentis had higher operational C; than WT. However, g¢ remained
unaltered, suggesting that the NADP-ME antisense construct used here may have had an

impact on malate dynamics and that gg responds to C,, instead of C;.
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4.2 Materials and Methods

4.2.1 Plant materials

WT and T; seeds of NADP-ME antisense Cy4 F. bidentis were a kind gift from Prof. Susanne
von Caemmerer (Australian National University, Canberra, Australia). The transgenic
construct contained a 845-bp fragment amplified by PCR, in antisense orientation, from the
central coding region of ChIMEI, the main chloroplastic C4 isoform of NADP-ME identified
in C4 F. trinervia and Cy F. bidentis (GenBank accession numbers X57142 and AY863144).
The T-DNA consisted of a CaMV promoter, the NADP-ME antisense coding sequence, and
the Nos terminator, as well as a casette for resistance to kanamycin.

4.2.2 Growth conditions

WT and T seeds from Prof. von Caemmerer were grown in plastic pots 10 cm Hx 9 cm L x
9 cm W with M3 compost, in growth cabinets (Conviron) in a 12/12 h day and night cycle at
20°C, 65% RH and a PFD of 200 umol m~ s°!. PCR-confirmed T, plants carrying a single
copy number of the NADP-ME antisense casette were allowed to set seed to obtain T, seeds.
T, homozygous plants were grown under similar conditions as the T parents, but with a

1

slightly lower PFD of 150 umol m™ s°!, since 200 u mol m™ s™! was found to be stressful

for the T lines. All phenotyping was done on T, homozygous lines.

4.2.3 PCR confirmation and copy number estimation

T antisense plants were confirmed for the presence of the NeoR/KanR selectable marker
gene via PCR. Subsequently, copy number analysis was performed using RT-qPCR following
Glowacka et al. (2016). RNA was extracted using Macherey-Nagel™ NucleoSpin™ RNA
Plant Kit (Thermo Fisher Scientific) following the manufacturer’s instructions. RNA quality
was determined using Nanodrop (Thermo Fisher Scientific). cDNA was synthesised using

tTM

the iScript' ™ cDNA Synthesis Kit (Bio-rad). Three independent single-insertion events were

selected and allowed to set seed to generate the T, antisense plants.
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4.2.4 SDS-PAGE and immunoblot analysis

Transblotting of proteins to polyvinylidene difluoride (PVDF) membranes was performed
using Trans-Blot Turbo RTA Transfer Kit, PVDF (BIO-RAD Laboratories Inc.) according to
the manufacturer’s instructions. Before assembly, the PVDF membrane was briefly activated
with absolute methanol, both the PVDF membrane and the filter paper were then soaked
and equilibrated in 1x transfer buffer (diluted from the stock solution of Trans-Blot Turbo
5x transfer buffer, BIO-RAD Laboratories Inc.). Trans-blotting of western blot sandwich
was performed using the Trans-Blot Turbo Transfer System (BIO-RAD Laboratories Inc.).
All subsequent steps were performed on a horizontal shaker (Ultimax 1010, Heidolph
Instruments, Schwabach, Germany) with gentle agitation ( 60-100 rpm). Transblotted
membranes were first immersed in 1x Tris buffered saline (TBS) buffer (88 mM Tris base,
2.5 M Na(l, and adjusted to pH 7.5 with HCI) with sufficient volume covering the membrane.
After washing, the membrane was blocked with 5% (w/v) non-fat milk in Tween-TBS (TTBS)
buffer (1xTBS, 0.05% (v/v) Tween-20) for 60 min at room temperature. For the detection of
phosphoproteins, milk was substituted by 5% (w/v) bovine serum albumin (BSA) to avoid
high background noise. The membranes were then washed twice with TTBS for 5 min/wash,
followed by primary antibody incubation (antibody concentration varied according to the
manufacturer’s recommendations, 1% (w/v) BSA / milk and TTBS) overnight at 4 ° C.
The primary antibodies used was a maize-specific antibody (courtesy of Robert Sharwood,

Western Sydney University, Australia) at 1:2000 dilution.

Upon completion of the primary antibody incubation, the membrane was washed 4 times
with TTBS for 5 min/wash. The membrane was then incubated with secondary antibody (HRP
conjugated antibody, 1% (w /v) BSA / milk and TTBS) for 1-2 hours, followed by washing
with TTBS 3 times and TBS 2 times at 5 min/wash. Secondary antibodies used were goat
anti-rabbit IgG (H&L), HRP conjugated (Product no AS09602, 1:10000 dilution, polyclonal
antibody, Agrisera). Lastly, the membrane was incubated with 7 ml of Clarity Western ECL
Substrate (1:1 luminol / enhancer solution: peroxide chemiluminescent detection reagent,
BIO-RAD Laborotories Inc.) for 5 min before visualisation on the transilluminator (G:
box, Syngene) using GeneSys software (Ver 1.7.2, Syngene). Subsequently, Coomassie
blue staining (0.05% (w/v) Coomassie brilliant blue G-250, 50% (v/v) methanol, 10% (v/v)
glacial acetic acid and adjusted with ultrapure water) was carried out on the same membrane
for total protein quantification. The membrane was incubated with Coomassie blue staining
solution for 5 min and stained with the staining solution (40% (v/v) methanol, 10% (v / v)

glacial acetic acid, and destaining solution (40% (v/v) methanol, 10% (v/v) with ultra pure
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water) for 5-10 min. For visualisation, the membrane was imaged with a a transilluminator

(G: box, Syngene) using GeneSys software (Ver 1.7.2, Syngene).

4.2.5 Gas exchange measurements

All gas exchange measurements were performed using LI-6400XT gas exchange system
(LICOR Biosciences, Lincoln, NE, USA) on the youngest expanded leaf of 8-week old plants.

CO, assimilation rate, A, and stomatal conductance, g were recorded.

Determination of the blue light response

To assess any possible impact of reduced NADP-ME leaf activity on stomatal movements the

R—RB—R sequence was implemented as previously described in Chapter 2, Section 2.2.3.

Determination of the red light response

The red light response was quantified following the same procedure described in Chapter 2,
Section 2.2.4.

RNA isolation

Frozen leaf samples were homogenized in liquid N, and total RNA was extracted using
Macherey-Nagel™ NucleoSpin™ RNA Plant Kit (Thermo Fisher Scientific) according to

the manufacturer’s instructions.

RNA quality and quantity were determined using a NanoDrop (Thermo Fisher Scientific).
100 ng of total RNA was reverse transcribed into cDNA using a SuperScript III Reverse

Transcriptase.

