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Abstract

Engineering crassulacean acid metabolism (CAM) into C; crops has potential to significantly
improve crop plant water usage efficiency (WUE) without significantly effecting yield. Despite
the importance of stomata in efforts to engineer CAM into Cs plants our understanding of
CAM stomatal physiology and guard cell metabolism are still lacking. In C3 plants, guard cell
metabolism provides energy and osmolytes essential for proper stomatal regulation. Recent
studies have suggested that CAM stomata differ in the timing of guard cell metabolism
compared to Cs. Guard cell metabolism may be of especial importance in CAM plants as it
needs to provide energy to sustain nocturnal stomatal opening without photosynthesis.
Furthermore, this thesis tackles a key question in CAM engineering, will stomata follow the
pattern of mesophyll driven changes in Ci or will guard cells require separate changes to their
regulation and metabolism to support nocturnal opening and diurnal closure? These questions
will be tackled using C3 and CAM tissues in Kalanchoe blossfeldiana and a CAM deficient
Kalanchoe fedtschenkoi pepcl mutant. This thesis provides evidence of the retiming of guard
cell starch metabolism in CAM tissues and suggests that nocturnal carboxylation driven

reductions in Cj are not enough to drive nocturnal stomatal opening in Cs tissues.

To date, most sequenced inducible CAM plants require inducement through an abiotic stress
e.g. drought or salt stress, whereas CAM in K. blossfeldiana is also induced with ageing. This
thesis develops the inducible CAM plant K. blossfeldiana as a system for investigating Cs and
CAM physiologies and mesophyll and guard cell metabolism by presenting a physiological and
biochemical characterisation of K. blossfeldiana along with its genome and a comparative
C3/CAM dusk transcriptome; identifying key components of the CAM cycle upregulated in

response to age-induced CAM induction.
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Chapter 1. General Introduction

1.1 Climate and CAM

The combined effects of a steadily rising population and climate change are major threats to
global food security. Climate change will bring about a multitude of problems that will
challenge modern agriculture by reducing yields and arable land including, and certainly not
limited to, drought and desertification, flooding and sea level rise, disruption of plant-animal
interactions and altered climate patterns (IPCC, 2013). This reduction of food production
capacity coupled with a rising demand for food is likely to challenge the foundations of
modern civilisation, with recent research suggesting that climate change-driven drought may
have contributed to the early stages of the Syrian civil war (Kelley et al., 2015). An IPCC report
stated vast changes in economic model, industry and society are needed to tackle greenhouse
gas emissions (Shukla et al., 2022). The past few years have had many widespread and
sustained climatic anomalies, where temperatures or precipitation were outside normal
expected levels. These conditions have had severe and sustained negative effects on growth
conditions. For instance in the first ten days of August 2022 47% of Europe was in soil moisture
deficit, leading to a substantial reduction in crop yields, with grain maize, soybeans, and
sunflowers most effected and satellite observed reductions in photosynthesis in key areas

effected by drought (Toreti et al., 2022).
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Figure 1.1 An overview of global land usage, highlighting the area of drylands (arid, semi-arid

and dry sub-humid lands that make up 39.7% of global land mass. Adapted from UNEP (2012).



With this in mind there is a clear need for major sustained efforts to develop methods to
improve food production capacity. This could be achieved by improving crop traits to improve
yields and resilience to weather extremes on arable lands; or by engineering plants to grow in
non-arable lands. Dry and arid lands that would not traditionally be considered arable make
up ~40% of Earth’s land area (Figure 1, UNEP, 2012), with 2.4 million ha of arable land lost in
the EU 27 between 2010 and 2020 (Eurostat, 2020). These areas could be utilised by plants
engineered to improve their water usage efficiency (WUE) and therefore their resilience to

low water conditions.
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Figure 1.2 CAM plants are more water usage efficient (WUE) than Cs or C4 requiring significantly

less water without a major impact on yield (left, Shameer et al., 2018). Cs plants can lose up to

400 moles of H,0 per mole of CO; fixed (right).

Engineering crassulacean acid metabolism (CAM) into C; crops could be a potential method of
significantly improving crop plant WUE (Borland et al., 2014), without substantially reducing
productivity (Shameer et al., 2018). CAM is an alternate form of photosynthetic metabolism
that confers a ~6-fold greater WUE compared to the C3 and Cs modes of photosynthesis
(Borland et al., 2009) and makes up ~6% of land plants, see figure 2. CAM involves the
nocturnal fixation of CO, (as HCO3) by phosphoenolpyruvate carboxylate (PEPC) into a C4 acid,
which is stored in the vacuole as malic acid until subsequent daytime decarboxylation and re-
carboxylation into the Calvin cycle by Ribulose-1,5-bisphosphate carboxylase (RUBISCO). CAM
plants are therefore able to shift atmospheric net CO; uptake to the night, allowing nocturnal

stomatal opening, the inverse of C3 and Cs plants, to occur. By moving gas exchange and
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stomatal opening to the night CAM plants reduce water losses by curtailing day-time
evapotranspiration. The additional energetic demands of CAM are offset by the advantage of
the carbon concentrating effect of malate decarboxylation during the day behind close
stomata (Shameer et al., 2018). Thus, CAM provides an improved WUE over Cs3 while not

substantially affecting plant productivity.

CAM plants are highly resilient to long periods of drought and increased temperature; this
makes them ideal candidates for growth on lands that are less suitable for drought sensitive
plants (Borland et al., 2015). CAM plants have the potential to tackle both the causes and the
symptoms of greenhouse gas emissions, as CAM plants could be used to remove atmospheric
carbon by planting campaigns in drought prone areas. Efforts to remove atmospheric carbon
by reforesting have gained significant traction in recent years, e.g. the One Trillion Trees
project announced by World Economic Forum and the Bonn Challenge to restore 860 million
acres of forestland. However, many such reforesting projects have failed, suggesting a need
for the use of more resilient and effective plants, and the use of transgenic plants, that
sequester greater amounts of carbon are currently under development (Eckhardt et al., 2022).
Lessons from the CAM pathway also could provide a route to increasing the carbon efficiencies
of plants, as CAM allows them to recycle CO, from nocturnal respiration. Globally, plants are
estimated to lose ~50 billion tons of CO; annually (Five times that of total human outputs) to
nocturnal respiration and take up ~130 billion tons of CO; via photosynthesis (Jung et al.,

2011).

CAM plants could also provide feedstocks for agriculture and other biological processes. There
has been much recent interest in genetically transforming plants to produce key biological
compounds of value, such as protein-based vaccines or compounds that are often produced
via petrochemical processes (Molina-Hidalgo et al., 2021; Warzecha & Mason, 2003). CAM
plants could be of use here, due to their large vacuoles which could be used to sequester high-
value compounds and through their ability to grow on drought prone uncultivated land,
allowing these technologies to grow without displacing drought sensitive plants from
cultivated land. The crisis in biodiversity, which is often overlooked, where anthropogenic
activities have vastly reduced species number across the world, will also put pressure on land
usage (Davison et al., 2021), with a need to shift land usage to allow native species to inhabit

suitable land.
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1.2 CAM Overview - Everything you need to know about CAM but were afraid to ask

For CAM to emerge from Cs photosynthesis, it is believed that substantial rewiring and
retiming of core metabolism is required (Borland & Dodd, 2002; Shameer et al., 2018). It is
thought that CAM evolved from Cs photosynthesis primarily by the recruitment of enzymes
and pathways that are already present in C; plants (Borland et al., 2014; Lim et al., 2019). Thus,
there is a core assumption to CAM engineering that most of the changes between Cz and CAM
are due to differences in the regulation of core metabolic enzyme expression and activity
rather than an entirely novel system of enzymes and pathways. CAM can be split into a
number of core ‘modules’ for the purpose of engineering CAM into non-CAM plants. This
section explains the current knowledge on the workings of CAM by dividing CAM into its core
modules, and is broadly split into two sections: firstly, CAM in the mesophyll, the site of
photosynthesis and CAM; and secondly with greater focus, the changes that occur to guard
cells and stomatal regulation in CAM. This section will also highlight some of the remaining
guestions that will need to be addressed before being able to successfully engineer CAM into

Cs plants.
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Figure 1.3 An overview of diel mesophyll CAM in starch storing CAM plants adapted from
Schiller & Brautigam (2021). Text in bold refers to enzymes. Abbreviations shown include:
Phosphoglyceromutase (PGlyM); tonoplast dicarboxylate transporter (TDT); aluminium
activated malate transporter (ALMT);bile acid sodium symporter 2 (BASS2); debranching
enzyme (DBE); glucose-1-phosphate  (G1P);glucose-6-phosphate  (G6P); malate
dehydrogenase (MDH); NAD(P)-dependent malic enzyme (NAD(P)-ME); sodium hydrogen
antiporter 1 (NHD1); oxaloacetate (OAA); phosphoenolpyruvate (PEP); phosphoenolpyruvate
carboxylase (PEPC); phosphoglycerate (PGA); pyruvate phosphate dikinase (PPDK); PPDK
regulatory protein (PPDK-RP); PPT, phosphoenolpyruvate phosphate translocator;
triosephosphate/phosphate translocator (TPT); AMY3 (a-amylase 3); BAM1 (B-amylase 1);
BAM3 (B-amylase 3); Phosphoglucomutase (PGM);BCA5 (B-carbonic anhydrase 1); PPCK
(phosphoenolpyruvate carboxylase kinase); DPE1 (chloroplastic disproportionating enzyme);
PHS1 (chloroplastic a-glucan phosphorylase); cytosolic disproportionating enzyme (DPE2);
MEX1 (maltose transporter); pGLCT (plastidic glucose transporter), GPT1 (glucose phosphate

translocator 1); and GPT2 (glucose phosphate translocator 2).
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1.2.1 PEP Regeneration Pathway / transitory carbon stores

CAM occurs in a cyclic manner, with carbon skeletons being cycled between nocturnal
carboxylation, daytime decarboxylation, processing through the Calvin-Benson cycle and
storage in transitory carbon stores which can be either starch or sugars, depending on species.
These transitory carbon stores are essential in providing PEP for nocturnal carboxylation for
CAM (Cushman et al., 2008). In Cs species, mesophyll cells often accumulate starch during the
day providing a sink for photoassimilates and a steady depletion overnight to supply carbon
for nocturnal respiration, maintenance and growth; in a tightly controlled process that helps
ensure a balance between early displenishment and over investment in transitory starch (Flis

et al., 2018; Santelia & Lunn, 2017).

To provide PEP for nocturnal carboxylation in CAM as much as 20% of leaf dry mass can be
utilised as carbohydrates (Borland & Dodd, 2002). Starch storing CAM plants such as
Kalanchoe fedtschenkoi (Abraham et al., 2020) and Mesembryanthemum crystallinum
(Cushman et al., 2008) have similar patterns of mesophyll starch accumulation to that of C3
species, with starch accumulated over the course of the day from carbon assimilated via
RUBISCO. Overnight, starch is remobilised to support the regeneration of PEP for nocturnal
carboxylation as well as nocturnal respiration, maintenance and growth. Other CAM species
such as Ananas comosus supply carbon for PEP regeneration from transitory hexose sugar
stores (Holtum et al., 2005). To date it is not clear why CAM species diverge in their transitory
carbon stores, whether it be environmental or phylogenetic reasons. This might be important

when deciding which method to use in CAM engineering.

Starch storing CAM plants have been shown to re-route starch degradation via the
phosphorolytic pathway instead of the hydrolytic pathway which is used in C3 Arabidopsis
(Ceusters et al., 2021). In CAM, starch is broken down to form glucose-6-phosphate that is
exported from the chloroplasts to ultimately regenerate PEP for the CAM cycle. CAM was
impaired in K. fedtschenkoi a-glucan phosphorylase (PHS1) mutants which were unable to
degrade starch via the phosphorolytic pathway (Ceusters et al., 2021). On CAM induction in
the facultative species M. crystallinum, increased glucose-6-phosphate export from the
chloroplasts was noted along with increased transcript abundance of GLUCOSE PHOSPHATE

TRANSLOCATOR (GPT), thought to import/export G6P from chloroplasts (Hausler et al., 2000;
30



Kore-eda et al.,, 2013; Koreeda & Kanai, 1997; Neuhaus & Schulte, 1996). Increases in
transcript abundances of genes involved in the phosphorolytic starch degradation pathway
were also observed following ABA and drought-induced CAM induction in T. triangulare
(Brilhaus et al., 2016; Maleckova et al., 2019). It has been suggested that this move to the
phosphorolytic starch degradation pathway could be an effort to energetically balance the
CAM cycle, as it provides cytosolic ATP during the conversion of G6P to PEP (Ceusters et al.,
2021; Shameer et al., 2018). How this switch is regulated and how resultant carbon released
is partitioned between nocturnal respiration, plant growth and PEP regeneration is not known.
Upregulation of the enzymes in the phosphorolytic starch degradation pathway could be a key

target for CAM engineering.

In both C3 and starch storing CAM species the turnover of starch must be tightly regulated and
responsive to time and the amount of carbon assimilated via photosynthesis to avoid carbon
starvation by early displenishment. Despite recent efforts in this area the mechanisms of
starch turnover regulation are not fully understood. In C3 Arabidopsis diel starch turnover is
controlled in a complex process that is robust even in severely perturbated circadian clock
mutants, with the suggestion that semi-autonomous oscillators along with circadian clock
inputs may regulate starch turnover (Flis et al., 2018; Moraes et al., 2022). The careful and
responsive regulation of starch turnover in starch storing CAM plants may help enable them
to remain robust to carbon starvation in severe droughted conditions, with limited carbon
assimilation. Thus, understanding the regulation of starch turnover in starch storing CAM

plants is of great importance.

There are gaps in our knowledge of how photosynthetic metabolism is regulated and how the
output carbon is partitioned in both C3 and CAM plants. Carbon partitioning has been shown
to change with development (Borland & Dodd, 2002), environmental conditions (Ceusters et
al., 2010) and the induction of CAM, with up to 70% of leaf carbohydrate used in CAM (Haider
et al., 2012). One suggested point of control in the PEP regeneration pathway in starch storing
CAM species is the export of G6P from the chloroplasts via GPT 1 and 2 (Borland et al., 2016),
which have been shown to have diel transcript expression patterns in Ananas comosus (Ming
et al., 2015). In C3 Arabidopsis there has been significant recent work in uncovering the role of
carbohydrates in regulating both metabolism and development in C; plants, with various

sugars and sugar sensing enzymes implicated (Fichtner & Lunn, 2021; Smith & Stitt, 2007; van
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Dingenen et al., 2019), how these processes work in CAM species is yet unstudied, making it
an area that will need further focus when considering targets for CAM engineering.
Furthermore, CAM and especially inducible CAM could provide a good platform for studying

carbohydrate partitioning with lessons applied to both photosynthetic modes.

1.2.2 ATP/energy supply for CAM

Flux balance analysis of CAM by Shameer et al. (2018) suggested CAM plants consume
substantially higher amounts of ATP during both the day and the night. Most of the predicted
increase in nocturnal ATP consumption was due to ATP- dependent proton pumps at both the
tonoplast and plasma membrane, required to enable vacuolar malate accumulation; and the
high flux through ATP consuming phosphofructokinase. This consumption was predicted to be
balanced by increased ATP production over the diel period, with an increase in mitochondrial
respiration across the diel period and a nocturnal increase in substrate level phosphorylation

due to the high glycolytic flux required to regenerate PEP.

Recent experimental data have given support to these flux balance predictions; with transcript
expression of mitochondrial genes upregulated in constitutive CAM Agave americana
(Abraham et al., 2016) and on CAM induction in the facultative CAM Talinum triangulare
(Brilhaus et al., 2016; Maleckova et al., 2019). Nocturnal respiratory rates were found to be
higher on CAM induction by droughting in the facultative CAM species Clusia pratensis but
reduced, as typical for a C; plant (Atkin & Macherel, 2009), in the obligate Cs species Clusia
tocuchensis (Leverett et al., unpublished). Increases in the size, number and presence of
mitochondria and key mitochondrial enzymes have also been observed in some Cs plants (Fan
et al., 2022), which should also be investigated in CAM species. There is also evidence that
CAM plants use pathways that are more energy efficient, for example the switch to the
phosphorolytic starch degradation pathway in starch storing CAM species provides cytosolic
ATP (Ceusters et al., 2021; Shameer et al., 2018). Together, there is growing evidence of the
need to balance the energetic requirements of CAM with increased ATP production, and thus
this will need to be a key area of future research to further the engineering of CAM into C3
plants. Increased mitochondrial respiratory capacity is also a requirement in C4

photosynthesis; and efforts to engineer the Cs pathway into Cs plants have shown that
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constitutive expression of maize GOLDEN2-LIKE genes in rice could significantly increase the

volume and metabolic capacity of mitochondria (Wang et al., 2017).

1.2.3 Carboxylation pathway of CAM

Central to the CAM cycle is the nocturnal carboxylation of phosphosphoenolpyruvate (PEP) by
PEP carboxylase (PEPC) using HCOs. PEPC is partially regulated by a diel pattern of
transcript/protein abundance peaking in the night as shown in A. americana (Abraham et al.,
2016) and K. fedtschenkoi (Abraham et al., 2020; Yang et al., 2017); and by PEPC kinase to be
active primarily at night, avoiding futile cycling into malate and competition with RUBISCO

during the day (Carter et al., 1991; Dodd et al., 2002).

PEPC kinase, which activates PEPC by the allosteric phosphorylation of the PEPC N-terminal,
has been shown to be regulated by changes in transcript abundance (Hartwell et al., 1999),
which is greater at night but can also be influenced by malate concentrations (Borland et al.,
1999). PEPC activity can be influenced by malate and Glc 6-P concentration and cytosolic pH
(Borland et al., 1999). Recent work in Cs; Arabidopsis has suggested regulation by post
translational modification that links PEPC activity and sucrose concentration, via Tre6P, with
increased [Tre6P] leading to increased PEPC activity and greater [malate] (Figueroa et al.,
2016; O’Leary & Plaxton, 2020), however this has not been confirmed in CAM species and its
exact mechanism is yet to be elucidated. The multilevel regulation of PEPC highlights the
importance of understanding metabolic regulation in CAM plants, which will need to be

understood to ensure proper flux though the CAM cycle.

In CAM species, the recruitment of a single PEPC isoform for CAM seems well conserved, with
CAM species tending to have four to six PEPC isoforms, one of which is recruited for CAM
(Cushman & Borland, 2002), though the functions of the other isoforms are not known. The
PEPC1 isoform has been shown to be essential for CAM in K. laxiflora (Boxall et al., 2020) and
is the most abundantly expressed isoform in the mesophyll in K. fedtschenkoi (Abraham et al.,
2020). Molecular evolution studies have identified convergent residue changes in PEPC Cs
species (Aubry et al., 2014; Christin et al., 2007). Yang et al., (2017) identified a conserved
residue change in PEPC2 shared between CAM species Phalaenopsis equestris and K.

fedtschenkoi and showed it increased PEPC activity; but this was ubiquitous across other CAM
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species or present in kfPEPC1 (Heyduk et al., 2022; Yang et al., 2017). It is unclear as to the
role of PEPC2 and if it is required for CAM, but a more efficient PEPC might be beneficial in

CAM engineering efforts.

1.2.4 Malate Storage and pH regulation

The nocturnal accumulation of malate, recorded to average ~10 mM h! (Luttge et al., 1981)
in Kalanchoe tubiflora leaves, puts tremendous acidic strain on the cytosol, which is relieved
by the activity of tonoplast H* pumps, V-ATPase and V-PPase, also energising the transport of
malic acid into the vacuole (Hedrich et al., 1989; Martinoia et al., 2007). Both V-ATPase and V-
PPase require energy in the form of ATP or Pi, respectively, to pump H+ into the vacuole. V-
ATPase, a multimeric protein, can be regulated transcriptionally and posttranscriptional by
phosphorylation and redox status (Hong-Hermesdorf et al., 2006; Tavakoli et al., 2001); with
expression of V-ATPase seen to increase on CAM induction in M. crystallinum (Cushman et al.,
2008). Malate can be transported into the vacuole by the tonoplast dicarboxylate transporter
(TDT) and/or by members of the aluminium-activated malate transporter (ALMT) family
(Emmerlich et al., 2003; Kovermann et al., 2007). ALMT6 was shown to be expressed at night
in K. fedtschenkoi (Yang et al., 2017) and two ALMT isoforms were upregulated in CAM

induction by drought in Talinum triangulare (Brilhaus et al., 2016).

Vacuolar malate storage also requires larger vacuoles with the vacuoles of CAM species using
up to 95% of cell volume (Steudle et al., 1980) compared to 70-80% in C3 species (H. Winter et
al., 1993). It also appears that CAM vacuoles can withstand greater acidity than other species,
with yeast vacuoles disintegrating at pH 4 (Shimada et al., 2006), whereas vacuoles in some
CAM species have been reported to have a pH of 2.9 (Franco et al., 1990). It has also been
suggested that some CAM plants accumulate citrate to buffer pH in the vacuole (Littge, 2010),
and carbohydrates or even proteins could also provide extra buffering capacity. Efforts to
engineer CAM will need to consider the vacuolar buffering and storage capacity of Cs species

to decide whether further capacity is needed and how to increase it.

34



1.2.5 Malate remobilisation and decarboxylation

During the day, malate is remobilised from the vacuole and decarboxylated by either malic
enzyme (ME) or malate dehydrogenase (MDH) and PEP carboxykinase (PEPCK), depending on
species (Borland et al., 2011). Members of the Kalanchoe genus tend to use malic enzyme
(Dever et al., 2015), while Shammer et al. (2018) suggested via modelling that the PEPCK route

may be more efficient.

A number of key questions remain about daytime malate remobilisation, that are well
addressed by (Ceusters et al., 2021); namely which components pace the rate of vacuolar
malate remobilisation to ensure a proper balance between CO; release and refixation and
avoiding futile cycling, and how does malate remobilisation respond to changes in
environmental conditions? Ceusters et al (2021) postulated that the vacuolar efflux of malate
might be a key control point that triggers and regulates the rate of malate decarboxylation,
highlighting this process as a key area of research for CAM engineering. The exact identity of
vacuolar malate exporters are not known; tDT has been suggested to be involved in malate
efflux out of the vacuole to drive malate decarboxylation, with greater diurnal transcript
abundance in K. fedtschenkoi (Yang et al., 2017), it is also possible that members of the
aluminium-activated malate transporter (ALMT) family could also be involved in malate efflux.
Other critical questions remain as to how vacuolar malate exporters are regulated, how

vacuolar H* efflux occurs and how the cytosol manages pH during this period.
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1.2.6 Stomatal regulation and Guard Cell metabolism in CAM
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Figure 1.4 Diel CO; assimilation in C3 and CAM plants, with diel pattern of stomatal conductance

indicated below, adapted from Males & Griffiths (2017).

The inverted diel pattern of stomatal conductance in CAM species plays a central role in
increased WUE, with CAM plants nocturnally opening their stomata and limiting diurnal
opening to dusk and dawn, when conditions allow (Borland et al., 2014). Closed stomata
during the day also allows CAM plants to concentrate CO, around RUBISCO reducing
photorespiration. Despite the importance of engineering CAM stomatal behaviour in efforts
to engineer this water conserving pathway into Cs plants our understanding of how CAM
stomatal physiology and guard cell metabolism differs compared to that in C3 plants are still
lacking. There are two schools of thought within CAM research — firstly that stomatal
conductance will follow the changes in Ci (internal partial pressure of CO,) due to nocturnal
carboxylation and diurnal decarboxylation (Borland et al., 2014; Males & Griffiths, 2017), or
secondly, that CAM guard cells fundamentally differ from C; guard cells in terms of their
physiology, metabolism and regulation (Abraham et al. 2021; Hurtado-Castano et al. 2019).
This has obvious implications for CAM engineering, and if the latter is true a sound
understanding of these changes in stomatal regulation and guard cell metabolism will be

needed.

The characteristic pattern of stomatal conductance in CAM species is separated into four
phases: a nocturnal phase of PEPC-mediated carboxylation with open stomata (phase 1);
followed by an overlap of PEPC and RUBSICO carboxylation in the early day period with a peak

in conductance (Phase ll); then the main day period of malate decarboxylation and
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recarboxylation by RUBSICO behind closed stomata (Phase Ill); and a final opening peak
towards the end of the day alongside an overlap of RUBSICO and PEPC activity (Phase IV).

CAM is plastic and there is a diversity of strictness to the CAM pattern of stomatal
conductance, with conductance in phases Il and Il absent in droughted or strict CAM plants.
Some less strict C3/CAM phenotypes have also been observed with substantial day time

RUBSICO carboxylation and nocturnal PEPC carboxylation.