Primer design, selection and RT-qPCR conditions

The RT-qPCR experiment followed the guidelines of the Minimum Information for Pub-
lication of Quantitative Real-Time PCR Experiments (MIQE). The design of primers for
RT-gPCR analysis was performed using the DNA Integrated Techologies” Primer Quest
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Tool® program according to the following parameters: annealing temperature of 60—65°C,
GC content of 40—-60% and amplicon size of 75—-120 bps.

The amplifications were performed on a CFX Connect Real-Time System cycler (Bio-
Rad) using SYBR Green PCR Master Mix (Thermo Fisher Scientific) as a fluorescent reporter.
Each PCR reaction mixed consisted of 5 uL. of SYBR Green PCR, 2 uL of PCR reaction
buffer, 1 uL each of forward and reverse primers, and 1 uL of 1:1 diluted cDNA template
resulting in a total volume of 10 uL. The PCR cycle was carried out as follows: 5 min at 94 °©
C followed by 40 rounds of 15 s at 94°C, 10 s at 60°C, 15 s at 72°C, and finally 1 round of
35 s at 60 ° C. The melting curve cycle consisted of: 15 s at 95°C, 1 min at 60°C, 30 s at 95 °
Cand 15sat60 ° C.

Relative transcript abundance was calculated using the Delta CT method. ACq values
were calculated by taking the Cq value for the gene of interest and subtracting the geometric
mean for the Cq values from ACT7 and UBQ9. Two technical replicates were used for
each sample. When the calculated ACq values were not within one cycle, the samples were

removed from the statistical analysis.

The sequences of primer pairs are listed in Table 4.1.

Table 4.1 Primers pairs used in phenotyping and copy number estimation, and in determining relative
transcript abundance of selected CO, core signalling pathway genes.

Primer name Direction Sequence
FbACT7 Forward AATGGAAGCTGCTGGTATTCA
Reverse CAACCACCTTGATCTTCATGC
FbEF1a Forward GATCAACGAGCCCAAGAGA
Reverse CAACCCAGATGGTCCAAAG
FbUBQ9 Forward CACCACGCAGACGAAGCAC
Reverse CGCCGGATCAGCAGAGACTTA
FbNADP-ME1 Forward AGCATATGAACTTGGTTTGGCG
Reverse CAACTGTCCTTTTTCCCCGC
FbCAl Forward TACGATGAGCTTGCTAAAGGC
Reverse AACGTTACGAACAACAAACGC
FbCA2 Forward TTTGTACGGTGAGCTTGCG
Reverse ATGTTTCTGACCACGAAGGC
FbCA3 Forward AGGAATTGGCACCTATGGC
Reverse CGACCGGGTCAAATCCG
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Primer name Direction Sequence
FbPEPC Forward GCTGAGCCGAGCAAACCA
Reverse TGATGCGTACAAACACTCAAGAAC
FbPPDK Forward TGAGTCGTGCTTACCGGCGA
Reverse CGGAGGAGACACCGGATTAAG
FbGASA9 Forward ACCCATGGCCCTCAATATCA
Reverse TCTAACGCTTCTCCACCTTCTC
FbOST1 Forward CAACTGTCCTTTTTCCCCGC
Reverse CAACTGTCCTTTTTCCCCGC
FbHT1 Forward CGGGAAGATACTCCACAACAAC
Reverse GTTTGCTTCAGGTGCTCATAGT
FbMPK12 Forward TCGAGCTCTGGAGATCACATT
Reverse CGAATCGGAGGCACATACTTTC

4.2.6 Leaf harvesting and protein and chlorophyll contents

Three replicate discs with a total area of 1.5 cm? were collected using metal cork borers from
recently-expanded leaves from the same plants measured for gas exchange. Samples were

flash-frozen in liquid N, and then stored at -80°C for further use.

Frozen leaf samples (1.5 cm?) were homogenized in ice-cold mortar and pestle into basic
extraction buffer. The chlorophylls were extracted from 40 pl crude leaf extract in 960 pl
80% ethanol. The solution was incubated at 22°C (room temperature), in the dark for 2 hours,
and the absorbance was determined spectrophotometrically at 649 nm and 665 nm allowing
calculation of chlorophyll content following Winterman et al. (1965). Protein content was

estimated against BSA standards using Bradford assay (Sigma, product no. B6916).

4.2.7 Enzyme activity assays

For all enzyme activity assays, the measured absorbance values on the microplate plate
reader (Synergy HTX, Agilent Biotek) were normalised to a path length of 1 cm (the typical
cuvette width used in spectrophotometers [14], using a factor of 5.47 mm, considering both

the volume and dimensions of the well [113]. The reaction proceeded for at least 2 min to
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obtain a clear slope of decreasing absorbance. The first minute of the linear range of the

activity was used to calculate the activities.

The maximum NADP-ME activity was determined following Pengelly et al., 2012 and
Sharwood et al., 2016. Briefly, frozen leaf samples (1.5 cm?) were homogenised using ice
cold mortar and pestle in 900 u 1 of basic ice cold extraction buffer containing 50 mM
Bicine—NaOH, pH 8.2, 1 mM EDTA, 50 mM 2-mercaptoethanol, 1 mM dithiothreitol, 1%
(v/v) protease inhibitor cocktail and 1% (w/v) polyvinylpyrrolidone in CO;-sparged deionised
H,0).

The homogenate was centrifuged at 13,000 g for 1 min, and the supernatant was used
in the assay. For each assay, 100 ul of the supernatant was added to 900 ul of the NADP-
ME assay buffer [SO mM Bicine—-NaOH, pH 8.2, 1 mM EDTA, 5 mM Malate] in 96-well
microtiter plate. The reaction was initiated by adding 10 u 1 of 200 mM MgCl,. The activity
of NADP-ME was calculated by monitoring the decrease in absorbance of NADPH at 340
nm using a diode array spectrophotometer plate reader (Synergy HTX, Agilent Biotek).

Maximal PEPC activity was measured using an NADH-linked assay as described in
Sharwood et al., 2016. Frozen leaf samples (1.5 cm?) were homogenized in ice-cold mortar
and pestle with 600 pl of extraction buffer (50 mM Bicine-NaOH, pH 8.2, 1 mM EDTA, 50
mM 2-mercaptoethanol, 1 mM dithiothreitol, 1% (v/v) protease inhibitor cocktail, and 1%
(w/v) polyvinylpyrrolidone, CO,-sparged deionised H,O). The homogenate was centrifuged
for 1 min at 13,000 g and the supernatant was desalted on a Zeba™ spin desalting column
(Thermo Scientific). To perform the assay, 5 ul of supernatant was added to 195 ul assay
buffer (1 M HEPES-NaOH, ph 8.0, 1 M MgCl,e6H,0, 0.1 M EDTA, 0.5 M NaHCOs,
0.1 M D-glucose 6-phosphate sodium salt, 8.5 KU mL"! malic dehydrogenase (MDH),
14 mM -nicotinamide adenine dinucleotide (NADH, reduced disodium salt), and 0.2 M
phospho(enol)pyruvic acid trisodium salt hydrate) and the reaction initiated by the addition
of 5 ul of 5 mM PEP. The activity was calculated by monitoring the decrease in NADH
absorbance at 340 nm with a diode array spectrophotometer plate reader (Synergy HTX,
Agilent Biotek) after initiating the reaction.