Plant leaves are encapsulated by relatively impermeable epidermal layers punctuated by
stomatal pores that account for up to 95% of leaf gas exchange in Cs plants (Keenan et al.,
2013; Lawson & Matthews, 2020). Stomatal aperture is regulated by two flanking guard cells
through changes in their turgor, to control gas exchange that varies over the diel period and
in response to both environmental (light, [CO;], water status and temperature) and
endogenous signals (Aasamaa & Sober, 2011; Lawson & Blatt, 2014; Mott et al., 2008; K.
Shimazaki et al., 2007). The development, density and size of stomata are also responsive to
changes in their environment (Qu et al., 2017). Guard cells must balance the demands of
reducing water loss and ensuring enough gas exchange for photosynthesis. Low stomatal
conductance reduces CO; diffusion into the leaf and thus photosynthesis, while too much
stomatal conductance will increase water loss and reduce WUE (Matthews et al., 2017). The
importance of stomata is arguably even greater in CAM plants, as the CAM leaf epidermis has
been shown to be less permeable to gas exchange allowing CO; to be concentrated around
RUBSICO during daytime photosynthesis and preventing water loss (Leverett et al., 2022).
Leaky stomata or a more gas permeable epidermis in CAM leaves would reduce the benefits

of CAM as it would lead to water loss and CO; loss.

Changes in stomatal aperture are driven by the influx or efflux of water and osmolytes into
guard cell vacuoles (Eisenach & de Angeli, 2017; Gao et al., 2005), which can increase the
volume of guard cells by up to 50% (MacRobbie & Kurup, 2007). Stomatal opening is trigged
by the hyperpolarisation of the guard cell plasma membrane (PM), by the action of PM H*
ATPase driven H* efflux, which, in turn, activates voltage gated K* and other anion channels
(Hedrich, 2012). The influx of potassium (K*) and its counter ions chloride (CI7), nitrate (NO 37),
and malate (Mal?*") (Jezek & Blatt, 2017) into the guard cells and ultimately the vacuole drives

water influx also into the guard cells and vacuole, increasing guard cell turgor and stomatal
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aperture. The process occurs in reverse for stomatal closure, with K* and anion efflux driving

water from the guard cells (Hedrich, 2012).

Our knowledge of stomatal regulation is mainly based on how these processes work in Cs
plants, with light induced diel stomatal opening. There will likely be fundamental differences
in how stomatal regulation and guard cell metabolism functions in CAM plants that open

stomata predominately nocturnally in the absence of light.

1.2.7 The role of Ciin linking mesophyll CAM and stomatal conductance.
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Nocturnal Malate
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CAM Carboxylation/
Decarboxylation
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Figure 1.5 A summary of key potential links between mesophyll metabolism and guard cell
regulated stomatal conductance including; photosynthetic control mediated via sucrose or

other carbohydrates, malate production or usage by CAM, or changes in Ci driven by CAM

Photosynthesis and stomatal conductance are closely linked in both function and regulation,
often positively correlating with each other (Buckley & Mott, 2013); and the same can be
observed with net carbon assimilation in CAM plants, with high stomatal conductance
occurring during nocturnal carboxylation and closure during decarboxylation. However,
conductance and assimilation can be decoupled when environmental conditions vary quickly
(Lawson et al., 2011; McAusland et al., 2016); and in instances of nocturnal conductance in C3
leaves (de Dios et al., 2016; Zeppel et al., 2014). Despite ample evidence of a close link
between conductance and assimilation it is still unclear what exactly links them (Buckley &

Mott, 2013; Farquhar & Sharkey, 1982; Wong et al., 1979). In both C3 and CAM plants carbon
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assimilation decreases Ci which is a key signal for inducing stomatal opening. It has long been

hypothesised that mesophyll cells could communicate assimilation status via changes in Ci.

There have been a number of other suggestions for links between guard cell conductance and
mesophyll carbon assimilation such as red light (Gotoh et al., 2018) or a metabolic signal, such
as ATP, NADPH, ribulose bisphosphate (RuBP), malate or a sugar that could act upon the guard
cells to respond to mesophyll photosynthesis (Fujita et al., 2013; Hedrich et al., 1994; Lee et
al., 2008; Marigo et al., 1982; Tominaga et al., 2001; Zeiger & Zhu, 1998).

It has been thought that the key link between mesophyll CAM and stomatal conductance is C;
(Griffiths et al., 2007; von Caemmerer & Griffiths, 2009; Wyka et al., 2005); with nocturnal
conductance driven by reduced Ci as a result of carbon assimilation at night and daytime
closure driven by increased Ci due to the decarboxylation of accumulated malate, to levels
reportedly as high as 10,000 pumol mol* (Cockburn et al., 1979). In the constitutive CAM
species Kalanchoe daigremontiana and Kalanchoe pinnata Wyka 2005, Griffiths et al., 2007
and Von Caemmerer and Griffiths, 2009 showed strong responses to experimentally reduced
atmospheric CO; at key points in the diel CAM cycle; and as expected no response during day
time closure in phase lll. Interestingly the same publications reported that this day-time
closure remained and was largely unchanged even after they starved the plants of CO;
overnight reducing acid accumulation. Transcript abundance of key elements of the CO;
response pathway were shown to be rescheduled in a comparison between C; Arabidopsis
and the constitutive CAM species Agave americana (Abraham et al., 2016). Together these
studies suggest that there may be other, yet unexplained, mechanisms acting on CAM guard

cells preventing daytime opening and maintaining a CAM-like pattern of diel conductance.
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1.2.8 Guard Cell CO; sensing and regulation in CAM
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Figure 1.6 A summary of the CO; signalling pathways in Arabidopsis, adapted from (Zhang et
al., 2018).

High internal CO; (Ci) concentration can trigger stomatal closure in both Cz and CAM plants
whilst stomatal opening is triggered by low Ci. CO2 can be sensed in the mesophyll and guard
cells, and while it is thought both contribute to stomatal regulation no CO; sensor has been
discovered in the guard cells nor has any signal linking the guard cells and the mesophyll been
identified in regard to CO (Zhang et al., 2018). A guard cell CO; signal transduction pathway
has been characterised in Arabidopsis, summarised in figure 1.6, with elements that are
responsive to high and low Ci and shown to be important for proper stomatal CO; regulation.
Despite having a CO; responsive pathway, no CO; sensor upstream of the pathway has been
discovered (Zhang et al., 2018). SLOW ANION CHANNEL-ASSOCIATED 1 (SLAC1) is a key
element of guard cell closure, that upon activation exports ClI- which depolarises the guard cell
plasma membrane and ultimately leads to stomatal closure in response to many stomatal
closure signals including increased CO2 ABA and water stress. (Vahisalu et al., 2008; Zhang et
al., 2018). The S-type ion channels appear to be towards the bottom of any CO, response in
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the guard cells, and their activity is also regulated by the guard cell CO; signal transduction
pathway. OPEN STOMATA 1, (OST1), a SnRK2 kinase, has been shown to function in high CO,
induced closure in C3 with mutants displaying greater stomatal conductance and impaired
ability to close in response to increased CO2 (Xue et al., 2011) by activating SLAC1 driven CI
efflux from the guard cells resulting in plasma membrane depolarisation and ultimately

stomatal closure (Geiger et al., 2009).

The photosynthetic mesophyll is likely to also affect stomatal regulation and guard cell
metabolism. Photosynthesis and CO> assimilation will reduce Ci inducing stomatal opening,
and when demand for CO; falls when photosynthesis and CO; assimilation is less active Cican
rise inducing closure (Lawson et al., 2014). Beyond this there is mounting evidence for a direct
signal from the mesophyll to the guard cells conferring the status of photosynthesis or CO;
assimilation. Much of this evidence is from experiments in which epidermal tissue containing
guard cells are assayed for responsiveness to CO or red/blue light with or without their
corresponding mesophyll tissue. In these experiments it was observed that responses to CO;
or red/blue light were impaired when the mesophyll was removed (Mott et al. 2008; Mcadam

and Brodribb, 2012; Fujita et al., 2013)

If these signals were assimilates from photosynthesis it could also be possible that they would
not only function as a signal for regulation but could also provide energy or osmolytes for
stomatal opening. This idea might be supported by evidence that the mesophyll signal might
be aqueous (Mott et al., 2008; Mcadam and Brodribb, 2012; Fujita et al., 2013). A candidate
for such a signal could be malate, especially in CAM plants in which malate is accumulated
over night by mesophyll CO; assimilation. Apoplastic malate has been shown to activate R-
type and recently SLAC1 (Hedrich et al., 1994; Wang et al., 2018). Questions remain as to how
sensing CO, or mesophyll CO; assimilation might affect stomatal aperture, the identities of

CO2 sensors, or how this pathway might differ in CAM plants compared to Ca.
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1.2.9 Blue and red light mediated stomatal and guard cell starch regulation.
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Figure 1.7 A summary of the blue and red light signalling pathways in Arabidopsis guard
cells, adapted from (Inoue and Kinoshita, 2017) and (Ando and Kinoshita, 2018).

Light has long been known to induce stomatal opening in C; plants (Meinhard & Schnabl, 2001;
Outlaw & Manchester, 1979), but its relevance to the opening of stomata in CAM plants is less
clear. Red and blue light both induce stomatal opening via distinct mechanisms (summarised
in figure 1.7), that both lead to the activation of plasma membrane H* ATPases, the
hyperpolarisation of the guard cell plasma membrane (PM), K* influx and ultimately stomatal
opening (Ando & Kinoshita, 2018; Inoue & Kinoshita, 2017). This process of light driven guard
cell H* efflux leading to stomatal opening was first described in the 1970’s in Vicia faba

(Assmann et al., 1985; Shimazaki, lino and Zeiger, 1986) yet the pathway behind it has only

been characterised over the last two decades.
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Both red and blue light are required for proper day time opening of stomata, with significant
reductions in stomatal conductance observed in the absence of either (Shimazaki et al.,
2007).Despite distinct mechanisms, illumination by red or blue light leads to the
phosphorylation of plasma membrane (PM) H* ATPases (Ando & Kinoshita, 2018; Inoue &
Kinoshita, 2017). The PM H* ATPases are large PM spanning proteins with ten transmembrane
and three cytosolic domains, that pump H* across the PM using ATP. There are 11 PM H*
ATPase genes in Arabidopsis (AHA1-AHA11) (Haruta et al., 2010), with AHA1 and AHA2 shown
to play a role in stomatal opening and are expressed in Arabidopsis guard cells (Merlot et al.,
2007; Osakabe et al., 2016; Yamauchi et al., 2016). Mutants of ahal, ahal-9 and ahal-10
(Yamauchi et al., 2016; Ando and Kinoshita, 2018), show significantly impaired stomatal
conductance in response to blue or red light. Conversely, Arabidopsis AHA1 mutants that
exhibit constitutive H*-ATPase activity show constitutively open stomata (Merlot et al., 2007).
Over expression of AHA2 specifically in Arabidopsis and other Cs species guard cells has been

shown to increase stomatal conductance (Wang et al., 2014; Yang et al., 2008).

The PM H* ATPase is activated in response to blue and red light and phosphorylated on its
penultimate C-terminal Thr, allowing the binding of a 14-3-3 protein to the C-terminal region
(Inoue & Kinoshita, 2017; T. Kinoshita & Shimazaki, 1999, 2002). The PM H* ATPase is also
phosphorylated in residues other than the penultimate C-terminal Thr, but it is not understood
what effect this has on its activity (Inoue & Kinoshita, 2017). The phosphorylation of the
penultimate C-terminal Thr has also been shown to be modulated by a number of other
environmental and physiological stimuli — salt, auxin, gibberellin and ABA. Of these stimuli
ABA has been shown to supress both blue and red light responsive stomatal opening and the
phosphorylation of PM H* ATPase (Ando & Kinoshita, 2018; Hayashi et al., 2011). Together this
suggests the PM H* ATPases may be a key regulatory hub in stomatal signalling, an argument
that would be strengthened by examining its activation in response to other stimuli. Although,
there are still unanswered questions about how the guard cell PM H* ATPase becomes
phosphorylated in response to blue or red light as no protein kinase has been identified (Inoue
& Kinoshita, 2017); the roles of the other sites of phosphorylation; and the potential roles of

the other PM H* ATPase isoforms in stomatal opening.

It is has been suggested that the ATP required for the PM H* ATPase and the blue light signal

transduction pathway is provided by photosynthesis (Suetsugu et al., 2014) and the light
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induced breakdown of triacylglycerols (MclLachlan et al., 2016). Mutants that lacked
chloroplasts showed reduced guard cell ATP and impaired light induced stomatal opening
(Wang et al., 2014). In contrast, the red light induction and phosphorylation of PM H* ATPases
does not appear to occur via guard cell phototropins or cryptochromes (Ando & Kinoshita,
2018). Until recently the involvement of red light in the induction of PM H* ATPases was not
clear, with earlier studies suggesting red light did (Serrano et al., 1988) and conversely did not
induce them (Roelfsema et al., 2001; Taylor & Assmann, 2001). There is consistent evidence
that red light induces stomatal opening and is required for proper blue light induced opening

(Ando & Kinoshita, 2018; Inoue & Kinoshita, 2017).

It was long thought that red light induced mesophyll photosynthesis, which in turn reduced
guard cell Ciinducing stomatal opening. In fact, mutants of two proteins involved in low Ci
stomatal opening HIGH LEAF TEMPERATURE1 (HT1) (Hashimoto et al., 2006) and
CONVERGENCE OF BLUE LIGHT AND CO2 1 (CBC1 and 2) (Hiyama et al., 2017), show no
stomatal response to red light. Inversely, high CO, concentration can inhibit PM H* ATPase
activity (Edwards & Bowling, 1985). Despite this overlap in signalling, there is increasing
evidence that a mechanism distinct of changes in Cimight be responsible for red light induction
of PM H* ATPases and stomatal opening. Studies have shown that red light can induce

stomatal opening under constant Ci(Lawson et al., 2008; Messinger, 2006).

Until recently the role of these pathways had not been examined in CAM plants. A recent
study has shown the stomata of two CAM species Kalanchoe pinnata and Kalanchoe
daigremontiana are responsive to blue and red light (Gotoh et al., 2018). Furthermore, this
work also showed that a similar mechanism of action to that of Arabidopsis was acting in this
response. The response to blue light was supressed by the application of inhibitors of PP1 and
PM H* ATPase, tautomycin and vanadate. The PM H* ATPase activating compound fusicoccin

strongly induced the phosphorylation of PM H* ATPase and the opening of stomata.

Kalanchoe fedtschenkoi has also been shown to have stomatal responsiveness to blue and red
light, with plants showing increased stomatal conductance in response to bursts of red/blue
light during the night (Hurtado-Castano, 2019). Interestingly, this response was impaired in a
starchless K. fedtschenkoi phosphoglucomutase (pgm1) mutant, suggesting that like

Arabidopsis the starch metabolism plays a role in blue light responsive stomatal regulation.
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1.2.10 Guard Cell Metabolism
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Figure 1.8 Key elements of guard cell metabolism during light induced opening in C3 plants,
with a focus on ATP demand and supply, adapted from (Fliitsch & Santelia, 2021; Lim et al.,

2022).
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Metabolism differs in the guard cells compared to that of the mesophyll in both C3 and CAM
plants (Abraham et al., 2020; Santelia & Lawson, 2016). This is exemplified by recent ‘omics’
studies that have shown considerable differences in the transcriptomes of guard cells
compared to mesophyll (Bates et al., 2012; Bauer et al., 2013; Kong et al., 2020; Leonhardt et
al., 2004; Yang et al., 2008); and in proteomes between mesophyll and guard cells in C3 (Zhao
et al., 2008; Zhu et al., 2009) and CAM (Abraham et al., 2020). These differences in transcripts
and protein abundancies are also accompanied by changes in the enzyme actives of key
metabolic enzymes, summarised by Daloso et al., (2017). Metabolomic studies have further
supported key differences between guard cell and mesophyll metabolism (Daloso et al., 2015;

Williams et al., 2016; Jin et al., 2013; McLachlan et al., 2016; Misra et al., 2015).

1.2.11 Guard Cells need energy — where do they get it?

In order to regulate stomatal aperture guard cells need energy. The hyperpolarisation of the
guard cell plasma membrane by PM H* ATPases consumes a large amount of cytosolic ATP
(Tominaga et al., 2001; Wang et al., 2014) and is required to drive the influx of both ions and
sugars into the guard cells (Flitsch & Santelia, 2021; Kinoshita et al., 2001). Organic
compounds such as sugars and malate are also thought to act as osmolytes promoting guard
cell opening, with their production or import also dependent on ATP consumption (Daloso et
al., 2017). Guard cell starch metabolism, covered later, is thought to also play a key role in
regulating metabolic osmoticum and thus stomatal opening, will also require ATP (Flitsch et

al., 2020; Horrer et al., 2016).

The source of guard cell ATP is long debated, with glycolysis, mitochondrial respiration and
photosynthesis all suggested as sources. Evidence that glycolysis provides at least a portion
of this ATP is strong, with high glycolytic activity in guard cells (Daloso et al., 2015; Hedrich et
al., 1985; Medeiros et al., 2018); and mutants impaired in glycolysis have impaired stomatal
opening (Zhao & Assmann, 2011). There is also substantial support for ATP supply from
mitochondrial respiration, with a tendency for significantly more mitochondria in guard cells
compared to mesophyll cells (Allaway & Setterfield, 1972). Guard cell protoplasts have also
been shown to have higher respiratory rates than mesophyll protoplasts (Mawson, 1993; Vani
& Raghavendra, 1994) and reduced stomatal opening in epidermal strips in the presence of

respiratory inhibitors (Raghavendra, 1981).
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The role of photosynthesis in supplying ATP for guard cell function is less clear. There is
agreement that guard cell photosynthesis occurs, but it is not clear how much of it contributes
to guard cell sugar or ATP production (Daloso et al., 2017; Lawson & Matthews, 2020; Santelia
& Lawson, 2016). Guard cell chloroplasts are lesser in number and smaller, with lower
chlorophyll content compared to mesophyll cells (Wille & Lucas, 1984) and have low content
and activity of RUBSICO (Madhavan & Smith, 1982; Outlaw et al., 1979; Reckmann et al., 1990;
Shimazaki et al., 1989). However, some studies have detected Calvin-Benson-Bassham cycle
activity, demonstrating CO, uptake into 3-PGA and ribulose-1,5-bisphosphate in guard cell
chloroplasts (Goh et al., 1997; Gotow et al., 1988; Tallman & Zeiger, 1988). The guard cell
chloroplast electron transport chain has been shown to be active and RUBISCO is a major sink
for the end products for electron transport chain (Lawson et al., 2003). Notably, recent mass
spec 13 Cisotope labelling in Nicotiana tabacum showed that guard cells are able to fix carbon

by both RUBSICO and PEPC (Daloso et al., 2015).

In terms of ATP supply, studies have suggested that most ATP is supplied via photosynthesis
and exported from the guard cells, with evidence that stomatal responses are impaired by
photosynthesis inhibitor DCMU (Schwartz & Zeiger, 1984; Suetsugu et al., 2014; Tominaga et
al.,, 2001). However, no route for ATP export from the guard cell chloroplasts has been
identified, with suggestions that PGA/DHAP shuttle may carry out this function (Shimazaki et
al., 1989). Recent work has cast doubt over this theory, Lim et al., (2022) showed that guard
cells produce little ATP or NADPH via photosynthesis with that the majority of ATP being
supplied via oxidative phosphorylation in the mitochondria. They also showed that guard cell
chloroplasts possess the novel ability to import ATP, via an ADP/ATP translocator NUCLEOTIDE
TRANSPORTER 1 (NTT1) that is not present in mesophyll chloroplasts and may allow ATP
import to energise starch synthesis in the guard cell chloroplasts (Lim et al., 2022) and is
consistent with other results that downregulation of NTT1 reduced guard cell starch
accumulation (Andersson et al., 2018). Notably, recent proteomics work in CAM K.
fedtschenkoi also suggested an increase in mitochondrial respiration in guard cell enriched
epidermal peels, with increased expression of mitochondrial respiration proteins, those

involved in the TCA cycle and redox related genes (Abraham et al., 2020).
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1.2.12 Guard Cell Carbon

Guard cell metabolism takes a position in between being heterotrophic and autotrophic
(Flutsch et al., 2022; Lim et al., 2022), with modelling showing that C; guard cells are flexible
in terms of their metabolism (Tan & Cheung, 2020). It is thought that a large portion of the
carbon in the guard cells comes from the mesophyll in the form of sucrose (Lim et al., 2022)
and/or malate (Lee et al., 2008). The majority of carbon is assimilated in the guard cells via
PEPC to form malate (Daloso et al., 2015; Lima et al., 2021; Robaina-Estévez et al., 2017;
Willmer & Dittrich, 1974), with malate thought to contribute to stomatal opening as
osmotically as a K* counter ion and also as a source of energy. Guard cell starch also
contributes to the pool of available sugars but it is thought that the majority of carbon
skeletons used in starch synthesis originate from imported sugars from the mesophyll, with
some essential contribution from guard cell photosynthesis (Azoulay-Shemer et al., 2015; Lim
et al., 2022). The pool of mesophyll imported and starch derived sugars are needed for
glycolysis and mitochondrial metabolism during the day and for proper guard cell functioning
(Flutsch et al., 2020; Fliitsch et al., 2022; Horrer et al., 2016). Sucrose breakdown has also been
shown to be important for stomatal opening. Sucrose has long been thought of as an osmolyte
(Talbott & Zeiger, 1996), but recent evidence is lacking and points to an energetic role for
sucrose in enabling stomatal opening (Antunes et al., 2012; Daloso et al., 2016; Daloso et al.,

2015; Kelly et al., 2013).

The source of guard cell carbon and ATP is of especial importance to CAM plants as they must
be able to maintain stomatal opening during the night in the absence of photosynthesis. CAM
guard cells, like Cs, accumulate starch during the day. This starch accumulation is likely also
dependent on guard cell photosynthesis and mesophyll imported sugars, though this will need
to be confirmed. The idea that the majority of guard cell ATP is sourced from the mitochondrial
respiration and glycolysis, and the suggestion that guard cell chloroplasts can import ATP
would provide a potential ATP supply for nocturnal guard cell opening in CAM plants when

photosynthesis is not active.
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1.2.13 Rescheduling of guard cell starch metabolism in CAM
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Figure 1.9 Comparison of diel changes in guard cell starch granule area in Arabidopsis (C3) and Kalanchoe
fedtschenkoi (CAM), showing a rescheduling of starch metabolism in K. fedtschenkoi guard cells (Abraham

et al., 2020; Horrer et al. 2016).

It has been hypothesised that the pattern of guard cell metabolism may differ between C; and
CAM plants, in order to provide energy and osmolytes over the night for nocturnal opening.
In Arabidopsis, starch metabolism differs between the mesophyll and the guard cells. Both
show a similar pattern of starch metabolism, with an accumulation of starch during the day
providing a sink for photoassimilates and a steady depletion overnight to supply carbon for
nocturnal metabolism, maintenance and growth (Flis et al., 2018; Santelia & Lunn, 2017). Yet
In Arabidopsis, guard cell starch is also rapidly degraded towards the end of the night and in
the early morning. It is thought that this rapid degrading of guard cell starch at the start of the
day provides osmolytes that increase guard cell turgor and assist in stomatal opening (Santelia
& Lunn, 2017). Recent data has shown that starch metabolism in CAM K. fedtschenkoi guard
cells has been rescheduled compared to C; plants, with starch broken down overnight in CAM
as opposed to breakdown in the early day in Arabidopsis (Abraham et al., 2020). Guard cell
starch metabolism is thought to play a key role in guard cell function (Lloyd, 1908), with a
distinct pattern of starch metabolism compared to that of the mesophyll. Guard cell starch
could provide a carbon sink that can be hydrolysed to provide sugars and malate to be used
as osmolytes and energy for stomatal opening (Tallbott & Zeiger, 1993). This carbon sink may
be of especial importance in CAM plants to sustain nocturnal opening without any direct

energy input from photosynthesis.
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In Arabidopsis guard cell starch is important both for the provision of osmolytes and
carbohydrates for stomatal opening when degraded, but also to act as a sink for osmolytes
and carbohydrates in stomatal closure (Horrer, Flitsch, et al., 2016; Santelia & Lunn, 2017).
This degradation of starch in Cs plants is thought to be induced by light, with epidermal
accumulation of sucrose and products of the starch hydrolytic pathway like maltose observed
during stomatal opening in Vicia faba (Talbott & Zeiger, 1993) and a similar sudden
degradation of starch at the start of the day in Arabidopsis (Horrer et al., 2016). Over the
course of the day guard cell starch accumulates, and likely acts as a sink for osmolytes during
stomatal closure (Horrer et al., 2016; Santelia & Lunn, 2017). It should, however, be noted
that starch may not play this role in all C; plants; for example it has been recently suggested
that changes in guard cell sugars and not starch are responsible for light induced opening in

the C; plant tobacco (Daloso et al., 2015).

An Arabidopsis double mutant deficient in two key enzymes implicated in the guard cell
hydrolytic starch degradation pathway, amy3bam1, that could not properly degrade starch,
showed impaired stomatal opening and starch (Horrer et al., 2016). Importantly a similar
impairment of guard cell starch degradation was observed in photlphot2 and blus1 mutants.
Furthermore, activation of the PM H* ATPase by fusicoccin treatment in epidermal peels lead
to both stomatal opening and almost total degradation of starch (Horrer et al., 2016).
Treatment of photiphot2 mutants with fusicoccin rescued their phenotype and induced
proper guard cell starch degradation. Interestingly illumination of Arabidopsis with red light
induced starch degradation independently of blue light (Horrer et al., 2016), as both pathways
induce the phosphorylation of PM H* ATPase this could suggest that these proton pumps are

a key hub in regulating light induced starch degradation in guard cells.