Rubisco activity was measured from leaf extracts after Sales et al. [112] with slight
modifications. Leaf samples (1.5 cm?) were snap-frozen in liquid nitrogen and stored at
-80°C until use were ground in an ice-cold mortar and pestle with 1500 ul of extraction buffer
containing 50 mM Bicine—-NaOH, pH 8.2, 20 mM MgCl,, | mM EDTA, 2 mM benzamidine,
5 mM g€-aminocaproic acid, 50 mM 2-mercaptoethanol, 10 mM dithiothreitol, 1% (v/v)
protease inhibitor cocktail (Sigma-Aldrich) and 1 mM phenylmethylsulfonyl fluoride. The
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homogenate was clarified by centrifugation at 14 000 g and 4°C for 1 min. The supernatant
was immediately used for measuring Rubisco activity at 25°C. For initial activity, the reaction
was started by adding 5 ul homogenate to 195 ul complete assay buffer. For total activity,
Rubisco in leaf extracts was first activated by incubation in the assay buffer containing CO,
and Mg2+ but in the absence of RuBP for 10 min in the dark, and then the reaction was
initiated by adding 6 ul of 20 mM RuBP. The change in absorbance at 340 nm was monitored
with a diode array spectrophotometer plate reader (Synergy HTX, Agilent Biotek) after

initiating the reactions.

4.2.8 Extraction of epidermal peels for RT-qPCR

Abaxial and adaxial epidermal peels were obtained from the youngest recently expanded

leaves of 8-week-old plants.

To obtain intact epidermal peels, leaves split in half were sandwiched between fast
dissolving, water-soluble tape (L Liked Blank White, 1" x 2", Amazon UK). Two to three
firm, stroking motions were applied using one side of a scalpel handle, or until the leaf
surfaces were fully adhered to the tape. Afterwards, the exposed side of the leaf was scraped
off using a scalpel blade until only the epidermis stuck on the tape is left. The process of
removing the mesophyll should be done expediently so as not to desiccate the epidermis.
Afterwards, the tape + epidermis was floated onto 0.5 M MES (pH 6.2) in deep Petri plates
for 60 s to dissolve the tape. A single wash was enough to fully dissolve the tape leaving the
epidermal layer. Two to three additional rinses in 0.5 M MES ensured that the epidermal
peel was free from tape residues. The epidermal peel was then lightly blot dried on sterile

filter paper and flash-frozen in liquid N, and stored at -80°C for further use.

4.2.9 Stomatal morphology and density using impressions

Stomatal impressions using nail varnish were collected from the youngest recently expanded

leaf following the same procedure in Section 2.2.5.

4.2.10 Statistical analysis

To estimate the impact of light on stomatal conductance resulting from the shift from one

light environment to the next, a linear mixed-effects model was used. To perform the analysis,
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gs and A at the introduction blue light (t = 5 min and t =65 min, R—+BR—R) and the final g
at t = 125 min were extracted from the gas exchange time series. Light was the within-subject
factor and species was the between-subject factor. Biological replicates were treated as

random variables.

Linear mixed-effects model was fitted to the red light response data set. Genotype and
red light PFD were assigned as within- and between-subject variables, respectively, while

individual biological replicates were treated as random variables.

Linear mixed-effects model was used to analyse data from RT-qPCR experiments. Geno-
type and tissue-type were assigned as within- and between-subject variables, respectively,

while individual biological replicates were treated as random variables.

NADP-ME activities were normally distributed, but the variances between groups were
unequal, which could not be fixed by logarithmic transformation of the data. Hence, a one-
way ANOVA assuming unequal variances (Welch’s) was performed followed by a posthoc

Tukey’s test, where o was set at 0.05.

Values of PEPC activities did not show a normal distribution (but with equal variances),

and a log-transformation was successfully used to satisfy the normality assumption.

Chlorophyll values also had a nonnormal distribution, but satisfied the equality of variance
assumption. However, a log-transformation did not remedy non-normality, so a Kruskal-
Wallis test (non-parametric one-way ANOVA) was instead used to analyse the data. Data on
total soluble protein met the assumptions of a one-way ANOVA, and the analysis was carried

out without performing any data transformation.

Stomatal morphology and density using impressions

The SD on the abaxial and adaxial surfaces was analysed using a two-way ANOVA, and
Tukey’s HSD (a = 0.05) was used to separate the means if a significant difference was

detected. Data on stomatal size were processed similarly.
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4.3 Results

4.3.1 Transgenic F. bidentis with decreased NADP-ME activity

Transgenic F. bidentis plants with reduced NADP-ME activity were generated by the Von
Caemmerer lab (see Pengelly et al. 2012) to investigate the impact on coordination between
the C3 and C4 cycles. To generate these lines, Pengelly and co-workers used an antisense
construct targeting the central coding region of ChIMEI, the dominant isoform of NADP-ME
at the mRNA and protein levels [77, 22]. A transgenic construct constitutively expressing the
NADP-ME antisense sequence was introduced to F. bidentis via Agrobacterium-mediated
transformation [94]. Eight lines were regenerated through tissue culture and coded as 1A-4,
1A-5, 1A-6, 1A-7, 1A-8, 2A-1 and 2A-2. Of these, segregating T offspring of 1A-5, 1A-8,
and 2A-1 formed the starting point in this study. Homozygous T plants carrying a single
integration event were identified based on RT-qPCR analysis using an amplicon in the KanR
selectable marker. The resulting plants were allowed to self and set seed to obtain a T,
homozygous population. Homozygous T, plants for these three lines were used for all
the presented analyses. The effect of the construct on NADP-ME protein content was first
assessed by immunoblotting Figure 4.1. The blots clearly show bands in the predicted size
(65 kDa) for WT plants grown under regular (HL) or low light (LL, 150 pmol m~2 s), but
strongly diminished bands for 1A-5, 1A-8 and 2A-1 plants, confirming the impact of the
antisense construct on NADP-ME protein abundance.