Together these results suggest that both blue and red light can trigger starch degradation in
Arabidopsis guard cells via the PM H* ATPases. Yet there are many questions remaining as to
how the activation of these proton pumps induce starch degradation and how this pathway
might be modulated in CAM plants to ignore red/blue light during daytime stomatal closure?
The activation of PM H* ATPases result in the efflux of H* from the cytosol, this could mean
that enzymes sensitive to such a change might activate. One such interesting example is PEPC,
an isoform of which was shown to activate in response to a reduction in cytosolic [H*] in

Arabidopsis guard cell protoplasts (Meinhard & Schnabl, 2001). Activation of such an enzyme
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and the resultant flux of carbon into malate might provide a potential route for activating

starch degradation.

1.2.14 Key Areas for Investigation in CAM

This section has highlighted a number of key questions for investigation. A major outstanding
guestion in CAM that has implications for CAM engineering is how the regulation of stomatal
conductance and the mesophyll CAM cycle are linked and if there are regulatory and
metabolic changes that are required to enable the inverted diel pattern of stomatal opening
in CAM plants. How do CAM plants meet the high demand for ATP at night in the absence of
photosynthesis to carry out mesophyll CAM and support nocturnal stomatal opening, both of
which require substantial amounts of ATP? And how well conserved are processes already
shown to be used to tackle ATP demand, like the switch to phosphorolytic starch degradation

in starch using CAM species?

1.3 Approaches to CAM engineering and progress so far

Over the past decade there have been a few first steps into engineering components of the
CAM pathway into Cz plants. An early effort expressed PEPC from Solanum tuberosum in both
a constitutive and dark induced manner in A. thaliana, which resulted in increased stomatal
conductance, likely due to increased CO; consumption (Kebeish et al., 2012), adding to
previous works constitutively overexpressing PEPC in various plants (Hudspeth et al., 1992;
Kogami et al., 1994; Ku et al., 1999). Recently, a more comprehensive study demonstrated the
separate constitutive overexpression of many key metabolic components of both the
carboxylation and decarboxylation pathways of CAM from M. crystallinum into A. thaliana
(Lim et al., 2019). Transgenic plants with carboxylation and decarboxylation components
showed increases or decreases in titratable acidy, respectively, however the study did not
attempt to express any of the genes in a CAM-like pattern. They have also not attempted to
express the genes in a mesophyll specific manner or make any transgenic changes to the guard
cells. Interestingly, overexpression of PEPC-kinase also led to increased PEPC activity and
accumulation of titratable acidity (Lim et al., 2019). This gives support to an alternative
approach to CAM engineering. Rather than overexpress all the genes implicated in CAM, a
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more elegant approach may be to identify the key control points of metabolic flux and
upregulate them instead. For example instead of overexpressing all the elements of the
carboxylation pathway at night, it might be possible to achieve CAM-like carboxylation by
increasing expression or activity of the key controlling points. These top down metabolic
approaches are likely to be less complex in terms of implementation, with less transgenes
needed, but may require a greater understanding on how these pathways are regulated.
Reducing the complexity will be especially important if other elements of CAM will also need
to be engineered in, for example if CAM stomatal regulation and guard cell metabolism also
need substantial alteration. Identifying bottlenecks or key control points in CAM may also raise

the possibility of improving the efficiencies of CAM.

1.4 Tools to study CAM - CAM in the Omics Era

As previously described, CAM is a complex trait that recruits many metabolic enzymes and
pathways present in Cs species, with genes upregulated or their expression patterns re-timed
to fit the CAM diel cycle (Abraham et al., 2016; Wai et al., 2019; Yang et al., 2017). Efforts to
understand CAM, its induction and regulation will need to consider genome scale changes in
gene expression. Consequently, over recent years there has been a flurry of ‘CAM-omics’
studies, with the genomes of constitutive and facultative CAM species from across plant life
sequenced, including: Ananas comosus (Ming et al., 2015), Agave (Abraham et al., 2016; Gross
et al., 2013), Kalanchoe fedtschenkoi (Yang et al., 2017a), Kalanchoe laxiflora (unpublished,
Phytozome), Sedum Album (Wai et al., 2019), Talinum triangulare (Brilhaus et al., 2016;
Maleckova et al., 2019, 2020), Isoetes taiwanensis (Wickell et al., 2021) and most recently

Cistanthe longiscapa (Ossa et al., 2022)

Many of these CAM genomics studies also compared diel transcript expression between the
CAM species and Cs species to identify genes that were either upregulated in the CAM species
or showed a significant diel shift in expression pattern compared to that in the C; species (e.g.
Moseley et al., 2019). This approach has identified and corroborated the importance of many
key CAM genes. These works may, however, be complicated by intraspecific differences in
gene expression, especially as many of these comparisons are made between the CAM species
and Arabidopsis which differ significantly in their morphology, geography and phylogenetic

placing. More recently, efforts have been made to compare the gene expressions of more
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closely related species, such as comparisons between Cs;, CAM and C3/CAM hybrids in Yucca

(Heyduk et al., 2019).

Another approach, highlighted by Winter et al. (2008), is to study changes in gene expression
that occur when CAM is induced in facultative CAM plants, usually by an abiotic stress. Such
as drought in Sedum album (Wai et al., 2019), Cistanthe longiscapa (Ossa et al., 2022) and
Portulaca amilis (Gilman et al., 2022); NaCl in Mesembryanthemum crystallinum (Cushman et
al., 2008); and ABA (Maleckova et al., 2019) or drought (Brilhaus et al., 2016) in Talinum
triangulare. This approach compares abiotically induced CAM and Cs transcription,
physiologies and sometimes metabolites (Maleckova et al., 2019) within the same respective
species, reducing potential conflation from intraspecific differences. Yet, such studies, while
useful in identifying many key elements of CAM that are upregulated upon CAM induction,
also suffer from potential overlap with between CAM induction and abiotic stress response. A
method of CAM induction that may be less ‘stressful’ and provide insights from a different
angle is CAM induction by ageing and is thus the main focus of this thesis. Undoubtedly,
experiments that explore all of the different modes of induction within one species will give
the strongest contrast between the key components of CAM induction compared to abiotic
stress response. Also, there will be overlap between CAM induction and the abiotic stress
response pathways, for instance there was substantial overlap between the response to ABA

and drought in Talinum triangulare (Brilhaus et al., 2016; Maleckova et al., 2019).

A final approach to establishing the key elements required for CAM is to genetically
manipulate constitutive CAM plants to impair their ability to do CAM. Knocking down the PEPC
isoform recruited for nocturnal carboxylation is arguably the most direct way to impair
nocturnal carboxylation and CAM (Boxall et al., 2020). An issue with this approach is that this
will only partially turn off CAM and there will be many elements of CAM that would be still
active. However this approach may be useful in differentiating between the role of nocturnal

carboxylation and other CAM components.

Functional genetics studies will, however, be key for understanding the core components of

CAM and have already advanced the field considerably (Boxall et al., 2017; Boxall et al., 2020;

Ceusters et al., 2021; Dever et al., 2015). A recent study created a library of CRISPR guide DNA

sequences for targeting genes in K. fedtschenkoi (Liu et al., 2019), which may help open the

door for high throughput phenotypic analysis of key CAM mutants. Combining the previously
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mentioned ‘omics’ methods to identify key CAM components and transgenic manipulations

will help provide answers to key remaining CAM questions.

1.5 Approach of this thesis

This thesis aims to develop the inducible CAM plant K. blossfeldiana as a system for
comparatively studying Cz and CAM whole leaf and stomatal physiology and metabolism
across the mesophyll and guard cells. Ultimately, the aim is to address some of the questions
raised above, a key one being, how the regulation of stomatal conductance and the mesophyll
CAM cycle are linked and if there are regulatory and metabolic changes that are required to
enable the inverted diel pattern of stomatal opening in CAM plants? The thesis will also make
use a recently characterised CAM-deficient K. fedtschenkoi pepcl mutant to cross compare
with C3/CAM tissues from K. blossfeldiana and to explore the role of nocturnal carboxylation

on stomatal regulation in CAM.

1.6 Kalanchoe genus

A substantial portion of studies over the last near century of CAM research have been carried
out using plants from the genus Kalanchoe (Abraham et al.,, 2020; Gregory et al., 1954;
Moseley et al., 2019; Rustin & Queiroz-Claret, 1985; Taybi et al., 1995; von Caemmerer &
Griffiths, 2009; Winter et al., 2008; Yang et al., 2017). The Kalanchoe genus is estimated to
have diverged from the Sempervivoideae between 22.78-44.29 million years ago
(Messerschmid et al., 2020). The current Kalanchoe genus is made of up species from three
previous genera, Kalanchoe (of which K. blossfeldiana was a member), Kitchingia and
Bryophyllum (of which K. fedtschenkoi and K. laxiflora were members and carry out leaf margin
embryogenesis (Mort et al., 2010). K. blossfeldiana shows some morphological and
physiological differences from K. fedtschenkoi and K. laxiflora - it is predominantly green
leafed, lacks the ability to reproduce from leaf tip pups, and performs inducible CAM vs

constitutive CAM as found in K. fedtschenkoi and K. laxiflora.
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1.6.1 K. blossfeldiana - Age Induced CAM

The potential for using inducible CAM plants for studying CAM has long been recognised
(Osmond, 1978), as they provide a system that is less prone to being affected by potential
intraspecific differences between Czand CAM species; and they allow for a system that can be
monitored as it transitions into CAM. Inducible CAM plants are often induced by the
application of abiotic stress, such as drought or salt. With plants quickly transitioning, usually
into a strong form of CAM where there is limited, if any, daytime conductance, or CO;
assimilation. This provides an issue for studying CAM, the pathways associated with the
response to abiotic stresses are complex and it may be difficult to separate the actions of these
abiotic stress pathways from CAM induction pathways. Here K. blossfeldiana is of potential
utility as CAM is induced by ageing, with CAM activity increasing down the plant as leaves age.
This therefore provides a system for comparing C; and CAM within the same plant at the same
time, without the activation of any abiotic stress pathways., thus saving both time, space and

reducing the risk of conflation with abiotic stress.

K. blossfeldiana naturally occurs in the high-altitude (~1500-2000*M) humid forests of the
Tsaratanana mountain range, Madagascar, alongside its close relative K. globulifera (Klein et
al., 2021). The Kalanchoe genus consists of over 150 currently known species that all perform
CAM to varying amounts and is found in Madagascar (Kluge et al., 1991), Southern Africa
(Gehrig et al., 2001), Arabia and tropical Asia (Klein et al., 2021). K. blossfeldiana is within
Kalanchoe subg. Kalanchoe and was discovered by the botanist Perrier de la Bathie in 1924 on
the slopes of the aforementioned mountains (van Voorst & Arends, 1982). K. blossfeldiana is
morphologically similar to K. globulifera and the recently described K. darainensis (Klein et al.,
2021). It has had a confused naming history, which is well described by (Klein et al., 2021). It
rose to horticultural significance when it was introduced to Potsdam by Robert Blossfeld in

1932 and has ever since been a popular and significant house plant (Pertuit, 1992).

K. blossfeldiana was first shown to assimilate CO2 nocturnally in 1942 (Bode, 1942). Its
importance in the comparative study of CAM was realised in the late 20" century with the
observations that CAM in K. blossfeldiana can be induced by short days (Lerman & Queiroz,
1974), nitrogen deficiency (Ota, 1988), ABA and drought (Taybi et al., 1995) and leaf aging

(Brulfert et al., 1982). K. blossfeldiana is awkward to categorise; it has previously been
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described as a facultative CAM plant (Gehrig et al., 1995) and may have been the first plant
described as such (Gregory et al., 1954). There have been recent efforts to more clearly define
the various different forms of CAM ( Winter, 2019), under which a facultative CAM plant would
be defined as a plant in which CAM could be induced and un-induced depending on
environmental conditions. As CAM in K. blossfeldiana is induced by ageing it would appear
inevitable that it would become CAM and from previous studies there is no evidence of CAM
being reversible in this species (Gehrig et al., 1995; Lerman & Queiroz, 1974; Taybi et al.,
1995). It is also unclear what contribution each form of photosynthesis would make to carbon
gain over the entire lifespan of K. blossfeldiana. For the interests of simplicity in this thesis K.

blossfeldiana is referred to as an inducible CAM species.
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1.7 Core Questions to be addressed in this thesis - divided by chapter and approaches

This thesis sets out to develop Kalanchoe blossfeldiana as a system for comparatively studying
Cs and CAM, and to use this system to identify key differences in metabolism and physiology
between these photosynthetic types with a focus on stomatal physiology and guard cell

metabolism.

Chapter 2 — Comparative systems for studying crassulacean acid metabolism.

The first experimental chapter characterises the induction of CAM by ageing in young and
mature Kalanchoe blossfeldiana leaves. A key aim is to characterise photosynthetic
metabolism and CAM traits and thereby determine if Kalanchoe blossfeldiana would be useful
as a comparative system to study C3/CAM. This chapter also explores the morphology and the
development of CAM traits in K. blossfeldiana. Additionally, the chapter uses a CAM deficient
Kalanchoe fedtschenkoi pepcl mutant to investigate and characterise the effects of impairing

nocturnal carboxylation on CAM and photosynthetic metabolism.

Chapter 3- Self determined stomata - PEPC-mediated nocturnal carboxylation alone is not

enough to drive nocturnal conductance in Kalanchoe.

This chapter explores differences between C3 and CAM stomatal physiology and guard cell
metabolism making use of the two C3/CAM comparative systems described in chapter 2, i.e.
young Cz; and mature CAM Kalanchoe blossfeldiana leaves and Kalanchoe fedtschenkoi WT
and a pepcl mutant. The chapter compares C; and CAM stomatal diel conductance and guard
cell metabolism and investigates the role of Ci in linking mesophyll PEPC-driven carboxylation
and stomatal conductance, with the hope of addressing whether there are regulatory and
metabolic changes that are required to enable the inverted diel pattern of stomatal opening
in CAM plants? The chapter also examines the role of whole leaf carbon assimilation on

stomatal conductance including both C3 RUBSICO and PEPC-mediated assimilation.
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Chapter 4 — The Kalanchoe blossfeldiana Genome

This chapter presents the genome of Kalanchoe blossfeldiana and a comparative C3/CAM dusk
transcriptome; and explores the key differences in gene expression between C3 and CAM
tissues with a focus on genes involved in mesophyll CAM, guard cell metabolism and stomatal
regulation. By investigating the changes in transcript abundance in age induced CAM it is
hoped that this chapter can be used to identify the core elements of CAM that are conserved

across different CAM species and different induction modes.
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Chapter 2. Comparative systems for studying crassulacean acid metabolism

2.1 Introduction

2.1.1 K. blossfeldiana - Age Induced CAM

The potential for using inducible CAM plants for studying CAM has long been recognised
(Osmond, 1978), as they provide a system for investigating the physiological and metabolic
changes that occur within a plant between from Cs to CAM that is less prone to being affected
by potential intraspecific differences between C;and CAM species; and allow for a system that
can be monitored as it transitions into CAM. CAM is often induced by the application of abiotic
stress, such as drought or salt with plants quickly transitioning, usually into a strong form of
CAM where there is limited, if any, daytime conductance, or CO, assimilation. This stress-
induced CAM provides an issue for studying the mechanisms of CAM since the pathways
associated with the response to abiotic stresses are complex and it may be difficult to separate
the actions of these abiotic stress pathways from CAM induction pathways. Here, Kalanchoe
blossfeldiana is of potential utility for studying the genes/proteins required for CAM since the
pathway is induced by ageing, with CAM activity increasing down the plant from youngest
leaves at the top. This could provide a system for comparing C3 and CAM within the same plant
at the same time, without the activation of any abiotic stress pathways, thus saving both time,

space and reducing the risk of conflation with abiotic stress.

K. blossfeldiana was first shown to assimilate CO2 nocturnally in 1942 (Bode, 1942). Its
importance in the comparative study of CAM was realised in the late 20" century with the
observations that CAM in K. blossfeldiana can be induced by short days (Lerman & Queiroz,
1974), nitrogen deficiency (Ota, 1988), ABA and drought (Taybi et al., 1995) and leaf aging
(Brulfert et al., 1982). K. blossfeldiana is awkward to categorise, it has previously been
described as a facultative CAM plant (Gehrig et al., 1995) and may have been the first plant
described as such (Gregory et al., 1954). There have been recent efforts to more clearly define
the various different forms of CAM (Winter, 2019), under which a facultative CAM plant would
be defined as a plant in which CAM could be induced and un-induced depending on

environmental conditions. As CAM in K. blossfeldiana is induced by ageing it would appear
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inevitable that it would become CAM and from previous studies there is no evidence of it
being reversable (Gehrig et al., 1995; Lerman & Queiroz, 1974; Taybi et al., 1995a). It is also
unclear what contribution each form of photosynthesis would make to carbon gain over its
entire lifespan. This chapter builds on these works, with the use of newer techniques, to focus
on metabolic and physiological comparisons between young Cs leaves and mature CAM leaves

in K. blossfeldiana.

A second Kalanchoe species, Kalanchoe fedtschenkoi, along with a CAM deficient
phosphoenolpyruvate carboxylase isoform 1 (pepcl) mutant were used to complement
comparisons made between C3 and CAM tissues in K. blossfeldiana. K. fedtschenkoi is a well-
established obligate CAM plant, that has been extensively studied, with a recent plethora of
omics datasets, including its genome, diel mesophyll vs guard cell enriched epidermal peel
proteome, and a number of transcriptomes under different conditions (Abraham et al., 2020;
Hu et al., 2022; Yang et al., 2017; Zhang et al., 2020). Its small genome size (diploid ~256 Mb)
and the relative ease to which it is genetically transformed has highlighted K. fedtschenkoi as
a potential target for further genetic manipulation and study in order to further our

knowledge of CAM (Hartwell et al., 2016).

PEPC is central to CAM, responsible for the nocturnal fixing of CO, as HCO3 into OAA which is
rapidly stored overnight in the vacuole as malic acid. PEPC1 (Kaladp0095s0055) has been
hypothesised to be the main “CAM” PEPC isoform in K. fedtschenkoi, with greater transcript
expression than the other five isoforms in K. fedtschenkoi (Yang et al., 2017).This has been
supported by recent work in close relative K. laxiflora that showed RNAi silencing of PEPC1
resulted in an CAM-deficient phenotype with an inability to accumulate malate overnight and
a shift to a ‘C3’ pattern of daytime carbon assimilation (Boxall et al., 2020). In this chapter |
exploit a recently created CRISPR driven knock down of phosphoenolpyruvate carboxylase
isoform 1 (PEPC1) to examine the impact on nocturnal CO, uptake, nocturnal stomatal

conductance, and nocturnal accumulation of titratable acidity.

This chapter makes use of two systems for comparing Cz and CAM tissues, age induced CAM
between young and mature K. blossfeldiana leaves and comparisons between wild type and a
CAM deficient pepcl K. fedtschenkoi mutant. Across the two systems both CAM tissues, the
mature K. blossfeldiana and wild type K. fedtschenkoi are likely to have a similar phenotype

with both performing CAM. Whereas comparisons of the two Cstissues, young K. blossfeldiana
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and K. fedtschenkoi pepc1 mutants, might provide a way of studying the role of CAM-related

pathways independent of PEPC1.

2.1.2 Chapter Aims

The aims of this chapter are to characterise the primary metabolism and physiology of the
inducible CAM plant K. blossfeldiana and to establish it as a comparative system for studying
Cs and CAM tissues within the same plant. It also explores a second comparative system,
comparing the constitutive CAM plant Kalanchoe fedtschenkoi and CAM deficient CRISPR
generated K. fedtschenkoi pepcl mutants. Across the two systems, it is hypothesised that both
CAM tissues, the mature K. blossfeldiana and wild type K. fedtschenkoi will have a similar
phenotype in terms of gas exchange profiles and metabolite turnover. It is further
hypothesized that comparisons of the two Cs tissues, young K. blossfeldiana and K.
fedtschenkoi pepcl mutants, might provide a way of studying the role of CAM-related
pathways independent of PEPC1. The overall aim of this chapter is to provide evidence to
decide whether these systems will be useful in comparatively studying Cs and CAM with regard
to stomatal behaviour, and if so to optimise these comparisons. This will then be used to
optimise sampling in the comparative study of C3 and CAM guard cell physiology and

metabolism in subsequent chapters.

This chapter is divided into three parts:

e The characterisation of C3/CAM photosynthetic traits in K. blossfeldiana
e Morphology and the development of CAM traits in K. blossfeldiana
e The effect of PEPC1 knockout in Kalanchoe fedtschenkoi on diel gas exchange and

nocturnal malate accumulation.
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2.2 Materials and Methods

2.2.1 Summary of Experiments

Throughout this chapter comparisons were made between C3and CAM physiotypes using two
comparative systems; 1) between K. blossfeldiana young (10%" leaf pair from bottom) and
mature leaves (2" leaf from bottom), and 2) between wild type K. fedtschenkoi and CAM-
deficient pepcl.1 mutants. The K. fedtschenkoi pepcl mutants were produced by CRISPR
targeted gene silencing of the K. fedtschenkoi PEPC1 gene by Xiaohan Yang with a method
described in Zhang et al. (2020). The overall aim of this chapter is to characterise the basic

CAM metabolic and gas exchange traits within the comparative systems.

2.2.2 Plant Growth Conditions

All plants were grown under 190 umol light, unless otherwise noted, with 12/12hrs day/night
cycles and with 25°C days and 19°C nights. Plants were watered twice weekly. K. blossfeldiana
plants were propagated by cutting. Briefly, side shoots were cut from the main stem with all
but a small emerging leaf bud at the apex of the shoot and the top two leaf pairs. Care was
taken to ensure all cuttings were the made to the same length and were uniform in leaf sizes.
Individual cuttings were placed in 5 cm pots with John Innes No.2 compost and grown under
cover for 2 weeks. After 6 weeks cuttings were re-potted into 12 cm pots with a 3:1 mix of
John Ins No.2: Perculite. K. fedtschenkoi plants were propagated by leaf edge pupping.
Removed leaves were placed on trays with a 3:1 mix of John Innes No.2: Perculite. Plantlets
were grown for 8 weeks before being re-potted three per 12 cm pot. K. fedtschenkoi plants

were sampled 120 days after propagation.
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2.2.3 Diel Gas Exchange

Short term (up to 48 hrs) diurnal stomatal conductance (mol H.0 m™ st) and net CO;
assimilation (umol CO, m™ s!) were measured using a Li-Cor Portable Photosynthesis System
Li-6400XT (Li-Cor, USA) over full 24 hr periods. All such measurements were run successively
in triplicate. For all measurements, zero CO; and H,0 readings were taken before a run of
experiments and CO; was zeroed before every run; with desiccant and CO; scrub replaced for
every run. Chamber conditions were set to track the conditions of the growth cabinet, with
190 pumol m2s? light, unless otherwise noted, with 12/12hrs day/night cycles and with 25°C
days and 19°C nights, relative humidity was held between ~25 and 35%. Importantly, the
chamber fan was set to 4 (Slow), which was found to substantially improve fan longevity. For
a standard 24 hr diurnal run measurements were taken every 15 minutes with automatic
matching every 30 minutes and ambient CO; set to 400 umol mol? CO,. For experiments with
K. blossfeldiana leaves at leaf pairs two and ten (counted from the bottom up) were used with
plants 60-90 days after propagation, for those involving K. fedtschenkoi leaves at leaf pair 6

were used with plants 100-120 days after propagation

In order to monitor the Li-6400XT remotely throughout these experiments, the Li-6400XT was
attached to a Raspberry Pi 3B (Raspberry Pi, UK) which ran a python script that queried the Li-
6400XT at two-minute intervals. A second, internet connected, computer would then query
the Raspberry Pi at two-minute intervals and display an automatically updating web app. This
web app was written in R (version 4.0.2) and Shiny (version 1.6.0) and ran inside a docker

container.

2.2.4 Long term Gas Exchange (Walz Binos-100)

Longer term net CO; assimilation (umol CO, m? s!) was measured K. blossfeldiana young
leaves (10" leaf pair from bottom) over multiple diurnal cycles using a Walz CMS-400 compact
mini-cuvette system equipped with a BINOS-100 infra-red gas analyser (Walz, Germany).
Leaves were placed in a cuvette that tracked ambient temperature in the growth cabinet. Net
CO; assimilation was calculated every 15 minutes over the course of each run, resulting data

was transferred off and analysed in Diagas (Walz, Germany).
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2.2.5 Metabolite Sampling and Analysis

Whole leaves were sampled from K. blossfeldiana and K. fedtschenkoi to determine levels of
titratable acidity, soluble sugars, and starch. For the 24 hr sampling (Figure 2.3) K.
blossfeldiana young leaves (leaf pairs 9 and 10 from the bottom) and mature leaves (leaf pairs
2 and 3 from the bottom) were sampled every four hours from four hours before dusk
onwards. For the dawn/dusk samplings K. blossfeldiana 1 cm leaf punches were sampled up
the plant from the 2"¢ leaf pair at the bottom until the 10" leaf pair at the top and K.
fedtschenkoi were sampled at the 6% leaf pair from the top. All samples were immediately

frozen in liquid nitrogen and subsequently stored at -80 °C before analysis.