92



4.3 Results

70 kDa

35 kDa

Fig. 4.1 NADP-ME protein expression in WT and antisense lines of C4 F. bidentis. The relative
expression level of NADP-ME was evaluated across WT-LL Cy F. bidentis (150 umol m s’') and
three independent antisense lines, 1A-5, 1A-8, and 2A-1, grown under the same light levels. A WT-HL
C4 F. bidentis cultivated at 350 pmol m™? s'! was included for comparison. NADP-ME protein was
detected using a maize-specific antibody at 1:2000 dilution.
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4.3.2 Enzyme activities and chlorophyll content
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Fig. 4.2 Measurements were performed on soluble protein extracted youngest fully-expanded leaves
of 8-week-old plants (n=4-6). (A) NADP-ME (malic enzyme) activity. (B) PEPC activity (C). Total
Rubisco activity (D) Rubisco activation status. Values represent the mean + s.e.m. Asterisks indicate
significant differences between antisense lines and wildtype (WT) control at & = 0.05 using Dunnett’s
test.

To assess the impact of the decrease in NADP-ME protein content, total NADP-ME enzyme
activity was assessed using a photometric assay. Total leaf activity of NADP-ME was
significantly reduced (p<0.001) in T, homozygous populations of antisense F. bidentis plants
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(Figure 4.2A). On average, NADP-ME activity in the antisense lines was 12.4 + 0.9 umol m™
s'!, compared to WT which was 39.3 + 2.7 umol m™ s™), or approximately 68% reduction
in total NADP-ME leaf activity. The reductions in NADP-ME activity in the T, antisense
lines varied from 66% to 73% which is less variable than the previously published values for

in Ty populations [94].

To find out if the significant decrease in NADP-ME activity had an impact on the activity
of other key carbon assimilation enzymes, the activities of PEPC and Rubisco were also
assayed on the same leaves. The measured levels of PEPC varied significantly between
genotypes (p<0.007). However, none of the PEPC activities in the antisense lines was
significantly different from the WT control (Figure 4.2B). Rubisco activity (Figure 4.2C) and
Rubisco activation state (Figure 4.2D) did not vary significantly between genotypes (p=0.075
and p=0.634, respectively).
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Fig. 4.3 Total chlorophyll (A) and total soluble protein (B) contents were measured spectrophotomet-
rically from crude leaf extracts in 80%EtOH of 8-week-old plants. Protein content was estimated
against BSA standards using Bradford assay. Values represent the mean + s.e.m of n=4-6.

Similarly, no significant genotype effects were detected for total chlorophyll content
(p=0.200) and total soluble protein (Figure 4.3).
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4.3.3 (,; is significantly increased in NADP-ME antisense lines of C4 F.
bidentis

To find out if the decrease in NADP-ME activity in antisense lines affected stomatal move-
ments, g was assessed both under 100% red light and a mixture of 75% red and 25% blue
light (Figure 4.4). As previously observed in wild-type F. bidentis plants (Chapter 2), blue
light did not have a significant effect on stomatal opening in F. bidentis regardless of geno-
type. There was also no significant effect of genotype on the overall mean gy throughout the
experiment (mixed model analysis, p = 0.18), although the levels in WT plants were slightly
lower at 0.125 + 0.017 umol CO, m™ s°! than any of the mutants (1A-5 = 0.146 + 0.011 mol
CO; m?2s!'; 1A-8 =0.168 + 0.021 mol CO, m™? s}, and: 2A-1=0.165 £ 0.015 mol CO, m™
s'1). The analysis of C; on the other hand (Figure 4.5), showed a significant genotype effect,
with significantly higher values in antisense lines compared to the WT control (Dunnett’s
test, P<0.05). The mean WT C; was 177 = 12 mol CO, mol!, while the antisense lines,
1A-5, 1A-8, and 2A-1, on average, were 246 + 29, 295 + 15, and 264 + 20 mol CO, mol!,

respectively.
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Fig. 4.4 Time course of g in WT (A) and antisense lines of F. bidentis (B, C, and D). The leaves
were initially acclimated in 100% red light until steady state was achieved. Subsequently, the light
environment was switched to 75% red + 25% blue while maintaining an intensity of 500 umol m s!.
The leaves were acclimated to the new light condition for 60 min before returning them back to the
original condition for another 60 min before terminating the experiment. The light conditions were
reversed at tg and tgs. Reference CO, was maintained at 410 umol mol !, block temperature was kept
at 25 ° C and the mean VPD was 1.2 kPa. Data points represent n=4 =+ s.e.
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Fig. 4.5 Box plot of overall mean g; (A) and C; (B) in WT and three antisense lines of F. bidentis.
Blue asterisks are the mean from t to t;ps, n=4. Box plots with the same asterisks are not significantly
different from WT at & = 0.05 using Dunnett’s test.

4.3.4 g is elevated in NADP-ME antisense lines of C4 F. bidentis at the
C; of the WT

While Figures 4.4 and 4.5 show that g5 under either red or RB light did not vary between the
NADP-ME antisense lines and WT control plants, C; during the measurements was markedly
different and may have affected the measurements. Therefore, a follow up experiment was
done under more equal conditions. To do so, C; was kept constant at the operating level of
WT plants at 120 mol CO, mol™! for all lines.
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When PFD was reduced from 800 to 200 umol red photons m™ s!, overall g, for the
antisense lines did not change and ranged from 0.230 + 0.020 mol CO, m™ s7! to 0.225 +
0.014 umol CO, m™? s'!. WT g, was also constant across red light PFDs, but was significantly
lower at 0.151 +0.0127 umol CO, m™ 57! to 0.131 # 0.0123 pmol CO, m™ s™! than the g
of lines 1A-8 and 2A-1. Indeed, the interaction effect between genotype and red light PFD
was not significant (p = 0.6762), nor was the effect of red light PFD (p=0.2890), but the g
among the genotypes was significantly different (p=0.0320).

Not surprisingly, the CO, assimilation rate responded strongly to the intensity of red
light in all genotypes but significantly less so in antisense plants compared to WT, reflecting
the increased impact of decreased NADP-ME activity on CO, assimilation at higher light
intensity (Figure 4.6B, genotype x red light PFD, p=0.0031).
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Fig. 4.6 Response of gs (A) and A (B) in WT and independent NADP-ME antisense lines of F. bidentis
at the C; (=120 mol CO, mol™!) of the WT (C) Each data point represents the mean and s.e. (n = 4-6).
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4.3.5 Stomatal density and size remained unaltered in NADP-ME anti-

sense lines

To determine if the g¢ differences were due to stomatal patterning/morphology or regula-
tion, stomatal density (SD) and size (SS) were collected. SD varied between leaf surfaces
(p<0.0001) with higher stomatal counts and larger stomatal size in the abaxial layer than in

the adaxial layer (Figure 4.7). However, there was no consistent trend with respect to SD or

SS between WT and mutant plants.
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Fig. 4.7 Stomata density (SD, stomata mm2, A) and stomatal size (SS, ,umz, B) on the abaxial and
adaxial leaf surfaces of WT and NADP-ME antisense lines of F. bidentis. Violin/box plots with the
same letters are not significantly different at o = 0.05 using Tukey’s HSD test.
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4.3.6 Gene expression analysis

The elevation of gz in NADP-ME antisense lines at common C; suggested that the CO,
response of stomatal conductance were altered due to the antisense construct, allowing
equal g at the higher operating C; of the NADP-ME antisense lines. It is assumed that the
CO; response is cell autonomous and that the components of the signal transduction and
sensing pathway for these are located in guard cells [23]. If any of the components of the
CO;-mediated sensing pathway were altered in NADP-ME antisense lines, they would be
expected to appear in epidermal peels, which should be enriched in guard cells compared to

whole leaf samples.