A methanol extraction method was used for all metabolite analyses. Whole leaves or five
epidermal peels were used, both were collected by flash freezing in liquid nitrogen. Whole
leaves were ground by mortar and pestle with liquid nitrogen, with of 250 mg of tissue
collected for analysis. Epidermal peels were smashed with a prechilled TissueLyser Il (Qiagen,
USA) for 2 minutes at 30 Hz with a single 2 mm metal beads. Then 80% methanol was added,
1 ml for whole leaves and 500 pl for epidermal peels. Samples were then incubated at 60°C
for 40 minutes and then spun down at 13,000 rpm for 10 mins and stored at 4°C until further
analysis. Titratable acidity of 200 ul methanol extracted tissue was calculated by titrating
against 5 mM NaOH until neutrality, using phenolphthalein as indicator, determining titratable
acidity per fresh weight. Whole leaf total soluble sugars were determined by measuring
glucose equivalents using a phenol-sulfuric acid colorimetric method (Dubois et al., 1956),
with 50 pl methanol extract diluted with 450 ul ddH,O and 0.5 ml 5% phenol then 2.5 ml
concentrated sulphuric acid added. After incubation for 15 minutes absorbance was read at
482 nm. A glucose standard curve with concentrations between zero and 150 pg glucose was
used to calculate total glucose equivalents per fresh weight. Whole leaf starch content was
determined from the insoluble fraction of the methanol extraction. The supernatant was
removed and the insoluble pelleted washed twice in ddH,0, followed by the addition of 1.5
ml acetate buffer (0.1 M sodium acetate, pH 4.5, adjusted with acetic acid) and incubation at
90°C for one hour. Starch extracts were digested over night at 40°C with 300 units of
amyloglucosidase (Sigma-Aldrich). Starch content was determined as glucose equivalents per

fresh weight as described above (Dubois et al., 1956).
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2.2.6 Protein Extraction and Western blots

Protein was extracted from K. blossfeldiana whole leaf tissue for western blots. Leaf tissue
was flash frozen in liquid nitrogen and stored at -80°C until mortar and pestle grinding with
liguid nitrogen, with 200 mg ground tissue used for protein extraction. Then 500 ul protein
extraction buffer (0.5 M Tris-HCI (pH8), 10 mM EDTA, 1% (v/v) Triton-X, 5 mM Urea, 2% (w/V)
PEG 20,000, 10 mM DTT) was added followed by immediate re-freezing in liquid nitrogen,
samples were then thawed on ice and spun at 13,000 rpm for 10.5 minutes at 4°C. 300 ul
supernatant was recovered and added to 700 pl acetone on ice, samples were again re-frozen
in liquid nitrogen, and left to thaw on ice. After thawing, samples were spun at 13,000 rpm
for 7.5 minutes at 4°C, acetone supernatant was discarded, and samples resuspended in 100
ul 4x SDS Lamelli buffer (20% glycerol, 240 mM Tris/HCl pH 6.8, 8% (w/v) SDS, 0.4% (w/v)
bromophenol blue, 100 mM DTT). Samples were incubated while shaking at 65°C for 20
minutes and spun down at full speed for five minutes. Extracted proteins were separated using
SDS-page and transferred to nitrocellulose using a Trans-Blot Turbo Transfer System (Bio-Rad,
USA). Ponceau stain was washed off and the blot was incubated overnight with 1:3000 anti-
PEPC (Agrisera, AS09458) and 1:3000 anti-Rubisco large subunit (Agrisera, AS03037, Rbcl)
polyclonal antibodies to identify PEPC and RbcL bands. Goat anti-Rabbit IgG secondary
antibody (Agrisera,AS09602) was used at 1:50000 dilution and detection was performed using
chemiluminescence with SuperSignal West Pico PLUS Chemiluminescent substrate (Thermo

Scientific, USA).
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2.2.7 Morphological analysis

Single leaves of K. blossfeldiana plants were removed at every two leaf pair intervals down
the plant, with the opposite leaf in the pair used for dawn/dusk methanol extractions to
calculate corresponding changes in titratable acidity. Leaves were removed underwater, with
great care taken to ensure their petiole remained submerged, and hydrated to full turgor for
24 hrs in the same growth conditions as they were grown in. After 24 hrs leaves were dabbed
dry, weighed to determine fresh mass at full turgor and imaged in a scanner, leaf area was
calculated using Imagel (Schneider et al., 2012). Leaves were then dried at 75°C for 48 hrs and
re-weighed to determine dry mass. Leaf dry mass per area was calculated as dry mass divided
by leaf area (Equation 2.1). Water mass per area was calculated as fresh mass at full turgor
subtracted by dry mass and then divided by leaf area (Equation 2.1). Saturated water content

was calculated by dividing water mass area by leaf mass area.

Equation 2.1 - Leaf dry mass per area, dry mass (DM) divided by leaf area (LA)

LMA = bH
LA

Equation 2.2 — Water mass per area (WMA), with fresh mass at full turgor (F Mgr)

WMA = FMrr — DM
 LAK
Equation 2.3 — Saturated Water Content (SWC)

WMA

SWC = TMA
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2.3 Results

2.3.1 Young and mature K. blossfeldiana leaves have distinct photosynthetic physiotypes

The young and mature K. blossfeldiana leaves had distinct patterns of gas exchange. The
young leaves (10%" leaf pair from the bottom) assimilated all of their CO, during the day with
no nocturnal net CO, assimilation; and the mature leaves (2" leaf pair from the bottom)
assimilated most of their CO; during the night with some assimilation during the day (Figure
2.1.A). The young leaves assimilated a substantially higher amount of CO; over the entire
diurnal period than the mature leaves. Accordingly, stomatal conductance in the young leaves
was much greater during the day period (Figure 2.1.A). Conductance in the mature leaves
peaked at the start of the day and overnight. Interestingly, nocturnal stomatal conductance
was positive in the young leaves despite no nocturnal net CO; assimilation. Differences in
stomatal conductance between these C3 and CAM performing tissues are explored in more

detail in chapter 3.

2.3.2 Crassulacean acid metabolism is rapidly induced in young K. blossfeldiana leaves by

drought

CAM can also be rapidly induced in the young K. blossfeldiana leaves by drought (Figure 2.1.C,
10™ leaf pair from the bottom). Some 90 days after propagation, plants were droughted for
ten days with water withheld from the end of day one until plants were re-watered after
eleven days. Two days after the withholding of watering, these young leaves showed some
net nocturnal CO. assimilation, increasing in magnitude until day ten. Daytime net CO;
assimilation reduced over the same period (Figure 2.1.C). A CAM-like pattern of daytime gas
exchange developed after two days, with a noticeable reduction of CO; assimilation during
the middle of the day and phase two and four peaks appearing at the early day and late night
(Figure 2.1.C). This continued until a marked reduction in daytime assimilation five days after
droughting to an apparent zero. Total assimilation stayed relatively flat after this transition to
nocturnal only net CO; assimilation until the recommencing of watering after eleven days of
drought (Figure 2.1.C). Upon rewatering there was a fast increase in nocturnal assimilation,
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within less than 24hrs. This was followed by a return to daytime CO; assimilation one day
after re-watering (Figure 2.1.C). Notably, even after re-watering there was no return to the
original C; physiotype in the young droughted K. blossfeldiana leaves but a continuation of
nocturnal CO; assimilation along with daytime CO; assimilation. This daytime CO; assimilation
and total CO; assimilation over each diurnal period was substantially reduced in the young
droughted K. blossfeldiana leaves, even after re-watering, compared to the pre-drought

levels.
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Figure 2.1 K. blossfeldiana age specific photosynthetic traits and CAM induction. Diurnal net

CO; uptake (panel A, pmol CO, m™ s?!) and stomatal conductance (panel B, mol H,0 m™ s1)
of K. blossfeldiana young leaves (red points, 10%" leaf pair from the bottom) and mature leaves
(blue points, 2" leaf pair from the bottom) between 60-90 days after propagation. For panel
A and B points represent the mean of three repeats and the shaded interval + SEM. Horizontal
blue line equals zero, panel A. CAM induction by drought (Panel C). Net CO; assimilation (umol
CO>m? s?) of a K. blossfeldiana young leaf (10t leaf pair from the bottom) at 90 days after
propagation droughted for 10 days and re-watered on day 11. Horizontal red line indicates
zero net CO; assimilation. Vertical blue line indicates time of return to normal watering

regime.
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2.3.3 Young K. blossfeldiana leaves are more photosynthetically active than Mature K.

blossfeldiana leaves

Over 24 h, young K. blossfeldiana leaves assimilated substantially more CO; than the mature
leaves, with all net gains made during the day and a net loss at night (Figure 2.2). Notably, the
young Cs leaves had a greater daytime water usage efficiency (WUE, umol CO; mol H20
1), compared to mature CAM K. blossfeldiana leaves which was driven by their greater level of
daytime CO; assimilation. Overall WUE was slightly but not significantly (Wilcox test, P>0.05)
higher in the mature CAM leaves, which was driven by greater nocturnal net CO; assimilation
when total transpiration is lower, with ~3/4 of net CO; assimilation occurring at night in the
mature leaves (Figure 2.2). While assimilating a much greater amount of CO, the young leaves
were also losing significantly more water via overall transpiration than the mature CAM
performing leaves, especially during the day. The WUE of the young leaves was also negatively
impacted by substantial nocturnal conductance and thus water loss but without net carbon

assimilation at night (Figure 2.2).
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Figure 2.2 Integrated water use efficiency (WUE, left top), overall net CO, assimilation (umol

CO; m? s?1), and overall transpiration over a full 24hrs, the day or night period in K.
blossfeldiana young (left side, 10" leaf pair from the bottom) or mature leaves (right side, 2"
leaf pair from the bottom) at 60-90 days after propagation. Values are the mean of three
replicates £ SEM. Plants were grown in standard conditions with 400 ppm CO; and 190 pmol
m2 s light. Statistical analysis was performed by using a two-way ANOVA, significant

differences (P < 0.05) are indicated by different lowercase letters.
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2.3.4 Young K. blossfeldiana leaves did not accumulate titratable acids at night

In keeping with the above gas exchange data, the young K. blossfeldiana leaves (10t leaf pair
from the bottom) did not accumulate titratable acidity overnight, with no accumulation
observed overnight in the tenth leaf pair from bottom (P > 0.05, Figure 2.3 A and B). In
contrast, the mature leaves (2"¢ leaf pair from the bottom) did accumulate substantial
amounts of titratable acidity overnight. There was also a slight but not significant (P > 0.05)
accumulation of titratable acidity in the ninth leaf pair from the bottom, suggesting the
presence of some CAM activity. In figure 3, nocturnal accumulation of titratable acidity
appeared to increase progressively down the plant. The 24 hr graph of titratable acidity also
shows a strong and steady accumulation of titratable acidity overnight in the mature leaves,

with little change in the young leaves (Figure 2.3 A).

2.3.5 Significant differences in whole leaf metabolism between young and mature leaves of

K. blossfeldiana

Soluble sugar contents were substantially, ~2-3x higher (Figure 2.3.B), in the young K.
blossfeldiana leaves compared to the mature leaves, which was consistent with the ~4x
difference in total net CO, uptake over 24 hrs (figures 2.1 and 2.2). There was also a difference
in the diurnal content of whole leaf starch, with the younger leaves showing greater peaks in
starch contents at dusk compared to that in mature leaves (Figure 2.3.D). However, overall
this difference in starch content between young and mature leaves was not as large as that
seen with soluble sugars (Figure 2.3). There was a much more defined pattern of diel starch
metabolism than that of soluble sugars across all leaf ages, with whole leaf starch
accumulating to peak at the end of the day and then steadily decline overnight (Figure 2.3.D).
The nocturnal degradation of starch was also greatest in the younger leaves. Over the diel
period, soluble sugar contents remained fairly stable in the mature leaves, while there was a

slight degree of soluble sugar accumulation in the young leaves during the day (Figure 2.3.C).
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Figure 2.3 K. blossfeldiana age specific whole leaf titratable acidity and metabolites. Titratable
acidity (umol H* g fwt) over 24hrs (Panel A), differences in dawn/dusk titratable acidity (umol
H* g* fwt) increase with leaf age (Panel B), soluble sugars (umol Glc equiv g fwt) over 24 hrs
(Panel C), starch (umol Glc equiv g* fwt) over 24hrs (Panel D). Leaf pair two is the oldest (2"
leaf pair from bottom) and ten the youngest (10" leaf pair from bottom). Leaves were sampled
every four hours, with the first sampling 4 hrs before dusk. All plants sampled 90 days after
propagation. Values are means of four replicates + SEM. Statistical analysis was performed by
using a two-way ANOVA, significant differences (P < 0.05) are indicated by different lowercase

letters for Panel B.
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2.3.6 PEPC Protein

The abundance PEPC1 protein over the diel period in both young and mature were relatively
stable (Figure 2.4 A,B,C). The mature K. blossfeldiana leaves expressed substantially higher
detectable levels of PEPC1 protein than the young leaves, as shown in the western blot in

figure 2.4.D, which in line with the previous results on their differences in CAM activity.

This difference was also apparent between the young and mature leaves in the 24hr PEPC1
and RBCL blots, however, comparisons between blots are less robust. Between the young and
mature leaves there appeared to be some differences in the abundance of RBCL, with slightly

higher levels in the young leaves (Figure 2.4.D).
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Figure 2.4 K. blossfeldiana age specific western blot analysis of PEPC1 (upper band) and RbcL (lower
band) abundance in young leaves (10%" leaf pair from the bottom, Panel A), mature leaves (2"¢ and 3™
leaf pairs from the bottom, Panel B and C) over 24hrs; and a comparison on expression between young
leaves (10t leaf pair from the bottom) and mature leaves (2" leaf pair from the bottom) at dusk (Panel
D). Proteins were separated by SDS-Page, blotted with PEPC1 and RbcL antibodies. Equal loading was
shown by ponceau staining the blot (lower section) prior to antibody incubation; the blot is
representative of at least three replicates. The 20 pm timepoint was carried out in darkness, while the 8
am timepoint was in the light. The triangle represents the position of PEPC1 (green triangle) and RBCL

(orange triangle).



2.3.7 Morphology and the development of CAM traits

Whilst figure 2.3 shows a progressive increase in nocturnal titratable acidity accumulation
down the plant (i.e. as leaves age), the true peak of nocturnal titratable acidity accumulation
was found in the middle of the plant. This is shown in figure 2.5 with a peak in the
accumulation of nocturnal acidity found in leaf pair six (six leaves from bottom), in plants
grown in normal lighting conditions (~*190 umol m s). Changes in light intensity, had a
substantial effect on the nocturnal accumulation of titratable acidity, with K. blossfeldiana
plants grown in normal lighting conditions (~190 pmol m2 s!) for 90 days after propagation
showing much higher changes in dawn/dusk titratable acidity than those grown in low light
(~90 umol m? s, Appendix Figure A5.1). While nocturnal accumulation of dawn/dusk
titratable acidity peaked in leaf pair six, interestingly, saturated water content increased

progressively with leaf age in K. blossfeldiana (Figure 2.5).
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Figure 2.5 CAM traits across different leaf pairs in K. blossfeldiana plants sampled 90 days after
propagation, grown in normal light (normal bars, 190 umol Photons). Dawn/Dusk whole leaf titratable
acidity (Panel A), leaf saturated water content (SWC, Panel B), leaf water mass per leaf area (Panel C,
WMA), leaf dry mass per leaf area (LMA, Panel D). Leaf pairs are numbered up the plant, with 12 being
the youngest sampled. Numbers above bars on the top left panel indicate sample number, values are
means of the noted number of replicates + SEM. Statistical analysis was performed using one-way

ANOVA, significant differences (P < 0.05) are indicated by different lowercase letters.
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2.3.8 K. fedtschenkoi pepc1.1 mutants are impaired in CAM

CRISPR driven knock down of phosphoenolpyruvate carboxylase isoform 1 (PEPC1) led to an
almost complete reversal of photosynthetic phenotype in K. fedtschenkoi pepcl.1 mutant
compared to wild type (Figure 2.6). Wild type leaves assimilated most of their carbon during
the night with a limited amount of net CO2 assimilation towards the end of the day (Figure
6.A). The wild type K. fedtschenkoi also showed a reduced period of assimilation during the
early part of the night, like that observed in the mature CAM preforming K. blossfeldiana
leaves (Figure 2.1). Alongside this reversal of photosynthetic phenotype between mutant and
wild type K. fedtschenkoi, there was a similar reversal of stomatal conductance, with the
pepcl.1 mutants showing highest values of stomatal conductance during the day and this was
significantly reduced at night. Interestingly, the pepc1.1 mutant did show some net nocturnal
stomatal conductance during the night (Figure 2.6.B), which may have been driven by some
residual nocturnal carbon assimilation. The pepcl.1 mutants also showed a significant, almost
10 fold, reduction in nocturnal titratable acidity accumulation compared to the wild type
(Figure 2.6.C). A second independent mutant pepcl.2 showed a less significant and more
variable reduction in nocturnal titratable acidity (Figure 2.6.C) and showed a more CAM like

phenotype compared to pepcl.1 in gas exchange experiments (Nwokeocha, 2022).
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Figure 2.6 K. fedtschenkoi genotype specific photosynthetic traits and whole leaf titratable acidity.
Diurnal net CO, uptake (panel A, pmol CO2 m™ s?!) and stomatal conductance (panel B, mol H,O m™* s?)
of wild type K. fedtschenkoi leaves (blue points) and pepcl.1 leaves (red points) between 90-120 days
after propagation. Leaf pair 6 was used in both genotypes. Plants grown in 12hr/12hr day/night cycles.
Dark shaded area represents night. For both graph, points represent the mean of three repeats and the
shaded interval + SEM. Differences in dawn/dusk titratable acidity (umol H* g fwt) between wild type
K. fedtschenkoi, pepc1.1 and pepcl.2 leaves (Panel C). Points represent the mean of at least five samples
and £ SEM. The dark blue line on the CO;, uptake graph equals zero. Statistical analysis was performed

using one-way ANOVA, significant differences (P < 0.05) are indicated by different lowercase letters.



2.4 Discussion

2.4.1 Kalanchoe blossfeldiana — A tale of two physiotypes

Young and mature K. blossfeldiana leaves, grown to 90 days after propagation from cutting,
showed distinct physiotypes. The young leaves (10™" leaf pair from bottom) displayed C3
metabolism with no net nocturnal accumulation of CO, (Figure 2.2) and no overnight
accumulation of titratable acidity (Figure 2.3). Whereas the mature leaves (2" leaf pair from
bottom) performed CAM, assimilating ~2/3 of their CO, overnight, nocturnally accumulating
substantial amounts of titratable acidity, and expressing greater levels of PEPC protein than
the young leaves (Figure 2.4). The accumulation of titratable acidity in the mature leaves was
comparable to that seen in K. fedtschenkoi and K. pinnata but lower than that of K.

daigremontiana (Ceusters et al., 2021; Griffiths et al., 2008).

CAM was rapidly induced in K. blossfeldiana young leaves by drought, with nocturnal net CO;
assimilation observed two days after droughting and no net daytime assimilation after six days
of drought (Figure 2.1). This rapid induction of strong CAM has also been observed in other
members of the Kalanchoe genus — K. porphyrocalyx and K. miniate (Brulfert et al., 1996); and
is in line with previous reports that PEPC activity is rapidly increased in response to drought in
K. blossfeldiana (Taybi et al., 1995). However, unlike facultative CAM plants, it appears that
once CAM is induced in the young K. blossfeldiana leaves it remains active even after the
return to watering; in keeping with previous reports (Queiroz and Brulfert, 1982) and the
suggestion that CAM is not optional in K. blossfeldiana (Winter and Holtum, 2014). Once
watering recommenced the young leaves rapidly restarted daytime net CO; assimilation while
continuing to assimilate CO; at night, which is similar to observations made of K. porphyrocalyx
and K. miniate (Brulfert et al., 1996). It is also unlikely that the leaf ever returns to Cs after this
point as this period will coincide with age induced CAM induction. The effects of drought on
CAM induction in K. blossfeldiana on the whole plant level need further study as questions
remain, for instance, would CAM be immediately induced in the new emerging leaves or are

they constrained by the metabolic costs of CAM.

Levels of CAM in K. blossfeldiana leaves can be modulated by changing light intensity, with

much greater amounts of titratable acidity accumulated overnight in plants grown with
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normal light intensity (~¥190 umol Photons) compared to those grown in low light (~¥90 umol
Photons, figure 9.1). This has also been observed in K. fedtschenkoi (Zhang et al., 2020) and is
likely driven by a reduction in available carbon due to decreased photosynthesis, which in
turn would reduce the amount of available carbon skeletons for CAM. A view that is supported
by a reduction in soluble sugar contents and leaf starch and dawn/dusk net turnover of both,
as also observed in K. fedtschenkoi plants grown in reduced light intensity by (Zhang et al.,

2020).

2.4.2 Whole Leaf Metabolism in Kalanchoe blossfeldiana

Leaf soluble sugar contents were significantly, ~2-3x higher, in the young K. blossfeldiana
leaves compared to the mature leaves, which is consistent with the ~4x difference in total net
CO; assimilated over 24 hrs (Figures 2.2 and 2.3). There were also greater levels of whole leaf
starch in the young leaves compared to mature, however, this difference was not as large as
that in soluble sugar contents. The nocturnal depletion of in starch was also greatest in the
younger leaves. Both of these observations are in keeping with previous work with the
facultative/inducible CAM plant Mesembryanthemum crystallinum, which showed similarly
higher levels of soluble sugars and starch prior to the induction of CAM (Taybi et al., 2017).

However, it is not clear whether this is due to CAM or is a by-product of ageing.

It is likely that the transition from C; to CAM requires a build-up of carbon, and that the
substantially greater levels of carbohydrates observed, mainly in the form of soluble sugars in
the young leaves, are preparation for this transition. CAM requires a supply of carbon
skeletons to build up PEP for nocturnal carboxylation. Recent flux balance analysis and
experimental data have also suggested that CAM requires higher nocturnal respiration rates
(Shameer et al., 2018; Topfer et al., 2020; Tay et al., 2021; Leverett et al., unpublished).
Shameer et al. (2018) modelled that CAM required more ATP than C; overnight to drive the
ATP-tonoplast proton pump to ensure malate can be stored in the vacuole; and to also ensure
the high flux through phosphofructokinase to produce PEP for nocturnal carboxylation. CAM
plants can store carbon as starch for regenerating PEP, which has been predicted to be more
efficient than sugar storing CAM plants (Shameer et al., 2018).Due to the observed diel cycling
of starch it appears likely that K. blossfeldiana mature leaves use starch as their carbon store

for PEP regeneration, with soluble sugar contents appearing fairly flat over the 24 hr period
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(Figure 2.3), which is in keeping with other members of the Kalanchoe genus (Borland et al.,
2016). However, it is possible that the leaves transitioning into CAM may use soluble sugars
or a mix, which may be advantageous in a fast transition. Further work is needed to explore
the fluxes of carbon over the diel period between the C3 and CAM tissues; and how these
fluxes change during the transition to CAM. Figure five shows that that CAM activity, as shown
by nocturnal acid accumulation, peaks midway down the plant at leaf pair six. This would
suggest that the reduction of soluble sugar contents down the plant may be due to ageing and
fulfilling carbon demand for leaf growth rather than being a result of the transition to CAM,
however this could be investigated by further study of soluble sugar contents of leaves as they

transition to CAM.

It is both likely that the young K. blossfeldiana leaves build up carbon, that could allow for a
rapid transition to CAM, as seen in figure 2.1.C in response to drought; and that the mature
leaves have reached a point in which they have a reduced demand for carbon and reduced
access to light due to overlapping leaf growth above. Interestingly, after droughting, the young
leaves do not return to a Cs state when re-watered unlike most other facultative CAM plants
which can reversibly switch and return from CAM (Winter & Holtum, 2014). It is not clear why
this is the case; further investigations will be needed to explore why some inducible CAM
species and revert to C; and others like K. blossfeldiana cannot. It would also be informative

to study drought induction on the whole plant level.

The drought-induced CAM leaves also do not return to the same levels of carbon assimilation
after water was returned. It is possible that this might be in anticipation of further droughts
or that there is a post-drought metabolic constraint preventing either the return to Cs only or
previous levels of carbon assimilation. At the whole plant level, it may be more efficient and
effective to invest in a new Cs performing leaf than revert from CAM to Cs. Further work is
needed to unpick these processes and establish the interplay between Cs and CAM performing

leaves on a whole plant level.

The strongest difference in photosynthesis phenotype was observed between the young leaf
pair ten and the mature leaf pair two. This clear distinction between C3 photosynthesis in the
young leaves and CAM in the mature leaves make it a good system for comparing C3 and CAM
physiology; and will be the basis for further study in this thesis. The middle leaf pair six, that
showed a substantial amount of both daytime and nocturnal carbon assimilation may also
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make for an interesting phenotype for future works and CAM bioengineering, as it shows an
example of how productive the C3/CAM phenotype can be in terms of 24 h net CO;
assimilation. The striking difference in carbon uptake and soluble sugars between the young
and mature K. blossfeldiana leaves raises some interesting questions as to how carbon is
assimilated and utilised on the whole plant level, with young Cs leaves appearing to act like
source tissue and the mature CAM performing leaves like sink tissues. Such questions may be
answered by carbon isotope and whole plant gas exchange experiments. Answering these
guestions may help to unravel the carbon mechanics behind CAM plants ability to avoid

carbon starvation during long periods of drought.