To investigate these questions, the abundance of transcripts of genes presumed to be
strongly guard cell biased (GASA9, OST1, HT1, MPK12; Figure 4.8), as well as genes
thought to be strongly expressed in the mesophyll as well as in the guard cell (NADP-ME,
CAl, CA2, CA3, PEPC, PPDK; Figure 4.9) were quantified. Figure 4.8 shows ACq by
subtracting the mean Cq of the GOI from the geometric mean Cq of two reference genes,
thus giving lower ACq values for higher relative expression levels. The results of the RT-
gPCR experiments showed that genes expected to be strongly enriched in guard cells, such
as OST1 and HT1 and MPK12, were in fact not found to be contrasting between tissue
fractions (Figure 4.8). At least at the transcript level, genes reported to be involved in the
CO;-mediated response of guard cells in Arabidopsis and other C3 species did not show
higher transcript levels in the epidermal fractions of WT and antisense lines of C4 F. bidentis.
To ensure that the choice of reference genes did not affect the result, the expression levels of

the reference genes were also analysed but did not show a significant tissue effect.
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Fig. 4.8 Transcript levels of FbGASA9 (A), FbOST1 (B),

FbOST1

Genotype, p =0.4163
Tissue, p =0.3466
G x T, p=0.5838

il

2A-1 A- A-8 WT-LL
FbMPK12

Genotype, p =0.4606
Tissue, p =0.4412
G x T, p=0.2587

A- A-5 A-8 WT LL

FbHT1 (C), and FbMPK12 (D) in whole

leaves, and abaxial and adaxial epidermises (n=2-4). Bars represent the mean and s.e.m. Bars without
error bars are n=2. ACT7 and UBQY were used as reference genes.
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A
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Fig. 4.9 Transcript abundance of key C4 enzymes in whole leaves, and abaxial and adaxial epidermises
(n=2-4). Bars represent the mean and s.e.m. Bars without error bars are n=2. ACT7 and UBQ9 were
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The orthologue of FbGASA9 is preferentially expressed in Arabidopsis guard cells
[142]. FbGASAY transcript levels were also found to differ in expression among tissue types
(p<0.0001). Transcript abundance in the adaxial layer was 5.6-fold higher than the abaxial
layer (3.8-fold), which had similar expression levels with whole leaf samples (3.9-fold)

(Figure 4.8A).
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4.4 Discussion

The OST1 encoding gene is expressed in guard cells and vascular tissues. In Arabidopsis,
OST1 is responsible for controlling ABA-induced stomatal closure [88]. The orthologue of
FbOST1 was not differentially expressed between tissue types or genotype (Figure 4.8B).

The protein kinase HT'1 is predominantly expressed in guard cells [40]. FbHT1 varied by
tissue type (p = 0.0209) but had a comparable abundance of transcripts in all genotypes (p =
0.4997). Whole leaf samples were 5.4-fold higher than abaxial fractions, and by 3.7-fold than
the adaxial fractions. FbHT1 transcript abundance between whole leaf and abaxial samples
(4.9-fold) were not statistically different. HT1 expression levels between abaxial and adaxial
layers were also similar (Figure 4.8C). There were no significant differences in FboMPK12

transcripts (Figure 4.8D) across samples.

FbNADP-ME], as expected, gave a significant genotype x tissue type interaction (p=0.0307).
It should be mentioned that while the whole leaf samples showed significantly lower
FbNADP-MEI transcripts in the antisense lines, these were not found for the adaxial or

abaxial epidermal fractions(Figure 4.9A).

All three of the C4 F. bidentis CA isoforms [129] were strongly expressed in whole leaf
samples (Figure 4.9B-D), consistent with their role of converting CO; to bicarbonate and

protons in the mesophyll cytosol.

The FbPEPC transcripts did not show any differences in genotype or tissue levels (Fig-
ure 4.9E). Finally, FbPPDK had higher expression levels in whole leaves, than in either
epidermal fractions (Figure 4.9F).

Thus, based on the RT-qPCR results, NADP-ME activity does not appear to be down-
regulated in the epidermal layers as it is in the whole leaf and none of the selected CO;
response genes showed altered patterns of expression in line with a decreased CO, sensitivity

in the guard cells in the antisense lines.

4.4 Discussion

This study examined the effect of antisense reduction of NADP-ME, the major decarboxy-
lating enzyme in C4 Flaveria. It was hypothesised that perturbing the C4 cycle, resulting
in a reduced flux of carbon into the bundle sheath cells, may also alter stomatal regulation.
Thus, the objective of this chapter was to investigate the coordination between mesophyll

photosynthesis and gs.
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Targeting key photosynthetic enzymes has been a useful strategy to gain insight into
enzyme regulation and coordination of the C3 and C4 cycle. Previous studies in C3 and Cy
transgenics with impaired photosynthesis demonstrated largely unaltered gs [98, 118, 45,
60, 24]. Photosynthesis is well documented for its role in regulating stomatal apertures by
lowering C; in leaves. This has been referred to in the literature as the stomatal red light
response. However, in addition to this indirect role through C; reduction, a C;-independent
component is also recognized to be part of the red light response [82, 78]. When C; was kept
constant, the red light response becomes negligible between mutants and WT plants studied
here, suggesting that this response is unlikely to underpin the difference in g5 between the
transgenics and the control plants. Recent studies have also generated several hypotheses
regarding the signal and / or the site of direct CO, detection, leading to contrasting findings in
the published literature. Although some studies suggest a role for guard cells in CO; sensing,
others indicate that mesophyll cells play a crucial role in directly sensing CO, through a
"diffusible signal" [63, 23]. The point that previous mutant studies may have overlooked
the confounding effect of C; on g is crucial. If these studies had controlled for C;, their
conclusions might have differed, especially in cases where gs is reported as unchanged in
transgenic lines with lower assimilation rates compared to the WT. It is possible that under
common C;j conditions, an increased g5 could have been observed, leading to a different

interpretation of the results.

4.4.1 NADP-ME antisense construct did not have any pleiotropic ef-

fects.