2.4.3 The PEPC1 isoform is essential for CAM in K. fedtschenkoi

Nocturnal carboxylation of PEP is a key step in the CAM cycle. In the K. fedtschenkoi genome
there are reportedly five PEPC isoforms, compared to four in C3 Arabidopsis, each of which
could catalyse the formation of oxaloacetate from HCO3 and phosphoenolpyruvate. In C3
plants PEPC has been shown to play a key role in guard cell opening (Daloso et al., 2015) and
carbon and nitrogen metabolism (Shi et al., 2015). PEP isoforms one (Kaladp0095s0055.1) and
two (Kaladp0048s0578.1) have been shown to have CAM-like patterns of transcript expression
in K. fedtschenkoi, suggesting that they may be the isoforms involved in the nocturnal
carboxylation of PEP. The transcript abundance of PEPC1 is, however, much greater (~30
times) than that of PEPC2 and peaks towards the end of the day rather than the middle of the
night (Yang et al., 2017). In recent K. fedtschenkoi proteomic data (Abraham et al., 2020) the
PEPC1 isoform also shows the greatest abundance and is phosphorylated only at night, which
is essential for restricting PEPC activity to the night (Boxall et al., 2017). Data here showed that
the PEPC1 isoform is crucial for nocturnal carbon assimilation in K. fedtschenkoi, and that
without it there is a reversion to a ‘Cs-like’ phenotype with much greater daytime carbon
assimilation and only low levels of nocturnal carbon assimilation (Figure 2.6). Previous work
has confirmed that the pepc1 mutant shows substantial knockdown in the protein abundance
of PEPC1 and PEPC enzymatic activity (Nwokeocha, 2020). The remaining nocturnal
assimilation and accumulation of acidity may be due to residual expression of PEPC1 or the
activity of the other PEPC isoformes. It is unclear what drives variation in reduction in nocturnal

acidity accumulation between pepcl.1 and pepcl.2 mutants, but it may be down to a
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homozygous vs heterozygous insertion of the CRISPR mutation (Figure 2.6.C). Further work
will be needed to investigate the roles that the different PEPC isoforms play in CAM, guard cell

opening, and mesophyll metabolism.

Previous genetic perturbations of different components of the CAM cycle have shown similar
phenotypes with regard to reduced CAM expression. With impairments in starch synthesis via
the knockdown or mutation of PGM in K. fedtschenkoi (Hurtado-Castano, 2019) or M.
crystallinum (Cushman et al., 2008); impairments in phosphorolytic starch degradation by
knockdown of PHS1 in K. fedtschenkoi (Ceusters et al., 2021); and direct knockdown of PEPC1
in Kalanchoé laxiflora (Boxall et al., 2020) all resulting in reduced nocturnal malate

accumulation and impaired CAM activity.
2.4.4 Conclusions

This chapter has explored the physiological and metabolic differences between C3 and CAM
tissues in two comparative systems, young (10" leaf pair from bottom) vs mature (2" leaf pair
from bottom) K. blossfeldiana leaves and wild type vs CAM deficient K. fedtschenkoi pepcl
mutants. The two systems provide clear distinctions between the two photosynthetic
physiotypes. Both comparative systems provide a platform for investigating key questions on
CAM physiology and for this thesis in the comparison of guard cell physiology and metabolism

between Cs and CAM within and between the two systems.

There is, however, an important difference between the two systems that may be useful in
differentiating between different elements of CAM. CAM is a complex process that requires
the coordinated rescheduling of multiple components. While of these components need to be
present to transition to CAM, the components that underpin the progression to CAM are still
unclear. It is possible that some of these components are activated or can function
independently of PEPC1 and nocturnal carbon assimilation. The comparison of these two
different systems for studying Cz and CAM, i.e. the young and mature K. blossfeldiana leaves
and wild type vs CAM deficient K. fedtschenkoi pepcl mutants provides a potential way of
studying which elements of CAM remain intact without a functioning a pepcl and/or net
nocturnal carbon assimilation. This may be of especial importance in the study of how
stomatal conductance changes between Cs and CAM, where the level of guard cell autonomy

from mesophyll metabolism is currently unclear.
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Chapter 3. Self-determined stomata - PEPC-mediated nocturnal carboxylation

alone is not enough to drive nocturnal conductance in Kalanchoe

3.1 Introduction

In CAM plants it is not known how nocturnal mesophyll PEPC-driven carboxylation and guard
cell conductance are coordinated nor is it currently understood how reliant nocturnal opening
is on PEPC activity. Understanding the mechanistic basis of nocturnal stomatal opening is key
for efforts to engineer CAM into C; species (Borland et al., 2014), as it is not clear whether
adding the capacity for nocturnal carboxylation into a Cs plant would lead to nocturnal
stomatal opening or daytime closure or both. This chapter investigates links between
mesophyll carbon assimilation and guard cell behaviour by comparing the stomatal physiology
and metabolism of guard cells in two comparative systems, described in chapter one: C3 young
and CAM mature K. blossfeldiana leaves, and wild type constitutive CAM K. fedtschenkoi and
the CAM deficient pepcl.1 mutant. These two comparative systems are used in a series of
experiments to explore the role of Ci and whole leaf carbon status in determining stomatal
conductance. Ultimately, this chapter aims to answer the question: to what extent is stomatal

conductance in CAM plants determined by PEPC-mediated carboxylation?

To answer this question it is important to note a key difference between the two Cs tissues.
The previous chapter has shown that K. blossfeldiana young leaves could be considered fully
Cs as they lack any CAM features — no titratable acidity, no nocturnal net carbon assimilation,
and no CAM-like pattern of stomatal conductance. Whereas the K. fedtschenkoi pepcl.1
mutants are deficient in PEPC-driven carboxylation but likely retain many other components
related to CAM. This chapter hypothesises that if there is a regulatory or metabolic element
of the guard cells that needs to change to enable nocturnal stomatal conductance there may
be a difference in guard cell response to key stomatal conductance inducing stimuli between
the fully C3 young K. blossfeldiana leaves and the PEPCl-impaired K. fedtschenkoi pepcl.1

mutant leaves.
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The way in which mesophyll carbon assimilation influences guard cell behaviour can be
considered in two parts: the role of Ciin linking mesophyll PEPC-driven carboxylation and
stomatal opening and the role of carbon assimilation in the build-up of sugars and malate and

how this influences stomatal behaviour.

3.1.1 The role of C; in linking mesophyll PEPC-driven carboxylation and stomatal

conductance.

Photosynthesis and stomatal conductance are closely linked in both function and regulation,
often positively correlating with each other (Buckley & Mott, 2013); and the same can be
observed with net carbon assimilation in CAM plants. However, conductance and assimilation
can be decoupled when environmental conditions vary quickly (Lawson et al., 2011;
McAusland et al., 2016); and in instances of nocturnal conductance in C3 leaves (de Dios et al.,
2016; Zeppel et al., 2014). Despite ample evidence of a close link between conductance and
assimilation it is still unclear what exactly links them (Buckley & Mott, 2013; Farquhar &
Sharkey, 1982; Wong et al., 1979). In both C3 and CAM plants carbon assimilation decreases
Ci which is a key signal for inducing stomatal opening. It has long been hypothesised that

mesophyll cells could communicate assimilation status via changes in Ci.

There have been a number of other suggestions for links between guard cell conductance and
mesophyll carbon assimilation such as red light (Gotoh et al., 2018) or a metabolic signal, such
as ATP, NADPH, ribulose bisphosphate (RuBP), malate or a sugar that could act upon the guard
cells to respond to mesophyll photosynthesis (Fujita et al., 2013; Hedrich et al., 1994; Lee et
al., 2008; Marigo et al., 1982; Tominaga et al., 2001; Zeiger & Zhu, 1998). However, this

chapter focuses on the roles of Ci and leaf carbon status.

It has long been thought that the key link between mesophyll CAM and stomatal conductance
is Ci (Griffiths et al., 2007; von Caemmerer & Griffiths, 2009; Wyka et al., 2005); with nocturnal
conductance driven by reduced C; as a result of carbon assimilation at night and daytime
closure driven by increased Ci due to the decarboxylation of accumulated malate, to levels
reportedly as high as 10,000 pumol mol* (Cockburn et al., 1979). In the constitutive CAM
species Kalanchoe daigremontiana and Kalanchoe pinnata (Wyka et al, 2005; Griffiths et al.,

2007; Von Caemmerer and Griffiths, 2009) showed strong responses to experimentally
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reduced atmospheric CO; at key points in the diel CAM cycle; and as expected no response
during day time closure in phase lll. Interestingly they found this closure remained and was
largely unchanged even after they starved the plants of CO; overnight reducing acid
accumulation. Transcript abundance of key elements of the CO; response pathway were
shown to be rescheduled in a comparison between Cz Arabidopsis and the constitutive CAM
species Agave americana (Abraham et al., 2016). Together these studies suggest that there
may be other, yet unexplained, mechanisms acting on CAM guard cells preventing daytime

opening and maintaining a CAM-like pattern of diel conductance.

This chapter investigates the role of C; in linking mesophyll carbon assimilation and stomatal
conductances and compares the responsiveness to reduced C; between the C3 and CAM
tissues. This is explored in two ways: a low [CO;] response assay that measures the change in
stomatal conductance at different points of the diel cycle in response to a lowering of external
[CO2] from 400 pmol mol? CO, to 70 pumol mol? CO; for 30 minutes; and a separate
experiment where external [CO] is held at 70 pmol mol? CO for 24 hrs while stomatal
conductance is measured. It is hoped that these two methods will provide a measure of
responsiveness to reduced Ci over 24 hrs and will assess if and how the responses differ
between the C; and CAM tissues. The reason for both approaches is to compare instantaneous
and sustained responses of stomata to a change in Ci. This may provide extra information
about how long a response may be sustained, which may be of importance if guard cell
metabolism has to change to sustain long periods of stomatal conductance at night in CAM
leaves. This section hypothesises that guard cell sensitivity to C; will vary over the diel period

and between C3 and CAM tissues.

3.1.2 Guard Cell Metabolism — Essential for powering nocturnal opening in CAM.

Stomatal opening requires energy and carbon skeletons for osmolytes such as malate and
soluble sugars. It is likely that most of guard cell carbon, in the form of sugars or starch, is
provided by mesophyll photosynthesis via the apoplast (Talbott & Zeiger, 1998). The
impairment of mesophyll photosynthesis, the impaired import of sugars into the guard cells,
and the inhibition of guard cell photosynthesis all lead to reduced stomatal conductance.
Raising a key question — how and where do CAM guard cells obtain carbon and energy to

enable nocturnal opening?
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It has been hypothesised that the pattern of guard cell metabolism may differ between C; and
CAM plants, in order to provide energy and osmolytes over the night for nocturnal opening.
Recent data has shown that starch metabolism in K. fedtschenkoi guard cells has been
rescheduled compared to Cs plants, with starch broken down overnight in CAM as opposed to
breakdown in the early day in Arabidopsis (Abraham et al., 2020). Guard cell starch
metabolism is thought to play a key role in C3 guard cell function (Lloyd, 1908), with a distinct
pattern of starch metabolism compared to that of the mesophyll. Guard cell starch could
provide a carbon sink that can be hydrolysed to provide sugars and malate to be used as
osmolytes and energy for stomatal opening (Tallbott & Zeiger, 1993). This carbon sink may be
of especial importance in CAM plants to sustain nocturnal opening without any direct energy
input from photosynthesis. This chapter aims to explore this further by investigating whether
the pattern of guard cell starch metabolism changes on the transition from C3 to CAM as leaves
age in K. blossfeldiana or between wild type obligate-CAM K. fedtschenkoi and CAM deficient

pepcl.1 mutant.

Overall this series of experiments compares Cs and CAM guard cell metabolism in order to
identify any fundamental differences in guard cell metabolism that may suggest a degree of
independence between guard cells and the mesophyll, though it is not clear whether guard
cell metabolism in regulated by the guard cells themselves, the mesophyll or a via combination

of both.

3.1.3 Whole Leaf Carbon Assimilation and its influence on stomatal behaviour in C; and CAM

systems

Cs plants accumulate carbon from RUBSICO driven carboxylation which is partitioned into
sugars for respiration, growth, or storage in starch. CAM planes do the same, while also
allocating a portion of net carbon assimilate for the cyclic regeneration of PEP and

accumulating malate overnight.

A key observation in chapter one was that whole leaf soluble sugars and starch contents were
substantially greater in the K. blossfeldiana young Cs leaves than the mature CAM leaves.
Stomatal opening is an energy requiring process, with previous works showing that reduced

soluble sugar import into the guard cells reduced conductance (Flitsch et al., 2020). This has
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led to the question: what effect does this increased photo-assimilate in the Cs tissues have on
stomatal conductance, and to what extent does that explain differences between C; and CAM
stomatal responses? This chapter aims to explore the influence of whole leaf carbon status on
stomatal conductance by comparing the stomatal responses of K. blossfeldiana grown under
two contrasting light environments (90 vs 190 pmol m2s?) or by reducing leaf [CO2] to 70
pumol mol™? for 24 hrs in the C3 and CAM leaves from both K. blossfeldiana and K. fedtschenkoi

wild type and pepcl.1 mutants.

These experiments were also used to explore the role of malate accumulation in CAM plants.
CAM is also an energy hungry process and reduction in carbon assimilation by growth in
reduced light has been shown, in chapter one and previously, to delay CAM and reduce
nocturnal carbon assimilation. CAM can also be inhibited by holding nocturnal [CO;] low over
the night. So, an experiment where carbon assimilation is limited by reduced light or low [CO3]
will reduce photo-assimilate in plants with C3 photosynthesis; or reduce the amount of malate
accumulated in CAM plants overnight. Thus, experiments which reduced leaf carbon
assimilation were also used to explore the role of nocturnal malate accumulation and its
subsequent decarboxylation on the daytime stomatal closure. Malate decarboxylation

increases C; which is thought to trigger day-time closure.
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3.1.4 Key questions and approach

The previous chapter showed a clear distinction in photosynthetic physiotypes between K.
blossfeldiana young and mature leaves and between wild type K. fedtschenkoi and the pepcl.1
mutant. This chapter aims to further probe these systems and establish if there are
fundamental differences in stomatal behaviour and responses to [CO;] between these plant

tissues that differ primarily in their photosynthetic physiotype.

These following key questions will be addressed:

1. How does stomatal conductance and guard cell metabolism vary between C; and CAM

tissues over the day/night (diel) cycle?

2. Does guard cell sensitivity to C,vary over the diel period and between Cz and CAM
tissues, and to what extent does Ci determine the differences in diel patterns of

stomatal conductance between C; and CAM tissues?

3. Does the observation of increased soluble sugars in Cs K. blossfeldiana young leaves

explain differences in daytime stomatal conductance?

4. To what extend does the decarboxylation of nocturnally accumulated malate

determine the daytime stomatal closure in CAM tissues?
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3.2 Methods

3.2.1 Summary of Experiments and Conditions

Throughout this chapter comparisons were made between Czand CAM physiotypes using two
comparative systems as described in the previous chapter; with comparisons made between
in K. blossfeldiana young (10t leaf pair from bottom) and mature leaves (2" leaf from

bottom), and between wild type K. fedtschenkoi and CAM-deficient pepc1.1 mutants.

This chapter is divided into three parts:

e A comparison of C3 and CAM stomatal diel conductance and guard cell metabolism.

e The role of Ci in linking mesophyll PEPC-driven carboxylation and stomatal

conductance.

e The role of whole leaf carbon status on stomatal conductance, including both C;

RUBSICO and PEPC-mediated assimilation.

90



3.2.2 Plant Materials and Growth Conditions

Throughout this chapter comparisons were made between C3and CAM physiotypes using two
comparative systems; 1) between K. blossfeldiana young (10%" leaf pair from bottom) and
mature leaves (2" leaf from bottom), and 2) between wild type K. fedtschenkoi and CAM-
deficient pepcl.1 mutants. The K. fedtschenkoi pepcl mutants were produced by CRISPR
targeted gene silencing of the K. fedtschenkoi PEPC1 gene by Xiaohan Yang with a method
described in Zhang et al. (2020). All plants were grown under 190 umol m2 s light, unless
otherwise noted, with 12/12hrs day/night cycles and with 25°C days and 19°C nights. Plants
were watered twice weekly. K. blossfeldiana plants were propagated by cutting. Briefly, side
shoots were cut from the main stem with all but a small emerging leaf bud at the apex of the
shoot and the top two leaf pairs. Care was taken to ensure all cuttings were the made to the
same length and were uniform in leaf sizes. Individual cuttings were placed in 5 cm pots with
John Ins No.2 compost and grown under cover for 2 weeks. After 6 weeks cuttings were re-
potted into 12 cm pots with a 3:1 mix of John Innes No.2: Perculite. K. fedtschenkoi plants
were propagated by leaf edge pupping. Removed leaves were placed on trays of with a 3:1
mix of John Innes No.2:Perculite. Plantlets were grown for 8 weeks before being reported

three per 12 cm pot. K. fedtschenkoi plants were sampled 120 days after propagation.

3.2.3 Gas Exchange and Low [CO2] Stomatal response assays

All gas exchange measurements were carried out using the Li-6400XT (Li-Cor, USA) over 48 hr
periods. In each experiment the rate of net CO; uptake and stomatal conductance were
measured every 15 minutes over the first 24 hr period under conditions that tracked those in
the growth cabinet and with [CO;] help at 400 pumol mol?; followed by a second 24 hr period
in which the response to reduced [CO;] was assayed at six different time points in the 24hr
period (Dawn +2,6,10 hrs; Dusk + 3,6,10 hrs). Each assay involved reducing CO, concentration
to 70 umol mol™*for 30 minutes to induce opening and then back to ambient (400 umol CO>)
for 30 minutes while stomatal conductance was measured every minute. All gas exchange
experiments in this chapter were carried out between 60-90 days or 100-120 days after

propagation for K. blossfeldiana or K. fedtschenkoi respectively.
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The following three gas exchange experiments were carried out:

1. A comparison of photosynthetic and stomatal responses between Cs3 and CAM
physiotypes of plants grown in standard growth conditions (190 pmol m=2 s? light,
12/12 hr day/night cycles, 25°C days and 19°C nights). Gas exchange measurements
were made under normal conditions for 24 hrs followed by a second 24 hr period in
which the response to reduced [CO] was assayed at six different time points in the 24

hr period (Dawn +2,6,10 hrs; Dusk + 3,6,10 hrs).

2. A comparison of Cz and CAM physiotypes with leaves kept at reduced CO; (70 umol
mol?) for the first 24 hr period of experiment in order to reduce carbon assimilation
and to simulate a longer period of reduced Ci. This was followed by a second 24 hr
period in which the response to reduced [CO;] was assayed at six different time points
in the 24 hr period (Dawn +2,6,10 hrs; Dusk + 3,6,10 hrs), with [CO2] was kept at

ambient until each assay timepoint.

3. The impact of growing K. blossfeldiana at reduced light intensity (90 vs 190 pumol m2s-
1) on age specific photosynthetic and stomatal responses between C3 and CAM
physiotypes. The aim of this experiment was to reduce carbon assimilation over a
longer period, to study the effect of reduced photo-assimilate on both C; and CAM
physiotypes and its effect on stomatal conductance and response to reduced [CO3].
Gas exchange measurements were made under reduced light (90 umol m2 s) with K.
blossfeldiana young and mature leaves 60-90 days after propagation and growth under
reduced light (90 umol m2 s?) for 24 hrs followed by a second 24 hr period in which
the response to reduced [CO;] was assayed at six different time points in the 24 hr
period (Dawn +2,6,10 hrs; Dusk + 3,6,10 hrs). An extra experiment was performed in
which the low [CO;] response assays were performed under normal lighting (190 umol

m2 s1) for the assays to control for any light induced conductance effects.
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3.2.4 Stomatal Kinetic Responses

The kinetics of stomatal response to reduced CO, (70 pumol mol?) and the subsequent return
to ambient CO, (400 umol) was further explored by separately fitting functions to each

response individually.

Two approaches were explored. Firstly fitting responses to a simpler exponential function as

described Vialet-Chabrand et al. (2017) which is as follows:

Equation 1.1 Stomatal increase exponential function:

t

Is = Gmax + (Gmin - Gmax)e Ti

Equation 1.2 Stomatal decrease exponential function:

t
Is = Gmin + (Gmax - Gmin)e Ta

Where gmin and gmax are the minimum and maximum gs observed. 14 and Tiare time constants

for the increase and decrease in gs.
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A second approach using a sigmoidal function that accounts for any delay that may be
observed in the response (Vialet-Chabrand et al., 2017) was also fitted to each response. In
which kq and ki time constants for the increase and decrease in gsand A represents the initial

lag time.

Equation 2.1 Stomatal increase sigmoidal function:

(1)
Is = (Gmax - Gmin)e_e + Gmin

Equation 2.2 Stomatal decrease sigmoidal function:

Is = (Gmin - Gmax)e_e

A third and final set of equations were used to describe the maximum slope of the sigmoidal

function (Ozeki et al., 2022).

Equation 3.1 Maximum slope of the increase in gs:

(Gmin - Gmax)

Slmaxz k'e

Equation 3.2 Maximum slope of the decrease in gs:

(Gmax - Gmin)

Slmax =

94



All data and statistical analysis were carried out using R version 4.0.2 (R Core Team, 2020). In
both exponential and sigmoidal approaches the increase response was any change in gs
between to and tso; and any decrease response was any change between t3o and tso. Before
attempting to fit any functions onto the data responses were there was no clear change in
conductance (change less 0.5%) were removed. R core functions Im or nls were used to fit
response data to exponential or sigmoidal functions respectively. Each response was graphed
and fitted individually and the mean of three replicates of each parameter presented. Two
parameters were used to characterise the amplitude of response the change in conductance
observed within the first 30 minutes, and the area under the entire response integrated. For
the integrated response the base R Spline function used to extrapolate between points and

pracma version 2.3.8 was used for intergradation.

3.2.5 Metabolite Analysis

3.2.6 Epidermal Peel Soluble Sugar Analysis

Epidermal peels were collected from the abaxial side of K. blossfeldiana young (10th leaf pair
from bottom) and mature leaves (2" leaf from bottom), and wild type K. fedtschenkoi and
CAM-deficient pepcl.1 mutants (both 6% leaf pair from bottom). Peels were collected by
snaping the leaves and pulling off the epidermal peel. For these analyses samples were
collected at dusk and the subsequent dawn. A methanol extraction method was used for all
metabolite analyses. Five epidermal peels were used, and these were collected by flash
freezing in liquid nitrogen. Whole leaves were ground by mortar and pestle with liquid
nitrogen, with of 250 mg of tissue collected for analysis. Epidermal peels were smashed with
a prechilled Tissuelyser Il (Qiagen, USA) for 2 minutes at 30 Hz with 2 mm metal beads. 80%
methanol was added, 1 ml for whole leaves and 500 pl for epidermal peels. Samples were
incubated at 60°C for 40 minutes and spun down at 13,000 rpm for 10 mins and stored at 4°C
until further analysis. Whole leaf total soluble sugars were determined by measuring glucose
equivalents using a phenol-sulfuric acid colorimetric method (Dubois et al., 1956), with 50 pl
methanol extract diluted with 450 pl ddH,0 and 0.5 ml 5% phenol then 2.5 ml concentrated

sulphuric acid added. After incubation for 15 minutes absorbance was read at 482 nm. A
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glucose standard curve with concentrations between zero and 150 pg glucose was used to

calculate total glucose equivalents per fresh weight.

3.2.7 Guard Cell Starch Analysis

Epidermal peels were collected from the abaxial side of K. blossfeldiana young (10th leaf pair
from bottom) and mature leaves (2" leaf from bottom), and wild type K. fedtschenkoi and
CAM-deficient pepc1.1 mutants (both 6% leaf pair from bottom). For the 24 hr K. blossfeldiana
sampling tissues were sampled at eight time points over the diel period, commencing 4 hrs
before dusk. For K. fedtschenkoi samples were collected at dusk and the subsequent dawn.
Peels were collected by snapping the leaves and pulling off the epidermal peel and
immediately fixing the peel in a fixative solution (50% v/v Methanol, 10% v/v Acetic acid) for
24 hrs. Before staining, tissues were rinsed with 1 ml of dH,O to remove traces of fixative
solution. Peels were stained for starch with Lugol’s iodine solution (6 mM iodine, 43 mM KI)
for five minutes, then rinsed with 3 ml of dH,O. Stained peels were imaged at x 20
magnification on a Zeiss Axiolmager2 (Zeiss, Germany). Once imaged a new method was used
to rapidly analyse the stained starch granule areas, as described in diagram 1. Images were
batch converted from .czi to .jpg using a custom Imagel macro. A subset of 20 images were
taken for model training. Image annotation and model training was carried out on roboflow.
The subsequent model was tested on a second subset of images and used to identify guard
cell granules. The model was used to sort and separate guard cells from images. Results were
manually sorted to remove false positives or poorly focused guard cells. Adaptive thresholding

was used to highlight stained starch granules and pixels were counted, both using OpenCV.
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Diagram 1. Rapid automated guard cell granule area counter.
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3.3 Results

3.3.1 K. blossfeldiana age specific photosynthetic and stomatal responses.

Diel Photosynthesis and Conductance

Net CO; assimilation was substantially higher in young leaves (2"¢ leaf pair from top) over the
entire Diel period, with all net assimilation occurring during day and no net assimilation
observed at night in young leaves (Figure 3.1.A). The lack of nocturnal CO; assimilation is
supported by no corresponding increase in titratable acidity measured overnight (Chapter 2).
In mature leaves (2" leaf from bottom) there was comparatively lower overall net CO,
assimilation over the diel period (~4.5x lower) with the majority of net CO, assimilation
occurring at night and a steadily increasing amount occurring towards the end of the day

period (Figure 3.1.A).

Stomatal conductance was similarly higher in young leaves compared to mature leaves over
the diel period (Figure 3.1.B), with a peak towards the start of the day followed by a gradual
decline and a large drop during the night. Interestingly, stomatal conductance started to
increase over the latter part of the night in the young leaves despite no nocturnal net CO;
assimilation. Mature leaves showed generally lower diel conductance with a peak towards the

middle of the latter half of the night, corresponding with a peak in net CO; assimilation.

Diel Conductance vs Diel Photosynthesis

Notably there was poor correlation between net CO; assimilation and stomatal conductance
in young leaves during the night (R? = 0.07 Figure 3.2A); this was driven by the observation of
nocturnal conductance in the young leaves towards the end of the night but with no net CO;
uptake at this time (Figure 3.1B). In both young and mature leaves there was a strong
correlation between CO; assimilation and stomatal conductance during their respective
periods of most assimilation, which was the day in young leaves (R? = 0.96 Figure 3.2A) and

the night in mature leaves (R? = 0.90 Figure 3.2A).
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Figure 3.1 Diel K. blossfeldiana age specific photosynthetic and stomatal responses (Panels A and B) and K.
fedtschenkoi genotype specific photosynthetic and stomatal responses (Panel Cand D). Diel net CO, uptake
(panel A and C, pmol CO; m? s?) and stomatal conductance (panel B and D, mol H,0 m™ s?) of K.
blossfeldiana young leaves (red points, 10%" leaf pair from bottom) and mature leaves (blue points, 2" leaf
from bottom) between 60-90 days after propagation or wild type K. fedtschenkoi leaves (blue points) and
pepcl.1 leaves (red points) between 100-120 days after propagation. Leaf pair 6 was used in both
genotypes. Plants grown in 12hr/12hr day/night cycles with 25°C days/ 19°C nights. Dark shaded area
represents night. For each graph points represent the mean of three repeats and the shaded interval +

SEM. The dark blue line on the CO; uptake graphs equals zero.
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3.3.2 K. fedtschenkoi genotype specific photosynthetic and stomatal responses.

Diel Photosynthesis and Conductance

The overall range of stomatal conductance and net CO; assimilation between K. fedtschenkoi
and pepcl.1 mutants over the diel period was smaller than that observed between K.
blossfeldiana young and mature leaves. However, WT and pepcl.1 mutants showed
contrasting patterns of stomatal conductance and net CO, uptake that were consistent with

their CAM and CAM deficient (Cs-like) phenotypes respectively.

Wild type K. fedtschenkoi leaves carried out most of their net CO, uptake at night with a
limited amount towards the end of the day (Figure 3.1.C) and a period of reduced uptake in
the early night. There was also a correlation between net CO; uptake and stomatal
conductance over the day (R? = 0.69 Figure 3.2B) and night (R? = 0.98 Figure 3.2B). In
comparison, the pepcl.1 mutants took up most CO; during the day period with very limited
net CO; uptake towards the end of the night. Stomatal conductance largely followed patterns
of net CO; uptake in these mutants, and, unlike the young K. blossfeldiana leaves, there was

little evidence of a decoupling between these processes at night (R?> = 0.81 Figure 3.2B).
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3.3.3 Guard Cell Metabolism across different photosynthetic physiotypes

Greater Epidermal Peel Soluble Sugar contents in Cs tissues

In both C; tissues (i.e. young K. blossfeldiana leaves and leaves of the K. fedtschenkoi pepc1.1
mutant), there was significantly greater amounts of soluble sugars in the guard cell enriched
epidermal peels compared to peels from CAM tissues (mature K. blossfeldiana and wild type
K. fedtschenkoi leaves, Figure 3.3.A, and B).The greatest difference in soluble sugar content
was observed between physiotypes at dusk, with soluble sugar content nine and two times
greater in young K. blossfeldiana and K. fedtschenkoi pepcl.1 mutants compared to mature K.

blossfeldiana and/or wild type K. fedtschenkoi respectively.

Differences between the contrasting photosynthetic physiotypes were less pronounced at
dawn with 25% and 40% greater soluble sugar contents in young K. blossfeldiana and K.
fedtschenkoi pepcl.1 mutant compared to CAM tissues (Figure 3.3.A and B). The timing of
peaks in epidermal soluble sugar contents also differed between the physiotypes, with peaks
observed at dusk in both Cs tissues and at dawn for the CAM tissues. The dawn-dusk change
in epidermal soluble sugar contents was most pronounced in the Cs tissues compared to the

CAM tissues and was negligible in the wild type K. fedtschenkoi.

Guard cell starch metabolism is retimed between Cs and CAM tissues

The diel pattern of guard cell starch content was progressively rescheduled as the leaves
transitioned from Cs to CAM in K. blossfeldiana. A two-way anova (Leaf Pair X Time) showed
statistically significant effects of both leaf pair (F(1)= 45.291, p < 0.001) time (F(2)= 41.514, p
< 0.001) and a significant interaction between both (F(3)= 16.661, p < 0.001). The youngest
leaf (10" from the bottom) with a Cs physiotype, increased starch granule area during the start
of the night period, followed by a relatively stable period until a decline in the last four hours
of the night and into the day. Starch granule area then increased as the day processed to peak
four hrs before the night. The C3-CAM intermediate (4" leaf pair from the bottom) showed an
increase in starch granule area in the first two hours of the night followed by sharp decline in
the middle of the night. Followed by an increase then decrease in the late night and two hours

into the day, and then followed an increase into the late afternoon.
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The CAM leaf (2" from the bottom) showed a decline in starch granule area in the last four
hours of the day. Followed by a stable period in the first two hours of the night, then a decline
until the middle of the night. Starch then increased in area over the remainder of the night,
then a sudden decline in starch was observed at the start of the day, followed by an increase
until the late afternoon. Interestingly, in all tissues there was a sudden decrease in starch
granule area before the start of the night, with the sharpest decrease observed in the Cs leaf
pair eight. Guard cell starch granule area also differed between wild type CAM K. fedtschenkoi
and the CAM deficient pepc1.1 mutant, with a significantly greater amount of starch observed
at both time points in the pepcl.1 mutant (p < 0.05, Figure 3.3.C). Guard cell starch
significantly declined overnight in the wild type (p = 0.02), whereas in the pepcl.1 mutant,

guard cell starch showed a negligible difference between dawn and dusk overnight (p > 0.1).
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leaves (blue points, 2" leaf from bottom). Dawn/dusk guard cell starch granule area of K. fedtschenkoi wilt type
and pepcl.1 leaves. K. blossfeldiana plants were sampled at 90 days after propagation, K. fedtschenkoi plants were
sampled at 120 days after propagation. Plants grown in 12hr/12hr day/night cycles. Dark shaded area represents
night. Statistical analyses were performed using two-way ANOVA, significant differences (P < 0.05) are indicated

by different lowercase letters.
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3.3.4 Comparing C3 and CAM stomatal responses to low [CO:]

The responses of the contrasting photosynthetic physiotypes of young and mature leaves to
altered [CO;] was examined over the diel period. External CO; concentrations were reduced
from 400 umol mol? to 70 umol mol? and stomatal conductance was monitored at 1 min
intervals for 30 minutes followed by a return to ambient (400 umol mol?* CO,). The plants
were subjected to these shifts in [CO2] at 6 time points (2 hrs, 6 hrs and 10 hrs from dawn; and
3 hrs,6 hrs and 10 hrs from dusk). The magnitude of the stomatal responses were compared
using two metrics: the difference between Gmax and Gmin Within the first 30 minutes (Guaifr); and
the integrated area under the curve over the entire 60 minutes (Gint). The rapidity of stomatal
responses were primarily compared using the modelled maximum rate of opening/closure

(Slopen/SICIosed)-

Stomatal responses to low [CO,] in K. blossfeldiana

In K. blossfeldiana the reduction of atmospheric CO; from 400 umol to 70 umol for 30 minutes
elicited an increase in stomatal conductance at all time points examined for mature leaves
and all at all time points apart from the early night for young leaves (Figure 2.1.C). Both the
magnitude (Ggirt and Gint) and rapidity (Max Slopen/Slciose) Of the stomatal response varied
significantly by tissue age and time point (Figure 2.2. Gaif, Gint, Slopen, Slciosed all P <0.001). Young
leaves showed significantly greater responses, in both magnitude and rapidity of opening and
closure during the day and at the late night time point; the greatest response in the young
leaves was 12 times that of the greatest response in the mature leaves. The [CO3]
responsiveness of stomata in young leaves peaked towards the start of the day and declined
steadily but significantly as the day progressed which is seen most clearly by Gint. The
difference (Gint) between early and mid-day stomatal responses in young leaves was due to a
slowdown in the rate of the early day closing response after a rapid initial response.
Responsiveness to [CO;] in young leaves was absent in the early-night and was very slight (Gait

0.02 + 0.002 mol H,0 m2 s1) in the middle of the night.
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Figure 3.4 Diel stomatal conductance responses to reduced [CO;] in K. blossfeldiana young leaves (red points,10t"

leaf pair from bottom) and mature leaves (blue points, 2" leaf from bottom) between 60-90 days after propagation

(Panels A and C) and wild type K. fedtschenkoi leaves (blue points) and pepcl.1 leaves (red points) between 100-

120 days after propagation (Panels B and D). Low CO, stomatal response assay (panels A and B, mol H,0 m?* s).

Plants were assayed at 6 timepoints (2hrs, 6hrs, 10hrs from dawn; and 3 hrs,6 hrs,10 hrs from dusk).

For each

timepoint CO, was held at low CO, (70 umol mol™?, open points) for 30 minutes followed by a return to ambient

(400 umol mol? CO,, closed points) for 30 minutes, with measurements taken every minute. Diel stomatal

conductance (Panels C and D) of leaves held at ambient (400 pmol mol™ CO,, closed points) for 24 hrs or low CO,

(70 pmol mol?, open points), measurements taken every 15 minutes. For each graph points represent the mean

of three repeats and the shaded interval + SEM.
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Kinetics of stomatal responses to low [CO>] in K. blossfeldiana

The maximum rate of opening and closing (Slopen and Slaose) Was consistently higher in the
younger leaves at times where there was a substantial response. Despite the gradual decrease
in response amplitude observed in the young leaves over the day period such a pattern was
not observed in the in the maximum rate of opening or closure (Figure 3.5.C and D). Over the
diel period the lag time, the time taken for the response to become exponential, was greater
in the late day and night time points where there was a response, with the least lag observed
at mid-day. There is an opposite pattern of closure lag in the young leaf responses during the

day, with a mid-day peak followed by a decline and an overall peak at late-night.

The stomata in the CAM-performing mature leaves showed significantly weaker responses to
[CO;] throughout the diel period, but also an opposite pattern of responsiveness. The CAM
stomata had the weakest response at the start of the day, followed by a gradual increase
through the day, then a reduction at the early night timepoint and an increase to peaks in
stomatal conductance at middle- and late-night (Figure 3.5). Notably there was limited
response in either tissue type in the early night timepoint, corresponding with a period of
reduced conductance at the start of the night in the diel conductance graph. The rapidity of
stomatal opening peaked at the end of the day in mature leaves with slightly slower stomatal
responses in the mid to late night. The speed of stomatal closure increased as the day
progressed and peaked at late day and mid to late night. There was no clear patternin the lag

period in opening, but lag closure peaked in the mid to late night in the mature leaves.
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Stomatal responses to low [CO;] in K. fedtschenkoi

Stomatal responses to low CO; were greater in the pepc1.1 mutants compared to that of wild

type K. fedtschenkoi at all time points examined apart from early/mid night (Figure 3.4.B).

However, the differences in stomatal responses to altered [CO;] between C3 and CAM tissues
in K. fedtschenkoi were smaller than those observed between K. blossfeldiana young and
mature leaves. Like the stomata in young K. blossfeldiana leaves the stomatal responses of
pepcl.1 mutants to altered [CO;] peaked at the start of day and declined as the day progressed
(Fig. 3.4). Unlike the young K. blossfeldiana leaves the stomata in the pepcl.1 mutants showed
a response at all timepoints and responses at early/mid night were comparable to those of

the wild type.

The strongest response was observed in pepcl.1 mutants at late night. K. fedtschenkoi wild
type plants showed a similar pattern of stomatal response to altered [CO;] to those seen in
mature K. blossfeldiana leaves, but with generally greater amplitude. Notably, in K.
fedtschenkoi wild type leaves, at their lowest response (Early-Day) there was no response at
all detected, unlike the slight ‘leaky’ responses seen at the lowest points of responsiveness in
mature K. blossfeldiana. The responsiveness of stomatal conductance in wild type K.
fedtschenkoi leaves to reduced [CO;] peaked in the middle of the night, with a slight response
at mid-day building up into the night, followed by a slight reduction in stomatal response to

[CO2] at the end of night time point.
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Figure 3.5 K. blossfeldiana age specific low CO; response stomatal kinetics. K. blossfeldiana
young leaves (red bars, 10%" leaf pair from bottom) and mature leaves (blue bars, 2" leaf from
bottom) assayed at 6 timepoints (2 hrs, 6 hrs, 10 hrs from dawn; and 3 hrs,6 hrs,10 hrs from
dusk). For each timepoint CO, was held at low CO; (50 umol) for 30 minutes followed by a
return to ambient (400 umol CO;) for 30 minutes. a) Mean increase in stomatal conductance
over 30 minutes in response to reduced CO;. b) Total response integrated over 60-minute
period. c) Maximum opening rate of response to reduced CO,. d) Maximum closing rate of
response to return to ambient reduced CO,. All values are means of three replicates + SEM.

Different letters represent a significant difference (post hoc Tukey HSD test, p<0.05).
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Figure 3.6 K. fedtschenkoi genotype specific low CO; response stomatal kinetics of wild type
K. fedtschenkoileaves (blue points) and pepcl.1 leaves (red points) between 90-120 days after
propagation) assayed at 6 timepoints (2 hrs, 6 hrs, 10 hrs from dawn; and 3 hrs,6 hrs,10 hrs
from dusk). For each timepoint CO; was held at low CO; (50 umol) for 30 minutes followed
by a return to ambient (400 umol CO;) for 30 minutes. a) Mean increase in stomatal
conductance over 30 minutes in response to reduced CO,. b) Total response integrated over
60-minute period. c) Maximum opening rate of response to reduced CO;. d) Maximum closing
rate of response to return to ambient reduced CO,. All values are means of three replicates

+ SEM. Different letters represent a significant difference (post hoc Tukey HSD test, p<0.05).
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Kinetics of stomatal responses to reduced [CO-] in K. fedtschenkoi

The pattern of maximum rates of stomatal opening and closing in response to reduced [CO3]
(Figure 3.6.C/D) largely followed the pattern of response amplitude over the diel period in
both K. fedtschenkoi wild type and pepc1.1 mutants. In both wild type and pepcl.1 mutants,
when a stomatal response to reduced [CO;] was observed the maximum rates of closure were
substantially greater than the maximum rates of opening. In the wild type K. fedtschenkoi the
maximum rate of stomatal opening (Slopen) and closure (Sleose) increased from the late day until
its peak at the end of night, following the same pattern observed in its stomatal response
amplitudes. The maximum rates of stomatal opening and closure also largely followed the
pattern of amplitude in the pepcl.1 mutants apart from during the day when the rate of

stomatal closure peaked, which also occurred in the young K. blossfeldiana leaves.

Diel Stomatal responses to low [CO;] over 24hrs in K. blossfeldiana and K. fedtschenkoi

This series of experiments aimed to investigate whether stomatal responses to reduced [CO3]
could be sustained for longer periods of time, and to simulate the drawdown of [CO3 by
carbon uptake by either rubisco during the day in the Cs plants or PEPC nocturnally in the CAM
plants. These experiments aimed to explore the responsiveness to reduced CO, (70 umol CO3)
over the entire diel period. A key objective was to establish if a CAM-like pattern of nocturnal
stomatal conductance could be observed in the young Cs K. blossfeldiana leaves or in the CAM-
deficient K. fedtschenkoi pepcl.1 leaves, by simulating a nocturnal reduction in Ci that would
be expected to occur in CAM leaves due to the draw-down in internal [CO;] from carbonic

anhydrase and PEPC activity.
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3.3.5 Reduced CO; is not enough to trigger CAM-like nocturnal opening in young C3 K.

blossfeldiana

Both young and mature K. blossfeldiana leaves generally showed increased stomatal
conductance over the whole diel period under low [CO;] (70 umol mol?! CO,, Figure 3.4.C).
The increase in mature leaf stomatal conductance in response to low [CO2] was greater during
the night, with a gentle peak towards middle of the night. Young leaves also showed increased
stomatal conductance in response to reduced CO; (70 vs at 400 umol mol?) but with the

greatest increases in stomatal conductance observed during the day.

Reduced [CO2] (70 vs at 400 pmol mol?) did not trigger a CAM like pattern of nocturnal
stomatal conductance in the young K. blossfeldiana leaves that was comparable to the mature
leaves at reduced CO;. Instead the young leaves showed a pattern of nocturnal stomatal
opening in both [CO;] that tends to occur closer to the end of the night and in reduced [CO;]

appears to zig-zag up/down suggesting they are unable to maintain high conductances.

3.3.6 Reduced [CO;] can restore CAM-like nocturnal opening in CAM-deficient K.

fedtschenkoi pepc1.1 mutant

In K. fedtschenkoi stomatal conductance in both wild type and pepcl.1 leaves increased in
response to reduced 70 pmol mol? CO, compared to that measured under 400 pmol mol*
over most of the diel period; with the exception of early mornings in the wild type where
stomatal conductance remained negligible (Figure 3.4.D). Stomatal conductance under
reduced CO; (70 umol mol?) in the wild type was low during the start of the day increased
throughout the day, whereas stomatal conductance in the pepcl.1 peaked at the start of the
day and then declined. Increases in stomatal conductance under reduced (70 vs at 400 umol
mol?) were greatest in both genotypes during the night, far surpassing that of leaves in
ambient CO;. This would suggest that in the CAM-deficient pepc1.1 line it is possible to restore
nocturnal stomatal conductance by simulating the drawdown of internal [CO;] that occurs

during CAM (Figure 3.4.D).
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3.3.7 The role of whole leaf carbon assimilation on stomatal conductance, including both C;

RUBISCO and PEPC-mediated assimilation.

This series of experiments aimed to explore the influence of whole leaf carbon status on
stomatal conductance by modulating carbon status either by growth of K. blossfeldiana in
reduced light (90 vs 190 umol m s light) or by holding the leaf [CO2] at 70 umol mol™?, within
the Licor-6400 chamber, for 24 hrs in the different tissues from both K. blossfeldiana and K.
fedtschenkoi wild type and pepcl.1 mutants. Both of these conditions should reduce net CO;
uptake and reduce the amount of photo assimilate available for stomatal opening. In the case
of the CAM tissues reduced [CO;] overnight will also reduce the amount of nocturnal
carboxylation and subsequent accumulation of malate. These experiments are therefore a
way of exploring the importance of photo assimilate and the effect of malate accumulation

on stomatal conductance across these Cs3 and CAM tissues.

3.3.8 Reduced photo-assimilate reduced daytime stomatal response in Cs tissues but

reduced malate accumulation had no effect on daytime stomatal responses in CAM tissues

Stomatal response to reduced [CO;] after 24 hrs of low [CO;] was measured to explore the
effect of reduced photo-assimilate on stomatal conductance response to reduced [CO3] in the
subsequent day. Daytime stomatal response to reduced [CO;] decreased in both the C; young
K. blossfeldiana and CAM-deficient K. fedtschenkoi pepcl.1 leaves (Figure 3.7). In the CAM
tissues 24 hrs of low CO2 (70 umol mol?) should reduce the amount of CO; assimilated into
malate and reduce the amount of malate available for decarboxylation. Figure 3.7 showed
that there was no significant change in the daytime responses to reduced CO; (70 pmol mol?)

in any of the CAM tissues after being subjected to 24 hr of low CO; (70 pmol mol?).
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Figure 3.7 K. fedtschenkoi (Panels A and B) or K. blossfeldiana (Panels C and D) stomatal responses
to reduced CO; after 24 hrs of ambient (400 pmol mol* blue points) or reduced CO; (70 pmol mol
! red points). Single leaves were held at 70 umol mol™® CO; in a Licor-6400xt chamber or kept at
ambient 400 umol mol™? CO, and assayed. K. fedtschenkoi wild type (panel A) and K. fedtschenkoi
pepcl mutant leaves (panel B) and K. blossfeldiana young leaves (left, panel C) and mature leaves
(right, panel D) were assayed at 6 timepoints (2hrs, 6hrs, 10 hrs from dawn; and 3 hrs, 6 hrs, 10
hrs from dusk). The CO, concentration of the previous 24 hrs was denoted by blue points (400
umol CO,) or red points (70 umol CO,). For each timepoint CO; was held at low CO; (70 umol CO,,
open points) for 30 minutes followed by a return to ambient (400 umol CO,, closed points) for 30
minutes, with measurements taken every minute. For each graph points represent the mean of

three repeats and the shaded interval + SEM.



3.3.9 Growth at reduced light intensity had differing effects on stomatal behaviour in C3 and

CAM tissues in K. blossfeldiana

K. blossfeldiana plants were grown in reduced light (90 vs 190 umol m s) from propagation
onwards as an alternative means of reducing leaf carbon status (Figure 3.7). This had different
effects on the diel patterns of net CO, uptake and stomatal conductance between the young
(Cs) and mature (CAM) leaves. The young Cs leaves grown at 90 umol m2 s’ showed a marked
reduction in both diel CO, uptake and stomatal conductance. The mature CAM leaves showed
an increase in daytime CO; uptake and a reduction in nocturnal PEPC-mediated CO; uptake.
This was accompanied by an increase in daytime conductance in the mature CAM leaves and
a reduction in nocturnal conductance. Thus, growth under low light resulted in reduced CAM

in the mature leaves of K. blossfeldiana.

A CO, stomatal response assay was carried out on both tissue types under reduced light (90
vs 190 umol m2 s1), similar to those carried out in figure 3.4A/B. External CO> concentrations
were reduced from 400 pmol mol™ to 70 umol mol*and stomatal conductance was monitored
at 1 min intervals for 30 minutes followed by a return to ambient (400 umol mol™* CO;). The
plants were subjected to these shifts in [CO;] at 6 time points (2 hrs, 6 hrs and 10 hrs from
dawn; and 3 hrs,6 hrs and 10 hrs from dusk). An extra condition was added to this response
assay, in which K. blossfeldiana plants grown at 90 pmol m2 s since propagation were
assayed at 190 umol m2 s'tat daytime timepoints. This was to control for the effect of reduced

stomatal opening due to the reduced light.

Again, growth at reduced light intensity (90 umol m2 s) had different effects on the low CO;
stomatal response in the young and mature K. blossfeldiana leaves. Stomatal responses to
reduced CO; in young Cs leaves were significantly weakened by growth in low light, even when
normal light was restored for the assay. The opposite occurred in the mature leaves, with
stomatal responses, including amplitude and opening/closing rates, to reduced CO; increased

during the day timepoints, slight but insignificant reductions were observed during the night.
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Figure 3.8 Impact of growing K. blossfeldiana at reduced light intensity on age specific photosynthetic and stomatal
responses. Plants were grown at reduced or ambient light (50 pmol m2 s, filled points, or 190 umol m2 s, empty
points). Diurnal net CO; assimilation (panel A, umol CO, m™ s) and stomatal conductance stomatal (panel B, mol H,O
m s1) of K. blossfeldiana young leaves (red points, 10t leaf pair from bottom) and mature leaves (blue points, 2" leaf
from bottom) between 60-90 days after propagation. Plants grown in 12hr/12hr day/night cycles. Dark shaded area
represents night. Low CO, stomatal response assay (panel Cand D, mol H,O m™ s2). Plants from the diurnal experiment
were assayed at 6 timepoints (2hrs, 6hrs, 10hrs from dawn; and 3 hrs,6 hrs,10 hrs from dusk). Young leaves (left, panel
C) and mature leaves (right, panel D) were compared. Low CO; assays were carried out at the same respective light
intensities 50 pumol m2 s (red points) or 190 umol m2 s (blue points) as the diurnal experiment. For day timepoints
a third light condition was used were plants grown at 50 pmol m s light and then received 190 pmol m2 s light for
the duration of each timepoint (yellow points). For each timepoint CO, was held at low CO; (50 umol, open points) for
30 minutes followed by a return to ambient (400 umol CO,, closed points) for 30 minutes, with measurements taken
every minute. For each graph points represent the mean of three repeats and the shaded interval + SEM. The dark

blue line on the CO, uptake graphs equals zero.