Transgenic C4 F. bidentis lines with reduced NADP-ME activity have previously been studied
and have shown decreased CO, assimilation, yet similar gg at increasing C; or light intensities
[94]. In the present study, when C; was set at approximately WT levels, g¢ in antisense plants
was higher than in WT (Figure 4.6), suggesting that the stomatal opening in response to low
C; probably increased. CO, assimilation rate, on the other hand, was highest in the WT,
which differed significantly from the three independent antisense lines. Hence, despite higher
g5 values in the antisense lines, the mutants were unable to achieve higher assimilation rates,
which may be attributed to the poor supply of carbon through the C,4 cycle. The observed
differences in g at the common WT C; may be explained by a) increased opening sensitivity
at low C; in the antisense lines, b) decreased closing sensitivity at elevated C; in the antisense

lines or ¢) gs senses and responds to changes in ambient [CO,] rather than intercellular C;.
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The coordination between C4 NADP-ME decarboxylation and Rubisco carboxylation
rates is critical to maintaining flux through the C4 pathway. Therefore, it was possible that
the levels of PEPC and Rubisco were altered to compensate for the reduction in NADP-ME
(Figure 4.8A). However, analysis of gene expression using RT-qPCR did not show changes
in the transcript levels of the three CA isoforms (Figure 4.8B-D) in C4 F. bidentis at the
genotype level, suggesting that the reduction of NADP-ME activity did not directly impact
the initial steps of CO; signal transduction [44]. The study also examined the transcripts
of two other essential C4 enzymes, PEPC (Figure 4.8E) and PPDK (Figure 4.8F), but no
significant differences were found between the mutant lines and WT plants. Enzyme activity
assays further demonstrated that PEPC and Rubisco (Figure 4.2C), as well as Rubisco
activation status (Figure 4.2D), remained unaffected in transgenic plants. These findings
are consistent with previous research, indicating that CO,-regulated stomatal conductance
operates independently of Rubisco activity [136] and other PCR cycle enzymes [45, 60, 87].
Similarly, PEPC levels were found to have no direct effect on high CO;-induced stomatal
closing [34, 19].

Contrasting results were reported by Pengelly et al. (2012), who observed an increase in
PEPC and Rubisco activities in antisense lines compared to WT plants. They attributed this
rise to a potential increase in the amount of nitrogen available for enzyme production [93].
However, the same study showed that the reduction in NADP-ME alone was not sufficient to
explain the observed increase in leaf nitrogen. Furthermore, in this study, total chlorophyll
and protein contents (Figure 4.3), remained consistent between antisense lines and WT,
making out any off-target effects on light harvesting and electron transport, as previously

seen in similar studies less likely [98].

4.4.2 Stomatal patterning and morphology can acclimate to CO,, but do
not explain the observed differences in g in NADP-ME antisense

lines.

Plants adapt to changes in CO; levels by regulating their SD and stomatal index (SI, the
number of guard cells relative to total epidermal cells). Light intensity and CO, concentra-
tion have been extensively studied in relation to their impacts on stomatal differentiation.
Typically, plants grown in full sunlight or high light intensities exhibit a higher SD and SI
compared to those grown in shaded conditions [28]. In response to elevated CO, levels, many

species adapt by reducing their SD. To investigate whether changes in stomatal traits drove
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higher g¢ between antisense lines, SD and SS were determined. While there were significant
differences in SD, there was no apparent pattern that distinguished WT plants from mutants.
These findings indicate that the higher operational g in antisense lines could not be due to

changes in stomatal distribution or size.

4.4.3 Genes involved in stomatal CO; response and malate metabolism

appear unchanged in NADP-ME mutants.

Guard cells have been suggested to indirectly sense changes in C; through fluctuations in
metabolites resulting from photosynthesis or by detecting bicarbonate with a CO;sensing
module [121] involving HT1 and MPKs. Recent studies in Arabidopsis have identified the
cellular and molecular components involved in CO; signaling and response highlighting
key roles for HT1 and MPK12, which led us to hypothesize that the altered C; response
of g in the NADP-ME antisense plants could be due to altered expression levels of these
gene products. However, RT-qPCR quantification showed that neither HT1 nor MPK12
transcripts were significantly different between the WT and mutant lines. Genes associated
with stomatal movements, such as OPEN STOMATA 1 (OST1), were also investigated,
but silencing of NADP-ME did not affect OST1 expression either. In general, these results
indicate that the reduction of NADP-ME activity does not directly affect the initial steps of

CO; signal transduction, at least at the transcript level in C4 F. bidentis.

4.4.4 Could altered guard cell malate metabolism potentially explain

the higher g observed in the antisense lines?

Malate is a powerful regulator of stomatal opening [12, 1], and the antisense construct in C4
F. bidentis could have altered the pattern of malate flow and therefore affected gs. During
stomatal closure, malate is decarboxylated in the cell to pyruvate by NADP-malic enzyme,
which is then completely oxidized in the mitochondrial tricarboxylic acid cycle. Alternatively,
malate can be converted to PEP via NAD*-dependent malate dehydrogenase (MDH) and
PEP carboxykinase (PEPCK) [114]. If the NADP-ME activity in guard cells decreased in
antisense lines, then the malate that had been accumulating during stomatal opening could
not be metabolically dissipated, leading to slower stomatal closure, which could be seen as

an increased opening at common C;.
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Moreover, malate production is also linked to the C4 cycle through OAA via PEPC [19].
An earlier study on Amaranthus edulis using PEPC knockdowns [19] suggested that PEPC
is directly involved in the regulation of gs. However, since PEPC deficiency also affects g
due to shared enzymatic reactions controlling the dynamics of the malate pool with the Cy4
cycle [114], the interpretation that g is directly regulated by PEPC may be dependent on
how much the guard cell malate pools were affected. The same reservations apply to the

mutants employed in this chapter.

4.4.5 Conclusion

This chapter has focused on the consequences of a disrupted C4 cycle on the regulation of gg.
The results showed that NADP-ME antisense lines of C4 F. bidentis had a higher operational
C; than WT. When measured at a common C;j, g was higher in the antisense lines than in the
WT. Although this may imply altered guard cell C; sensitivity in the antisense lines, or that
guard cells sense C, rather than C;, the construct may have had an impact on the guard cell
malate pool, which cannot be ruled out as an alternative explanation for the increase in gg in

common C;.
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Chapter 5

General Discussion

5.1 Thesis Summary

This thesis aimed to provide a detailed characterization of stomatal responses to light and
CO, in congeneric C3 and C4 species. Chapter 1 synthesized current literature on the body of
knowledge on stomatal responses to light and CO, and developed hypotheses that underpin
the experimental chapters. This introductory chapter also included a discussion on the
importance of using phylogenetically-controlled experiments to systematically compare
photosynthetic types while minimising the confounding effects of evolution. The congeneric
model species in studying the evolution of C4 photosynthesis used in the study were also
discussed. Finally, the chapter briefly reviewed the work on photosynthesis mutants in
recent decades and how studying these mutants helped uncover the regulatory mechanisms

underlying stomatal movements.