3.4 Discussion

3.4.1 Czand CAM leaves have distinct patterns of diel stomatal conductance.

As predicted, both of the systems for comparing C; and CAM, the young C; and mature CAM
K. blossfeldiana leaves and the CAM K. fedtschenkoi and CAM-deficient pepcl.1 mutants,
showed marked differences in patterns of stomatal conductance over the diel cycle. Wild type
K. fedtschenkoi and mature K. blossfeldiana leaves, performing CAM, showed characteristic
‘CAM-like’ patterns of stomatal conductance (Males & Griffiths, 2017), with the highest values
of conductance measured at night. Stomatal conductance in both young K. blossfeldiana and
pepcl.1 K. fedtschenkoi leaves followed ‘Cs-like’ patterns. While both tissue types showed
higher stomatal conductance during the day than the CAM tissues, this difference was more
pronounced in the K. blossfeldiana young leaf versus mature leaf comparison; which is likely
due to higher net daytime carbon assimilation in the young K. blossfeldiana leaves compared
to the pepcl.l1 mutant line of K. fedtschenkoi. A similar reversion to ‘C3-like’ stomatal
conductance when expression of PEPC1 was perturbed was also observed in the constitutive

CAM Kalanchoé laxiflora (Boxall et al., 2020).

3.4.2 Guard Cell Starch Metabolism is rescheduled between C3 and CAM tissues

Guard cell starch metabolism plays a key role in guard cell function (Lloyd, 1908), with a
distinct pattern of starch turnover compared to that of the mesophyll. It is thought that guard
cell starch acts as a carbon sink that can be hydrolysed to provide sugars and malate to be
used as osmolytes and/or energy for stomatal opening (Tallbott & Zeiger, 1993). Studies have
shown the importance of guard cell starch synthesis in C3 species in closure in response to
increased CO; closure (Azoulay-Shemer et al., 2016) and starch degradation in blue light
induced opening in the morning (Horrer et al., 2016; Lasceve et al., 1997; Tallbott & Zeiger,
1993). It has been hypothesised that the pattern of guard cell carbohydrate metabolism may
differ between C3; and CAM plants, with recent data showing that starch turnover in K.
fedtschenkoi guard cells has been rescheduled compared to C; plants, with starch broken
down in the night in CAM as opposed to breakdown in the early day in Arabidopsis (Abraham
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et al., 2020). Figure 3.3. shows a similar rescheduling of guard cell starch turnover between Cs
and CAM tissues in both K. blossfeldiana and K. fedtschenkoi systems. In K. blossfeldiana as
leaves age and increase CAM, guard cell starch metabolism shifts from a general pattern of
nocturnal synthesis at night and breakdown towards the day to a pattern of breakdown

towards and into the night and synthesis during the late night and day (Figure 3.3.C).

The pattern of dawn/dusk guard cell starch metabolism also differs between the wild type and
K. fedtschenkoi pepcl.1 mutant, with greatest starch granule area observed at dusk in the wild
type but at dawn in pepcl.1. Together these results suggest that the retiming of guard cell
starch metabolism may be key to enabling nocturnal conductance in CAM leaves. The role of
guard cell starch as a possible energy store within the guard cells may be even more important
in CAM leaves, as guard cells must be able to maintain nocturnal opening without any direct
input from photosynthesis. Future work to perturb guard cells starch metabolism is needed
to investigate the importance of this change - e.g. guard cell specific knockdown of key starch
synthesis or degradation genes. And to explore whether this is also the case in other CAM

genera.

Dawn/dusk soluble sugar contents in guard cell enriched epidermal peels changed between
the C3 and the CAM tissues (Figure 3.3). C3 peels from young K. blossfeldiana and K.
fedtschenkoi pepcl.1 mutants showed greatest sugar content at dusk and a substantially
reduced amount at dawn. Whereas CAM tissues in mature K. blossfeldiana leaves and K.
fedtschenkoi wild type showed significantly greater and slightly greater levels at dawn,
respectively. It is possible that this overnight reduction in sugar content in the Cs tissues were
driven by conversion of C-skeletons into guard cell starch, which occurred overnight in both
Cs tissues (Figure 3.3) but to a lesser extent in pepcl.1. Recent studies have highlighted the
importance of guard cell sugars in maintaining proper stomatal opening (Daloso et al., 2016;
Daloso et al., 2016; Flutsch, 2020), thus opposite patterns of epidermal sugar contents
between the C; and CAM tissues may underpin differences in C3 and CAM diel patterns of

stomatal conductance.
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3.4.3The role of Ci in linking mesophyll PEPC-driven carboxylation and stomatal
conductance.

CO2drawn down due to assimilation has long been thought to be a key link between mesophyll
RUBSICO- or PEPC-mediated carbon assimilation and guard cell opening with Ci thought to be
a key signal that links the diel shift in photosynthetic and stomatal behaviours (Griffiths et al.,
2007; von Caemmerer & Griffiths, 2009; Wyka et al., 2005). In CAM nocturnal conductance is
believed to be driven by reduced Ci as a result of carbon assimilation at night and daytime
closure driven by increased Ci due to the decarboxylation of accumulated malate, to levels

reportedly as high as 10,000 pmol mol* (Cockburn et al., 1979).

A key finding from the data presented in this chapter was that positive nocturnal stomatal
conductance was observed towards the end of the night in the C3 young K. blossfeldiana leaves
without any net CO; uptake at this time or change in titratable acidity (Chapter 2, Figure 2.3).
The values obtained for this nocturnal conductance was comparable and at times greater than
nocturnal conductance in the mature leaves). This nocturnal opening observed the Cs young
K. blossfeldiana leaves towards the end of the night took a different pattern to that of the
mature CAM leaves and may be a Cs trait with stomata opening in advance of the morning.
Instances of nocturnal stomatal opening in Cs plants are common and show similar patterns
to that of the Cs3 young K. blossfeldiana with peaks towards the end of the night period (Zeppel
et al., 2012, 2014; Cirelli et al., 2016; de Dios et al., 2016, 2019). It has been suggested that
nocturnal stomatal opening prepare stomata for photosynthesis in the early day (de Dios et
al., 2016). A reanalysis of many Cs and Cs species found that nocturnal conductance correlated
with faster growth but also noted variation in magnitude between species (Resco de Dios et

al., 2019).

It was unclear whether there was any CO; assimilation independent stomatal opening in K.
fedtschenkoi pepcl.1 mutant, as there was some residual nocturnal CO; assimilation observed
along with stomatal conductance. However, some nocturnal conductance was observed in
CAM deficient Kalanchoe laxiflora pepcl mutant (Boxall et al., 2020) that did not show any
overnight net CO; assimilation. There was a reduced correlation between assimilation and
conductance overnight in the K. fedtschenkoi pepcl.1 mutant compared to the wild type
overnight, which might suggest some element of decoupling between assimilation and

conductance in the PEPC impaired mutant. In both the K. fedtschenkoi and K. laxiflora (Boxall

119



et al., 2020) pepcl mutants the amount of nocturnal opening was reduced versus the CAM
performing wild types and tended to increase over the course of the night; conductance also

peaked towards the end of the night in the young K. blossfeldiana leaves.

Overall it appears that nocturnal stomatal opening can occur without PEPC activity in the C3
young K. blossfeldiana leaves towards the end of the night and to a lesser extent in the CAM
deficient K. fedtschenkoi pepcl.1 mutant. However, the majority of nocturnal stomatal

opening in the CAM tissues is driven by PEPC-mediated carboxylation.

3.4.4 Diel sensitivity to reduced Ci varies between C3 and CAM tissues

This uncoupling of nocturnal stomatal conductance from net CO; uptake in C3 and/or CAM
deficient Kalanchoe led to the two following questions: How does responsiveness to reduced
CO2 vary over the diel period and between Czand CAM tissues? Could an extended period of

reduced external [CO;] restore or induce a CAM-like pattern of opening in the Cs systems?

Stomatal responsiveness to reduced [CO;] changed over the 24 hr period and varied between
Cs and CAM photosynthetic physiotypes in both K. blossfeldiana and K. fedtschenkoi. Stomata
in young K. blossfeldiana leaves were most responsive to altered [CO;] in magnitude (Ggifr and
Gint) and rapidity (Max Slopen/Slciose) during the day; whereas stomata in the mature CAM leaves
showed their greatest responses during the night period. Similar differences in stomatal
responses to reduced [CO;] between CAM wild type K. fedtschenkoi and CAM-deficient
pepcl.1 mutant leaves were observed. The CAM-deficient pepcl.1 mutant stomata were
responsive to reduced [CO;] at all timepoints; and were significantly more responsive than
wild type stomata during the day and at the late night timepoint (Figure 3.4.B). Stomatal
responses to reduced Ci in wild type K. fedtschenkoi showed a CAM like pattern, with no or
limited response throughout the day and responses present and building through the night.
In general, stomatal responsiveness to reduced CO; occurred at times when CO, assimilation
and stomatal conductance were well correlated which is consistent with the concept of G
draw down linking mesophyll carbon assimilation and stomatal conductance in both C; and

CAM tissues.
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3.4.5 Reduced [CO;] can restore CAM-like nocturnal opening in CAM-deficient K.

fedtschenkoi pepc1.1 mutant but not young Cs K. blossfeldiana

In a further effort to explore the role of [CO;] on stomatal conductance, an experiment was
carried out in which external [CO;] was held at 70 umol mol™ for an entire 24 h diel cycle. The
aim was to simulate the drawdown of internal [CO2] or Ci during CO; assimilation during the

day and the night.

There was a key distinction between the two different C3/CAM-deficient model tissues in how
reduced [CO;] impacted stomatal conductance. In the K. fedtschenkoi pepcl.1 mutant,
reduced Ci over the night induced an increase in nocturnal stomatal conductance greater than
that observed in the wild type performing CAM at normal CO; concentrations. This result
indicates that it is possible to restore nocturnal stomatal opening in the CAM-deficient pepc1.1
line by simulating the drawdown of CO; that occurs during CAM. Thus, despite being impaired
in the ability to produce malate the pepc1.1 mutant was still able to respond to reduced [CO,]
by opening stomata overnight. However, such an effect was not observed in in the young Cs
leaves of K. blossfeldiana which showed increased (compared to mature leaves) but variable
stomatal conductance towards the end of the night when CO;, concentration was held at 70
pumol overnight and displaying a pattern of stomatal conductance that was not comparable to

the mature leaves at ambient or low CO,.

The distinction, that it is possible to induce a CAM-like pattern of nocturnal conductance in
the CAM-deficient K. fedtschenkoi pepcl.1 line but not in the young K. blossfeldiana leaves
along with evidence of varying dial sensitivity to CO, concentration suggests the presence of
a mechanism that alters guard cells sensing of or ability to respond to reduced CO;
concentration that changes with transition from Cs to CAM. This occurs despite the K.
fedtschenkoi pepcl.1 line being impaired in the ability to produce malate; that the pepc1.1
mutant is still able to respond to reduced CO; overnight suggests that any change that occurs
to allow nocturnal stomatal opening in transition from C; to CAM is independent of PEPC

activity and is active in the pepcl.1 mutant.
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Together the results described above suggest that guard cell responsiveness to low [CO3]
varies over 24hrs and differs between C3 and CAM physiotypes; that this responsiveness is
well correlated with key periods of CO, assimilation (apart from C; and CAM-deficient tissues
at night); and the drawdown of CO> due to mesophyll carbon assimilation alone is not enough
to induce a CAM-like pattern of stomatal opening in young Cs K. blossfeldiana and likely C3
plants in general. However, from these experiments it is not clear by what mechanism the
CAM-guard cells use to enable nocturnal opening. It is likely that there is a difference in guard
cell regulation pathways that could act via starch metabolism to enable nocturnal opening,
which could be detected by exploring changes in the expression of key guard cell regulatory
genes. It is not entirely clear how the CAM guard cells sustain nocturnal opening, yet the
nocturnal break down of starch observed in this chapter could provide osmolytes and
carbohydrates to sustain nocturnal opening. It is also possible that a signal originating in the
mesophyll may influence nocturnal stomatal opening in the CAM leaves, Santos et al. (2021)
provided evidence for some level of autonomous guard cell behaviour in K. fedtschenkoi that
was possibly influenced by a mesophyll signal. In C; guard cells there is substantial evidence
that the mesophyll supports guard cell opening, summarised well by Lawson et al. (2014).
From the data here, it is clear that nocturnal guard cell opening in CAM is independent of PEPC
mediated malate accumulation yet further work is needed to unravel the PEPC- independent

pathways that drive nocturnal low-Ci opening in CAM guard cells.

3.4.6 Increased stomatal conductance in C3/CAM-deficient tissues is driven by increased

photo-assimilate and stomatal density

Both Cs tissues, the young K. blossfeldiana and CAM-deficient K. fedtschenkoi pepcl.1 mutants
had significantly greater diurnal net CO, uptake and diurnal stomatal conductance than the
CAM tissues (Figure 3.1). Stomatal conductance responses to C were significantly reduced in
both attempts to explore a link between the greater diurnal net CO, uptake and greater
diurnal stomatal conductance in the Cs tissues, either by growth under reduced light intensity
(K. blossfeldiana only, 90 pmol m2s™) or by 24 hrs of 70 umol mol™* CO; (K. blossfeldiana and
K. fedtschenkoi). Importantly, growth at reduced light intensity did not significantly affect

stomatal density in the young or mature leaves (Appendix Figure Al.3, p<0.1), but some
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contribution to the changes should not be ruled out. There was, however, a significant

difference between the stomatal density of the young and mature K. blossfeldiana leaves.

Overall, the presence of increased photo-assimilate in the C; leaves in the form of soluble
sugars likely explains, at least in part, their increased responsiveness and conductance during

the day.

3.4.7 What role does nocturnal malate accumulation play in daytime stomatal closure in
CAM?

In CAM tissues the release of CO; behind closed stomata from the decarboxylation of malate
during the day will increase C;, to levels reportedly as high as 10,000 pmol mol™* (Cockburn et
al., 1979); which has long been thought to provide a simple mechanism to drive stomatal
closure during the day period. A previous study showed exposing CAM-performing leaves of
Kalanchoe daigremontiana Kalanchoe pinnata to reduced [CO3] at night had little effect on
stomatal conductance early to mid-day (Von Caemmerer & Griffiths, 2009). However, despite
holding [CO;] low over night and significantly reducing titratable acidity, the recorded
remaining acidity was similar to levels observed in CAM-performing mature K. blossfeldiana
and wild type K. fedtschenkoi leaves and may be enough to trigger closure via decarboxylation.
In a similar experiment carried out here, where stomatal responses to low CO, were recorded
after CO, was held low (70 pmol mol?) for 24 hrs, there was a limited effect on both CAM
tissues (mature K. blossfeldiana and wild type K. fedtschenkoi, Figure 3.7). However, it is
unclear if this reduced residual malate from previous night was enough to have a significant

effect on daytime closure.

In all experiments in this chapter where nocturnal malate accumulation has been notably
reduced, for example in the K. fedtschenkoi pepcl mutant or in the mature K. blossfeldiana
grown at reduced (90 umol m? s?) light, daytime stomatal conductance, and daytime
response to reduced [CO;] increased. This chapter has also, suggested than an element of
increased daytime stomatal opening and response to reduced [CO:] in the C3/CAM deficient
tissues is due to increased photo assimilate. Taken together, data from this chapter would
suggest that daytime stomatal closure in the CAM tissues is being driven by increased C;i due
to the decarboxylation of malate. It is also possible that other mechanisms may play a role in
ensuring daytime stomatal conductance in CAM leaves, which may be of especial importance

in periods of carbon starvation during prolonged drought with low carbon uptake.
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3.4.8 Conclusions

Overall this chapter highlighted key differences in stomatal behaviour and carbohydrate
metabolism of guard cells between C3 and CAM photosynthetic tissues, with differences
observed in stomatal conductance; stomatal responsiveness to Ci and a retiming of guard cell
starch and soluble sugar metabolism between C3z and CAM tissues across the two comparative
systems (K. blossfeldiana young C; and mature CAM leaves, and wild type and CAM deficient

pepcl K. fedtschenkoi mutants).

Notably, K. blossfeldiana young Cs guard cells were unable to sustain nocturnal stomatal
opening in response to reduced C; overnight, while CAM deficient pepcl K. fedtschenkoi guard
cells showed wild type levels of nocturnal opening in response to reduced Ci overnight.
Together this suggested a change occurs in the K. blossfeldiana guard cells on the transition
from C3 to CAM to enable nocturnal opening that is distinct from mesophyll PEPC-driven
carboxylation and demonstrating that Ci alone is likely not enough to induce a CAM nocturnal

pattern of stomatal opening in C3 plants.

The data collected in this chapter showed that the pattern of starch metabolism progressively
changed as the leaves aged and CAM activity increased in K. blossfeldiana; it is therefore
possible that the retiming of starch metabolism in CAM guard cells is to support nocturnal
opening both energetically and by supplying osmoticum. The chapter also suggested that
diurnal stomatal closure was largely driven by increases in Ci from the diurnal decarboxylation
of malate, with CAM-deficient pepcl K. fedtschenkoi mutants displaying Cs levels of diurnal
stomatal conductance. However, it is not clear if there are other, possibly regulatory elements,

that assist in or enable daytime closure.
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Chapter 4. The Kalanchoe blossfeldiana Genome

4.1 Introduction

Crassulacean acid metabolism (CAM) is a complex trait that recruits many of metabolic
enzymes and pathways present in C3 species, with genes upregulated or their expression
patterns re-timed to fit the CAM diel cycle (Abraham et al., 2016; Wai et al., 2019; Yang et al.,
2017). Efforts to understand CAM, its induction and regulation will need to consider genome
scale changes in gene expression. Consequently, recent years have seen a flurry of ‘CAM-
omics’ studies, with the genomes of constitutive and facultative CAM species from across
plant life sequenced, including: Ananas comosus (Ming et al., 2015), Kalanchoe fedtschenkoi
(Yang et al., 2017), Kalanchoe laxiflora (unpublished, Phytozome), Sedum album (Wai et al.,
2019), Talinum triangulare (Brilhaus, Brautigam, et al., 2016; Maleckova, 2020; Maleckova et
al., 2019), Isoetes taiwanensis (Wickell et al., 2021) and most recently Cistanthe longiscapa

(Ossa et al., 2022).

However, only a handful of omics studies have looked at the induction of CAM and there has
yet to be a genome scale study focused on changes in gene expression in CAM induction by
ageing. The ability of K. blossfeldiana to transition from Cs to CAM as it ages could provide an
important platform for the comparative study of Cs and CAM. This is the first reported work
exploring transcriptional changes after CAM induction by ageing, with previous focusing on
CAM induction by ABA (Maleckova et al., 2019), drought (Wai et al., 2019) or salt stress
(Cushman et al., 2008). This thesis hypothesises that identifying CAM-specific changes in the
transcriptome in inducible CAM plants maybe be clearer in age-induced CAM compared to
that of stress-induced CAM. This chapter presents the genome of the inducible CAM plant K.
blossfeldiana along with a comparison of the transcriptome between the young Cs and mature
CAM K. blossfeldiana leaves at dusk. The aim of this work is to lay the foundations for future
molecular genetic studies utilising K. blossfeldiana to compare Cs and CAM physiologies within

the same plant.
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This chapter will address five hypotheses:

1. There may be a high level of conservation between key CAM genes in K. blossfeldiana
and close relative K. fedtschenkoi in terms of both sequence identify and orthologs

recruited for CAM.

2. Key elements of age-induced CAM K. blossfeldiana may be identified by investigating
the changes in transcript abundance in age induced CAM and cross comparing with
genes upregulated in studies across different CAM species and different induction

modes.

3. The induction of CAM by ageing may be less stressful and involve fewer elements than
those in response to an abiotic stress such as drought, which could make it easier to

dissect changes to the transcriptome that are specific to CAM.

4. Key elements of guard cell metabolism and stomatal regulation may show retimed

patterns of gene expression between the young Cs and CAM tissues in K. blossfeldiana.

5. Endoreplication may occur as the leaves become more succulent and transition to

CAM as they age in K. blossfeldiana.
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4.2 Materials and Methods

4.2.1 Plant Materials

The inducible CAM plant Kalanchoe blossfeldiana was sampled at 90 days after propagation
for this chapter. For genome assembly all short read illumina sequencing was carried out on
DNA extracted from young leaves (10" leaf pair from the bottom). Nanopore long read
sequencing occurred on DNA extracted from both 10t leaf pair from the bottom) and mature
(2" leaf pair from the bottom) to allow for the analysis of differential methylation between
these leaves. For RNA sequencing RNA was extracted from young (10" leaf pair from the

bottom) and mature (2" leaf pair from the bottom) leaves.

4.2.2 Estimating K. blossfeldiana genome size

Flow cytometry was carried out by Robyn Powel at Kew Gardens on both young (10t leaf pair
from the bottom) and mature (2" leaf pair from the bottom) leaves. The genome size
of Kalanchoe blossfeldiana was estimated by flow cytometry using the fluorochrome
propidium iodide and following the method described in (Pellicer et al., 2021). Briefly, a fresh
razor blade was used to chop c. 1cm? of young leaf tissue of K. blossfeldiana with the internal
standard (Petroselinum crispum (Mill) Nyman ex A.E. Hill ‘Champion Moss Curled’,
1C=2,171.16 Mbp; (Obermayer et al., 2002) in a petri dish containing 1 ml of General Purpose
Buffer supplemented with 3% PVP (GPB) (Loureiro et al., 2007). A further 1 ml of GPB was
added and the sample was gently mixed. The sample was passed through a 30 um nylon filter
and the resulting homogenate was stained with 100 pl propidium iodide (1 mg/ml) and
incubated on ice for 10 minutes. The sample was run three times on a Sysmex CyFlow Space
(Sysmex Europe GmbH, Norderstedt, Germany) flow cytometer fitted with a 100 mW green
solid state laser and recording up to 1,000 nuclei per fluorescence peak each time. In total,
four separate samples prepared from different leaves of two individual plants were analysed.
The resulting histograms were analysed using the WindowsTM-based FlowMax software (v.
2.9 2014, Sysmex GmbH) and the average of each sample was used to estimate genome size.

Genome size in base pairs was calculated as described by Dolezel et al. (2003)
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Genome size was also estimated computationally from genomic illumina short reads. A
histogram of Kmer distribution was created from illumina short reads using Jellyfish 2.3.0
(Marcais & Kingsford, 2011) and passed to GenomeScope 2 (Vurture et al., 2017). Many
varieties of K. blossfeldiana vary in their ploidy. Genome ploidy was estimated by first
calculating kmer frequencies and a histogram of kmers using Jellyfish 2.3.0 (Marcais &
Kingsford, 2011) followed by analysis with GenomeScope 2 and Smudgeplot 0.2.5 (Ranallo-
Benavidez et al., 2020).

4.2.3 K. blossfeldiana DNA Extraction

Both RNA and DNA extractions were carried out in collaboration with another research
student (Bethan Morris). For Illumina short reads genomic DNA was extracted using an
adapted version of (Keb-Llanes et al., 2002) followed by a further clean up using the
ChargeSwitch gDNA Mini Bacteria Kit (Invitrogen, USA). Samples were flash frozen in liquid
nitrogen, then 300 mg of leaf tissue was ground in liquid nitrogen, then lysed and
homogenised in a mix of two extraction buffers mixed just prior to extraction. 300 ul buffer A
(2% Hexadecyltrimethylammonium bromide (CTAB) (w/v), 100 mM Tris-HCI (pH 8), 20 mM
EDTA, 1.4 M NacCl, 4% polyvinylpyrrolidone (PVP-40) (w/v), 0.1% ascorbic acid (w/v), and 10
mM B-mercaptoethanol); and 900 ul buffer B (100 mM Tris-HCI (pH 8), 50 mM EDTA, 100 mM
NaCl) were mixed along with 100 pl 20% SDS and 10 mM B-mercaptoethanol. Extracts were
vortexed then incubated at for ten minutes at 65°C while shaking at 1500 rpm. Exactly 410 pl
potassium acetate was added, samples were then spun down at 15,300 g for 15 minutes at
4°C. Supernatant (1 ml) was transferred to a fresh microcentrifuge tube and added to 540 ul
ice cold isopropanol and incubated for 20 minutes. Samples were then washed three times
as follows: samples centrifuged at 9600 g for ten minutes at 4°C; supernatant discarded, and
pellet washed with 540 pl 70% ethanol and immediately air dried; pellet was then
resuspended in 600 pl TE buffer (10 mM Tris, 1 mM EDTA (pH 8)), 60 pl 3M sodium acetate
(pH 5.2) and 360 pl ice cold isopropanol; sample was then incubated for 20 minutes, and the
process repeated. After three washes the sample was spun down at 9600 g for ten minutes at
4°C then resuspended in 50 ul resuspension buffer (R4, from the ChargeSwitch kit) containing
RNase A. The ChargeSwitch protocol followed from this point on, as described in its manual.

For long read nanopore sequencing the extraction was as above for with gDNA extracted from
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both young (9t leaf pair from the bottom) and mature (3" leaf pair from the bottom) leaves.
All samples were accessed for quality by nanodrop 2000 (Thermo Fisher, Massachusetts) and

agarose gel with a high molecular weight ladder (N3239S, NEB, Massachusetts).