Chapter 2 investigated stomatal responses to light. Specifically, this chapter described the
differential responses to blue and red light between Cz and Cy4 species using phylogenetically-
controlled comparisons. A significant finding from this chapter is the insensitivity of Cy4
dicots to blue light, contrasting with the corresponding C3 species which were strongly
responsive. Stomatal morphology differences were extensively characterized and shown
to be largely species-specific, rather than follow previously postulated C3-C,4 evolutionary

trajectories.

Chapter 3 used a novel protocol to assess stomatal responses to CO,. An important
observation from this chapter is that C4 dicots found to be insensitive to blue light in Chapter

2, were also found to be less responsive in the dark. In addition, stomatal opening in C4 dicots
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was more responsive to sub-ambient CO, than their corresponding C3 dicots, but only in the
presence of light. However, some stomatal opening also occurred in darkness, indicating
that the energy used for stomatal opening was also sourced from products other than from
photosynthesis. This is consistent with previous work in which respiratory processes were

shown to contribute significantly to support energy demand of guard cell movements.

Chapter 4 examined the link between mesophyll photosynthesis and stomatal movements
in mutant C4F. bidentis with decreased NADP-ME activity. Three mutant lines were selected
with moderate decreases in NADP-ME expression and activity. Gas exchange measurements
showed a small decrease in CO, assimilation and an increase in C;, yet similar gg compared
to control plants. When measured under common C;, stomatal conductance was higher in
the mutants, suggesting that the disruption of C4 cycle activity led to a change in stomatal
sensitivity to C; or that guard cells of C4 F. bidentis may be sensing C,, rather than C;.
A method for extracting intact epidermal peels for physiological assays and downstream
molecular biology applications was developed to look at expression of genes involved in

CO, sensing, however no clear differences between WT and mutant plants were found.

Overall, this thesis used a powerful experimental design that allowed for controlling the
confounding effects of evolutionary distance on comparisons between C3 and C4 photosyn-
thesis by use of phylogenetically-controlled comparisons. The results show that, at least
for the species tested here, the presence of C4 photosynthesis indeed has implications for
stomatal regulation beyond the commonly found decrease in maximal conductance. Regula-
tion of movements in response to both light and to CO, were found to be affected, although
distinct species-specific differences not associated with the photosynthetic pathway were
also observed. Disrupting the Cy4 cycle also seemed to affect stomatal responses to COa,
demonstrating the strong link between stomatal regulation and the underlying mesophyll

processes.

5.2 Discussion and Future work

5.2.1 Using phylogenetically-controlled comparisons is essential in un-

derstanding C4 photosynthesis.

The C4 syndrome evolved independently in more than 60 plant species from different evo-

lutionary lineages [106], suggesting that the genomic changes associated with phenotypic
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changes are not necessarily linked to the C4 photosynthetic pathway [127]. For example,
contrasting blue light responses in C3 and C4 were observed in crop species [146], but the find-
ings could not be directly linked to photosynthetic type alone because the species examined
were separated by considerable phylogenetic distance. Chapter 2 demonstrated the advantage
of using phylogenetically-controlled comparisons to characterise differences between C3 and
C4 comparisons while addressing the potential confounding effect of evolutionary distance.
In addition to being representative of the three main decarboxylation subtypes [105], the
individual genera allowed comparisons between C3 and C4 stomatal responses in the context
of both the elliptic-shaped stomata common to the dicots and dumbbell-shaped stomata
of the monocots. The findings also suggest that the evolution of C4 photosynthesis in the
dicots may have led to a change in light-regulated stomatal movements and challenge the
general nature of previously observed stomatal morphological differences between C3 and C4
congeners. Similarities between C3 and Cy4 pairs were also highlighted, e.g., in Alloteropsis,
where both the C3 and C4 subspecies had an increased stomatal aperture due to blue light,
further strengthening the case for controlling for effects of evolution. Beyond this work, it is
crucial to emphasise the impact of phylogenetic distance in studies attempting to characterise
the evolution of C4 pathway, the variety of traits associated with the C4 syndrome, and their

responses to wide ranging environmental variables.

5.2.2 Insensitivity to blue light and limited contributions from mito-
chondrial respiration may underlie stomatal movements in Cy4

dicot stomata.

Blue light-induced stomatal opening is independent of photosynthesis [117] and involves the
activation of guard cell PM H*-ATPase. The blue light photoreceptor, phototropin, via HT1
and CBC1/2 [43], promotes phosphorylation of the penultimate C-terminal residue of this
enzyme. Chapter 2 compared pairs of C3 and Cy4 species from Cleomaceae, Flaveria, and
Alloteropsis in terms of stomatal opening responses to blue light and found that C4 dicots
had diminished blue light-induced stomatal opening response while their C3 cousins were
more responsive. A hypothesis for the function of decreased response to blue light in Cy4
dicots tested here could be related to achieving an optimal temperature for C4 photosynthesis,
which is higher by 5-10°C compared to Cszs [141]. Although this hypothesis should be
confirmed in future work, low stomatal aperture affects evaporative cooling and conservation

of leaf temperature in an optimal range. This is important for maintaining CO, assimilation
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rates, which, in turn, affects the potential harvestable yield [101]. Interestingly, this is in line
with the suggested role of PHOT's expression, given that PHOTSs also serve thermosensory
functions [29], while also promoting evapotranspiration and leaf cooling in high-temperature
conditions in Arabidopsis [54]. In addition, Chapter 3 used a pioneering approach to
investigate CO, responses in C3 and Cy4 dicot pairs from Cleomaceae and Flaveria. We
found that C4 dicots responded to low CO; but only under red light. The findings in the
chapter also seem to confirm the hypothesis that stomata in C4 dicots may have evolved to
be more sensitive to sub-ambient C;. This feature of C4 photosynthesis seems to suggest
that stomatal opening in C,4 dicots relies more on CO, assimilation rate rather than their C3
counterparts. Taken together, the insensitivity to blue light, when considered alongside the
findings from Chapter 3 of the sensitivity of C4 dicot guard cells to sub-ambient CO,, appear
to be a feature common to the C4 dicots studied here as a strategy to increase efficiency of
water use, the amount of carbon gained per unit water lost, both by limiting water loss and
optimising CO, assimilation rate. This seems to be consistent with the evolutionary origins
of the C4 syndrome which is often suggested to have evolved as an adaptation to hot and arid
conditions [91, 105].

5.2.3 The interaction between red light-induced stomatal opening and
the CO; response pathway is mediated both by C;-dependent and

C;-independent mechanisms.

In Arabidopsis, red light induces photosynthesis-dependent phosphorylation of threonine,
the penultimate residue of PM H*-ATPase, leading to stomatal opening [2]. In contrast, in
the presence of red light, elevated CO, induces guard cell PM H*-ATPase dephosphorylation
as well as stomatal closure [4]. As the phosphorylation of PM H*-ATPase in guard cells is
mediated by both red and blue light [48], leaves in Chapter 3 were illuminated with red light
only or kept in darkness while being subjected to sub- or supra-ambient [CO,]. While the
mesophyll contributes to red light-induced stomatal opening there is also evidence supporting
that red light triggers stomatal opening in detached epidermal peels, suggesting a direct
guard cell response to red light [82]. In whole leaves, the red light-induced stomatal opening
response was found to be dependent on photosynthesis [2]. Chapter 3’s findings demonstrated
that C4 dicots guard cells exhibit heightened sensitivity to sub-ambient C; levels, specifically
when exposed to background red light. This observation implies that stomatal opening in

C4 dicots is finely tuned to CO, assimilation or its byproducts, in contrast to C3 dicots.
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Interestingly, Chapter 3 also reports stomatal opening even in darkness, at low CO,, which
raises the question: where do guard cells derive the energy that drives stomatal opening in
the dark? In the absence of photosynthesis, the ATP and NADPH required to power stomatal
opening could be supplied from GC mitochondria [117, 134].

The responsiveness of C4 dicots to sub-ambient CO; levels could possibly be modulated
by K*. Olsen et al. (2002) observed that when CO; levels were low, there was a reduced
uptake of K* by V. faba guard cells in response to red light. This implies that the role of K*
as an osmotic regulator in guard cells under red light conditions may vary depending on CO,
levels. The addition of K* also had no discernible influence on the stomatal response to red
light in epidermal peels of Arabidopsis [147] and V. faba [124]. Therefore, relevant research
questions could be: does sub-ambient C; stimulate PM H*-ATPase phosphorylation under
red light? Can K* modulate gs in C4? If so, this could indicate a mechanism distinct from

the established CO, signalling pathway, which should be investigated in future studies.

5.2.4 Do C4 dicot guard cells exhibit altered sensitivity to C;, or do they

perceive C, instead of C;?

Chapter 4 investigated the link between mesophyll photosynthesis and stomatal movements
in mutant Cy4 F. bidentis with decreased NADP-ME activity. The gas exchange measure-
ments were performed under red light, as blue light drives stomatal opening independent of
photosynthesis. (Though Chapter 2 unequivocally demonstrated the absence or diminished
blue light response in C4 F. bidentis, the same red/blue light switchover experiment was
performed among the antisensed lines, which also confirmed the weak blue light response in

Cy4 Flaveria species [data not shown].)

Results from Chapter 4 showed a slight reduction in CO; assimilation and an elevation in
internal CO; levels (C;) were observed in the mutant plants, while their stomatal conductance
(gs) remained comparable to that of the control plants. When assessed at common C; levels,
the mutants exhibited higher g, suggesting that the perturbation in the C4 cycle activity may
have altered stomatal responsiveness to C; or possibly indicated that the guard cells in Cy4 F.

bidentis might be perceiving ambient CO; (C,) rather than (C;).

An alternative hypothesis for the increased gs at a common C; is that the antisense
construct altered the pattern of malate flow in antisense lines, resulting to higher g;. Malate is
one of the counterions of K*, and the accumulation of malate may be due to the degradation

of starch in guard cells, or import from mesophyll cells [21, 66]. However, in Chapter
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4, while the whole leaf samples showed significantly lower FboNADP-MEI] transcripts in
the antisense lines, these were not found for the adaxial or abaxial epidermal fractions,
suggesting that guard cell metabolism was unaffected by the antisense construct. It does
seem possible that guard cells in the antisense lines could have been over-accumulating
malate, leading to slower closing and interpreted as increased stomatal opening at a common
C;. However, a metabolomics study suggested that malate does not participate as an osmolyte
in red-light-induced stomatal opening [147]. Clearly, the subcellular compartmentation of
malate needs to be studied to provide additional insight on the modulatory role of malate in

guard cell function.

5.2.5 What is the functional role of CBC1/2 in CO; sensing in Cleo-

maceae and Flaveria species?

Guard cells have been suggested to indirectly sense changes in C; through fluctuations in
metabolites resulting from photosynthesis or by detecting bicarbonate with a CO, sensing
module [121], involving interactions between HT1 and MPKs, which led us to hypothesise
that the altered C; response of g5 in the NADP-ME antisense plants could be due to altered
expression levels of these gene products. In Arabidopsis, when the atmospheric CO, concen-
tration is low, the intracellular HCO3™ concentration is also low. In this case, HT'1 interacts
with and phosphorylates OST1, inhibiting OST1 activity. SLACI is inactive and thus stomata
remain open [130]. However, RT-qPCR quantification showed that neither HT'1 nor MPK12
transcripts were significantly different between the WT and mutant lines. OPEN STOMATA
1 (OST1), a kinase which is essential for the activation of the SLAC1 anion channel [90]
and stomatal closing [130], was also investigated, but silencing of NADP-ME did not affect
expression of OST1 either. In general, these results indicate that the reduction of NADP-ME
activity does not directly affect the initial steps of CO, signal transduction, at least at the

transcript level in C4 F. bidentis.

CONVERGENCE OF BLUE LIGHT AND CO, 1/2 (CBC1/2) link blue light and
concentrations of low CO; in guard cells of C3 Arabidopsis [43]. AtCBC1/2 have homologues
in C4 F. bidentis, with 77 and 82% homology, respectively (Munekage, email comm.).
CBC1/2 were part of the original panel of transcripts that we set out to investigate, but
for practical reasons, had to be dropped from the list. It remains relevant, however, in the
discussion of CO, sensing because CBCs integrate low C; signals with that of the action of

BL. Since BL sensitivity is diminished in C4 dicots tested in Chapters 2 and 4, it would be
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insightful to ascertain the sequence of CBCs in Cy4 F. bidentis and characterise their functional

role in the core CO; response pathway.

Defining a model for CO,-dependent stomatal responses in C4 would help uncover
underlying mechanisms and would be valuable in identifying targets for improving WUE
and sustainability. Studying how plants have adapted to low CO; can also help to understand
plant responses to future high CO, [128] (and references therein). Finally, further work
focused on stomatal responses to CO, would benefit from CO, signaling mutants which
is feasible because reproducible transformation protocols for C4 model dicot and monocot

species are available.
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