4.2.4 K. blossfeldiana RNA Extraction

RNA was extracted from young (9th leaf pair from the bottom) and mature (3rd leaf pair from
the bottom) leaves, at dusk. Samples were flash frozen in liquid nitrogen, then 100 mg of leaf
tissue was ground in liquid nitrogen. The samples were the same as those used in chapter one
for metabolite analysis. Ground tissue was combined with 900 ul of pre-heated (65°C)
extraction buffer: 3% Hexadecyltrimethylammonium bromide (CTAB) (w/v), 100 mM Tris-HCI
(pH 8), 25 mM EDTA (pH 8), 2 M NaCl, 3% polyvinylpyrrolidone (PVP-40) (w/v), 0.5g/L
spermidine and 4% B-mercaptoethanol added just prior to extraction and incubated at 65°C
for ten minutes while shaking. Exactly 900 pl of chloroform: isoamyl alcohol (24:1) was added
and mixed by inversion for ten minutes. Samples were centrifuged at max speed for ten
minutes at 4°C, with supernatants transferred to fresh tubes with an equal volume of
chloroform: isoamyl alcohol (24:1), then incubated at 4°C for ten minutes while inverting. The
upper phase was discarded and two times volume of ethanol added, followed by freezing at -
20°Cfor two hours and centrifuged at 15,000 g for 30 minutes. The supernatant was discarded
and 1 ml lithium chloride added, followed by two hours at -20°C and centrifuged at 15,000 g
for 30 minutes. The supernatant was discarded and the RNA pellet was resuspended in 100 pl
of DEPC water, with gentle shaking at 65°C for ten minutes. Care was taken throughout to
avoid RNAse contamination. Samples were then DNase treated with an Invitrogen DNase kit,

as described by its manual.

129



4.2.5 K. blossfeldiana Genome Sequencing

Short read whole genome library preparation and sequencing of K. blossfeldiana was carried
out by Novogene (Beijing, China). Sample and library integrity was tested with an Agilent 2100
Bioanalyzer (Agilent Technologies, USA). Pair end 150 bp libraries were produced using the
NEB Next Ultra DNA Library Prep Kit and sequencing was performed in three runs on the same
library on an Illlumina NovaSeq 6000. The three runs produced a total of 91.6 Gb, 305 million
PE reads, and an estimated sequencing coverage of ~200x for a predicted haploid genome size
of 450 Mb. Initial sequence QC and adaptor trimming was carried out by Novogene and then
assessed in FastQC 0.11.9 (Andrews, 2010). Long read sequencing was carried out over three
r9.4.1 minion flow cell using either the RAD004 or RBK004 kits, with libraries prepared as per
their protocols. For one run the RBK0O04 was used to differentially barcode DNA from the
young and mature leaves to allow for the analysis of differential methylation between these

leaves. Basecalled and quality filtered by Guppy and read quality was assessed in LongQC

4.2.6 K. blossfeldiana Genome Assembly

Genome assembly was performed with a hybrid assembly approach using MaSuRCA 4.0.9
(Zimin et al., 2017), which combines accurate short and error prone long reads into super
reads and is often used in the assembly of large plant genomes (Scott et al., 2020; Wang et al.,
2020). Assemblies were also performed using only short reads with abyss 2.3.5 (Jackman et
al., 2017) and only long reads with Flye 2.9.1 (Kolmogorov et al., 2019) for comparison.
Assembly quality and size statistics were calculated at each step of assembly processing by

BUSCO 5.4.3 (Manni et al., 2021) and the abyss-fac script from the abyss assembler.
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The MaSuRCA assembly was scaffolded using Ragtag 2.1.0 (Alonge et al., 2019, 2021) with the
Kalanchoe laxiflora genome (FTBG2000359A v3.1, unpublished, Phytozome) accessible on
Phytozome (Goodstein et al., 2012). Scaffolds shorter than 100 kbp were removed. Multiple
methods were used to reduce assembly ploidy to one haplotypic representation of the
tetraploid genome. Purge Haplotigs 1.1.2 (Roach et al., 2018) and Purge Dups were run
sequentially to reduced assembly ploidy. Scaffolds not contained within chromosome scale
pseudomolecules were filtered using a BUSCO optimisation approach where a combination of
scaffolds were retained to give the highest BUSCO score while reducing ploidy. After reducing

ploidy the assembly was polished with the short reads using Pilon 1.24 (Walker et al., 2014).

BUSCO was used to asceses genome completeness by detecting the presence of key single
copy genes from the embryophyta odb10 database. The genome assembly was assessed
using the long-terminal repeat (LTR) assembly index, which is the proportion of intact long
terminal repeats (LAI) within the assembly, from the LTR retriever pipeline 2.9.0 (Ou et al.,
2018). A higher score tends to suggest a more contiguous and complete assembly; and is
improved by both short reads increasing accuracy per base and long reads providing

resolution over long repetitive regions.

4.2.7 K. blossfeldiana Genome Annotation

RepeatModeler 2.02 (Flynn et al., 2020) and RepeatMasker 4.1.3 (Tarailo-Graovac & Chen,
2009) were used to annotate repetitive regions of the genome assembly. The assembly was
soft masked using Bedtools 2.30 (Quinlan & Hall, 2010). BRAKER2 2.1.6 (Br(ina et al., 2021)
was used for gene annotation. Two methods were used, as recommended, firstly mRNA based
gene predictions were made using BRAKER pipeline with the illumina RNA reads as described
above. Simultaneously, in a separate BRAKER2 run, gene predictions were made using a set of
training proteins from the OrthoDB plant database (Kriventseva et al., 2019) and K.
fedtschenkoi (Yang et al., 2017). Annotations from both BRAKER runs were combined using
the transcript selector TSEBRA (Gabriel et al., 2021). Protein sequences from gene models
predicted by the BRAKER pipeline above were functionally characterised. This was primarily
performed using OrthoFinder 2.5.4 (Emms & Kelly, 2019) to sort proteins into orthologous
groups from K. fedtschenkoi (Kalanchoe fedtschenkoi v1.1), K. laxiflora (FTBG2000359A v3.1),

Vitis vinifera (Vvinifera_457_v2.1), and Arabidopsis thaliana (TAIR10) from Phytozome
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(Goodstein et al., 2012). Annotations present from these genomes in each orthogroup were

used to fill in K. blossfeldiana annotation in the above order.

4.2.8 K. blossfeldiana Chloroplast Genome and Phylogenetics

The K. blossfeldiana chloroplast genome was assembled with GetOrganelle 1.7.5 (Jin et al.,
2020) using the same lllumina PE reads as were used for nuclear genome. Functional and
structural annotation of the chloroplast genome was performed using GeSeq (Tillich et al.,
2017) with the Arabidopsis thaliana chloroplast genome used as a reference. For this chapter
the K. blossfeldiana chloroplast genome was primarily used to explore the phylogenetic
relationship between this variety of K. blossfeldiana and other members of the genus
Kalanchoe, and the wider Crassulaceae family. Whole chloroplast genome sequences from 79
species across the order Saxifragales were used with a focus on the Crassulaceae family and
species from the Haloragaceae family were used as outgroups. Whole chloroplast genome
sequences were obtained from NCBI and aligned using MAFFT 7.505 (Katoh & Standley, 2013).
ModelFinder (Kalyaanamoorthy et al.,, 2017) determined used the Bayesian Information
Criterion (BIC) to select a nucleotide substitution model. IQ-TREE 2.2.0.3 (Minh et al., 2020)
was used to construct a phylogenetic tree using maximum likelihood, with 1000 ultrafast

bootstrap replicates (Thi Hoang et al., 2017).

4.2.9 K. blossfeldiana Dusk RNA-seq

Short read RNA library preparation and sequencing of K. blossfeldiana was carried out by
Novogene (Beijing, China), with RNA extracted from young (9t leaf pair from the bottom) and
mature (3™ leaf pair from the bottom) leaves. Three biological replicates were collected and
sequenced from each leaf age group, with samples taken at dusk. A total of 119 million PE
reads, and 35.8 Gb were sequenced on an lllumina NovaSeq 6000, with a range of 15-22
million reads per sample. RNA sequencing QC, alignment and quantification were performed
using the nf-core/rnaseq 3.8.1 pipeline (Ewels et al., 2020) with default settings. Briefly, read
QC was performed using FastQC, adapters and quality trimming by Trim Galore. STAR was
used to align reads to gene models predicted in the K. blossfeldiana genome, and Salmon was
used to quantify transcript abundance (Patro et al., 2017). DESeq2 (Love et al., 2014) was used

to analyse differential expression between samples.

132



4.3 Results and Discussion

4.3.1 K. blossfeldiana genome size
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Figure 4.1 K. blossfeldiana computational genome size and ploidy estimates. Left panel, K-
mer graph and fitted models generated by GenomeScope 2 (Vurture et al., 2017) using K-
mer frequencies counted by Jellyfish 2.3.0 (Marcais & Kingsford, 2011) using illumina short
reads. Right panel, Smudgeplot 0.2.5 (Ranallo-Benavidez et al., 2020) generated estimate of

genome ploidy.

The variety of Kalanchoe blossfeldiana used in this thesis was estimated to be tetraploid with
a genome size of ~1.94 Gb and with each haplotype 450-490 Mb (Figure 4.1). This was
estimated by both by flow cytometry (2C=1.98625 + 0.05 pg, Appendix Table A2.5) and
computationally from genomic lllumina short reads using Jellyfish 2.3.0 (Margais & Kingsford,
2011), GenomeScope 2 (Vurture et al., 2017) and Smudgeplot 0.2.5 (Ranallo-Benavidez et al.,
2020). Many varieties of K. blossfeldiana vary in their ploidy with diploid varieties reported
with (2n=34) and tetraploid (2n=68-72) (van Voorst & Arends, 1982), with 17 or 18

chromosomes expected per haplotype.
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4.3.2 K. blossfeldiana Genome Assembly

B
O

Figure 4.2 The genome of K. blossfeldiana, scaffolded into 18 chromosome scale
pseudomolecules (377 Mb) and 155 smaller scaffolds (not shown, 268 Mb) using the
Kalanchoe laxiflora genome (Phytozome). K. blossfeldiana is thought to have 17 or 18
chromosomes per haplotype. Density of genes up-regulated (red, outward) or down-
regulated (blue, inward) in the mature CAM K. blossfeldiana leaves (3™ leaf pair from the
bottom) compared to the young Cs K. blossfeldiana leaves (9t leaf pair from the bottom).

Inner image is of K. blossfeldiana.
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An initial K. blossfeldiana genome assembly of 772 Mb and an N50 of 1 Mb was made using
the hybrid MaSuRCA 4.0.9 (Zimin et al., 2017), with 91.6 Gb, 305 million PE illumina short reads
and 10 Gb 3.49 million nanopore long reads (N50 ~10 Kb). Abyss-Fac (Jackman et al., 2017),
Spades (Antipov et al., 2016) and Flye (Kolmogorov et al., 2019b) assemblers were also tested
but produced assemblies with less contiguity. The MaSuRCA assembly was scaffolded with the
Kalanchoe laxiflora genome (FTBG2000359A v3.1, unpublished, Yang et al. 2022) using Ragtag
2.1.0 (Alonge et al., 2019, 2021) into 18 chromosome scale pseudomolecules (377 Mb) and
155 smaller scaffolds (268 Mb), with fragments less than 100 Kb removed. To reduce assembly
ploidy Purge Haplotigs 1.1.2 (Roach et al., 2018) and Purge Dups (Guan et al., 2020) were run
sequentially, reducing assembly size to 556 Mb. Scaffolds not contained within chromosome
scale pseudomolecules were filtered using a BUSCO optimisation approach where a
combination of scaffolds were retained to give the highest BUSCO score while reducing ploidy,
giving a final assembly size of 461 Mb, consisting of 18 chromosome scale pseudomolecules
and 125 scaffolds with an N50 of 20.6 Mb. A number of methods were used to assess assembly
quality and completeness. The final assembly had a genomic BUSCO score of 95.6% complete
copies, with 70% present in single copies and 25.6% present in duplicated copies using the
Embryophyte odb10 database of single copy genes. Efforts to reduce ploidy reduced the
number of duplicated single copy genes present from 67% to 25.6%, however this also
reduced the number of BUSCO genes found from 97.2% to 95.6%. The proportion of intact
long terminal repeats (LAl) within the assembly was 11.12, from the LTR retriever pipeline
2.9.0 (Ou et al., 2018) and the assembly is made up of 0.138% gaps. The genome was also
assessed by the aligning reads back to the genome, with 94.21% of long reads mapping and

80% of short reads mapping back to the genome (Table 1).

Table 1. K. blossfeldiana Genome Statistics

Scaffolds: N50(Mb) Largest Scaffold (Mb) Assembly Gaps (%) Read Mapping Rate (%)

Size (Mb)
Short Long
Reads Reads
143 20.06 29.6 461 0.138 89.03 94.38
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4.3.3 K. blossfeldiana Genome Annotation

Over half of the genome assembly was identified as repetitive elements (57.3%), the majority
marked as LTRs (24.7%), DNA transposons (18.7%) and LINES (7.71%, Figure 4.3). The BRAKER2
and TSEBRA functional annotation pipeline (Gabriel et al., 2021) identified 38117 protein
coding genes, with 95.3% of the BUSCO Embryophyte odb10 genes present. The majority
(32096, 84%) of these proteins were functionally annotated by sorting into orthologous
groups from K. fedtschenkoi (Kalanchoe fedtschenkoi v1.1), K. laxiflora (FTBG2000359A v3.1),
Vitis vinifera (Vvinifera_457_v2.1), and Arabidopsis thaliana (TAIR10) from Phytozome
(Goodstein et al., 2012). Annotations present from these genomes in each orthogroup were
used to fill in K. blossfeldiana annotation in the above order. The remaining genes not sorted
into orthogroup or present in orthogroup with no annotation were annotated by blasting

protein sequences to A. thaliana (TAIR10).

A- Genome BUSCO
All (Chr+Scafolds)

Repeats
C:95.6%[S:70.0%,D:25.6%],F:1.2%,M:3.2% Non-repeat
B smaiAna
B salites
B- Repetitive Elements in the Kalanchoe blossfeldiana genome Low complexity
SINEs
Rolling—circles
Non-repeat Simple Repeats
Unclassified
B umnes
| | | DNA transposons
0 25 50 75 100 . LTR elements

Genome Percentage

Figure 4.3 K. blossfeldiana genome content. Genome completeness was assessed using BUSCO with
the Embryophyte odb10 database of single copy genes (A), showing percentage of complete (C)
present in single copies (S) or duplicated (D), fragmented (F) or missing (M) genes detected.

Proportions of repetitive elements detected within the K. blossfeldiana genome (B).
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Kalanchoe blossfeldiana

chloroplast genome
150,515 bp

[l photosystem |

M photosystem Il

[ cytochrome b/f complex
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Figure 4.4 Annotated features of the Kalanchoe blossfeldiana chloroplast genome. Genes
transcribed are displayed on the outering, on the inside if transcribed clockwise or outside if
counter clockwise. The chloroplastic genome is divided into a large single copy region, a small
single copy region and a pair of inverted repeat regions. The intertrack conveys GC content.
The annotation and diagram was produced using GeSeq (Tillich et al., 2017).
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4.3.4 Phylogenetics of K. blossfeldiana

The Kalanchoe genus is estimated to have diverged from the Sempervivoideae between
22.78-44.29 million years ago (Messerschmid et al., 2020). The current Kalanchoe genus is
made of up species from three previous genera, Kalanchoe (of which K. blossfeldiana was a
member), Kitchingia and Bryophyllum (of which K. fedtschenkoi and K. laxiflora were members
and carry out leaf margin embryogenesis (Mort et al., 2010). K. blossfeldiana shows some
morphological and physiological differences from K. fedtschenkoi and K. laxiflora - it is
predominantly green leafed, lacks the ability to reproduce from leaf tip pups, and performs
inducible CAM vs constitutive CAM in the latter. Therefore, it was expected that K.
blossfeldiana would phylogenetically be within the Kalanchoe genus but distinct from K.

fedtschenkoi and K. laxiflora.

The chloroplast sequence is a useful tool for determining the phylogenetic relationship
between K. blossfeldiana and other relative species, and recently chloroplasts of a large
number of species within the Crassulaceae have been sequenced (Han et al., 2022; Tian et al.,
2021). As expected, the K. blossfeldiana chloroplast genome was highly conserved between
it and other members of the Kalanchoe genus with 99.01% sequence similarly to K.
fedtschenkoi chloroplast genome. A K. blossfeldiana chloroplast genome sequence recently
deposited on NCBI (OM320795, Liang et al. 2022, unpublished) was identical to the K.
blossfeldiana chloroplast sequence presented here. Such findings suggest that the
chloroplastic genome is highly conserved between K. blossfeldiana varieties as would be
expected as the varieties are likely to have formed by horticultural breeding programs over

the last century.

Whole chloroplast genome sequences from 79 species across the order Saxifragales were
aligned and reconstructed into a phylogenetic tree with a focus on the Crassulaceae family
and species from the Haloragaceae family were used as outgroups (Figure 4.5). In this
phylogenetic reconstruction K. blossfeldiana chloroplast sequence sits within the Kalanchoe
genus between Kalanchoe longiflora and Kalanchoe tomentosa, the latter like K. blossfeldiana

does not perform leaf margin embryogenesis (Garcés et al., 2007).
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A phylogeny was also made from single copy genes, from the genomic assemblies of related
plant species with a focus on dicots, which positioned K. blossfeldiana within the Kalanchoe
genus but slightly away from K. fedtschenkoi and K. laxiflora (Appendix Figure A2.1). Together
as expected K. blossfeldiana phylogenetically lies within Kalanchoe but is distinct from K.
fedtschenkoi and K. laxiflora. Its placement and the differences between the three historic
genera would be further helped with the future genomic sequencing of close relatives of K.
blossfeldiana such as Kalanchoe globulifera and Kalanchoe darainensis (Klein et al., 2021).
Further work is also needed to determine the genetic makeup of the various K. blossfeldiana
varieties that have been bred in the past century, as it is likely that many of these are hybrids

of K. blossfeldiana and close relatives.
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Figure 4.5 The phylogenetic position of Kalanchoe blossfeldiana. Whole chloroplast genome
sequences from 79 species across the order Saxifragales were aligned and reconstructed into
a phylogenetic tree with a focus on the Crassulaceae family, species from the Haloragaceae
family were used as outgroups. Whole chloroplast genome sequences were aligned using
MAFFT 7.505 (Katoh & Standley, 2013). IQ-TREE 2.2.0.3 (Minh et al., 2020) was used to
construct a phylogenetic tree using maximum likelihood, with 1000 ultrafast bootstrap

replicates (Thi Hoang et al., 2017), with node labels representing % bootstrap support.
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4.3.5 Shift in transcript expression pattern in mature CAM K. blossfeldiana leaves

Mature CAM vs Young C, leaves
NS Log, FC p —value and log, FC

ENOLASE

RB
cs PPDK

Log, fold change

total = 23841 variables

Figure 4.6 Change in transcript abundances between mature (3rd leaf pair from the bottom) and young
Kalanchoe blossfeldiana leaves (9th leaf pair from the bottom) sampled at dusk 90 days after propagation.
Abbreviations: PPDK (pyruvate orthophosphate dikinase), RBCS (Ribulose bisphosphate carboxylase small
chain), DI21 (Drought Induced 21).

Data in the previous chapters have shown a clear distinction between the photosynthetic
physiotypes of different aged K. blossfeldiana leaves, with the young leaves (9t and 10™" leaf
pair from the bottom) performing Cs and the mature (2" and 3™ leaf pair from the bottom)
leaves performing CAM. The present chapter shows a substantial change in transcript
abundances between the young C3 (9" leaf pair from the bottom) and mature CAM leaves (3™
leaf pair from the bottom), with 685 genes significantly upregulated and 1491 downregulated
in the mature leaves compared to young leaves at dusk (figure 4.6). Orthologs of many of
these upregulated genes in the mature CAM K. blossfeldiana leaves have also been shown to
be upregulated in the induction of CAM in inducible CAM species (Maleckova et al., 2019)
and/or shown to have CAM-like patterns of expression in constitutive CAM species (Yang et
al., 2017). This supports the suggestion made by Yang et al. (2017) and others that that genes
recruited for CAM undergo a convergent shift in expression profile that is conserved in CAM

species across many genera.
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A. Core metabolism in mature Kalanchoe blossfeldiana leaves.
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Figure 4.7 Changes in transcript abundance of key genes involved in CAM in the mature CAM Kalanchoe blossfeldiana leaves
compared to young C; leaves at dusk (Panel A). Upregulated genes (orange), downregulated genes (blue) and genes with no
change in expression (white) are shown in italics. Bold lines indicate the upregulation of the phosphorolytic starch degradation
pathway in the mature leaves. GO-term enrichment for top 100 genes upregulated (Panel B) or downregulated (Panel C)
compared between mature (3" leaf pair from the bottom) and young Kalanchoe blossfeldiana leaves (9" leaf pair from the
bottom) sampled at dusk. Abbreviations shown include: Phosphoglyceromutase (PGlyM); tonoplast dicarboxylate transporter
(TDT); aluminium activated malate transporter (ALMT);bile acid sodium symporter 2 (BASS2); debranching enzyme (DBE);
glucose-1-phosphate (G1P);glucose-6-phosphate (G6P); malate dehydrogenase (MDH); NAD(P)-dependent malic enzyme
(NAD(P)-ME); sodium hydrogen antiporter 1 (NHD1); oxaloacetate (OAA); phosphoenolpyruvate (PEP); phosphoenolpyruvate
carboxylase (PEPC); phosphoglycerate (PGA); pyruvate phosphate dikinase (PPDK); PPDK regulatory protein (PPDK-RP); PPT,
phosphoenolpyruvate phosphate translocator; triosephosphate/phosphate translocator (TPT); AMY3 (a-amylase 3); BAM1
(B-amylase 1); BAM3 (B-amylase 3); Phosphoglucomutase (PGM);BCA5 (B-carbonic anhydrase 1); PPCK
(phosphoenolpyruvate carboxylase kinase); DPE1 (chloroplastic disproportionating enzyme); PHS1 (chloroplastic a-glucan
phosphorylase); cytosolic disproportionating enzyme (DPE2); MEX1 (maltose transporter); pGLCT (plastidic glucose
transporter), GPT1 (glucose phosphate translocator 1); and GPT2 (glucose phosphate translocator 2).
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4.3.6 Core CAM genes upregulated in mature CAM K. blossfeldiana leaves

As expected, key genes involved in the CAM cycle were upregulated on the transition from Cs

to CAM between the young and mature K. blossfeldiana leaves (Table 2). Of the three carbonic

anhydrase families beta appears to play a role in CAM (Ming et al., 2015).The transcript

abundance of BETA CARBONIC ANHYDRASE 5 (BCA5, kblos_g10271), responsible for

converting CO; to HCOs;, increased in mature CAM K. blossfeldiana leaves compared to the

young Cs leaves. An increase in BCA5 transcript abundance also occurred on CAM induction in

Talinum triangulare (Maleckova et al., 2019) and BCA5 showed nocturnal pattern of

expression in K. fedtschenkoi (Kaladp0095s0400, Yang et al., 2017). ALPHA CARBONIC

ANHYDRASE was downregulated in the mature CAM K. blossfeldiana leaves, which also

occurred on CAM induction in T. triangulare (Maleckova et al., 2019).

Table 2 Core CAM genes up regulated in mature K. blossfeldiana leaves at dusk.

Protein Gene ID EC no. log2FoldChange | A. thaliana ID

NADP-malic enzyme Kblos_g3772 | 1.1.1.40 | 3.17 AT5G25880.1, AT1G79750.1
phosphoenolpyruvate

carboxylase kinase Kblos _g22444 | 2.7.11.1 | 4.25 AT3G04530.1, AT1G08650.1
phosphoenolpyruvate

carboxylase 1 Kblos_g8592 | 4.1.1.31 | 3.70 AT1G53310.1, AT3G14940.1
malate dehydrogenase Kblos_g28939 | 1.1.1.37 | 3.20 AT3G47520.1
NAD-dependent malic

enzyme 1 kblos_g1381 | 1.1.1.39 | 1.04 AT2G13560.1
NAD-dependent malic

enzyme 2 kblos_g19016 | 1.1.1.39 | 0.57 AT4G00570.1

beta carbonic anhydrase 5 | Kblos_g10289 | 4.2.1.1 | 1.19 AT4G33580.1

plasma membrane intrinsic

protein kblos_g12096 0.60 AT4G00430.1, AT4G23400.1
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PEPC1 appears to be the key PEPC isoform involved in nocturnal malate accumulation in both
K. blossfeldiana (kblos_g8596) and and K. fedtschenkoi (Kaladp0095s0055, Yang et al., 2017),
with a 3.7-fold increase in expression in the CAM mature K. blossfeldiana leaves. Previous
works have suggested that CAM plants, including K. blossfeldiana, tend to have four to six
PEPC isoforms, one of which is recruited for CAM (Cushman & Borland, 2002), though the
functions of the other isoforms are not known. K. blossfeldiana, like K. fedtschenkoi, has five
PEPC isoforms (Yang et al., 2017). Alongside this transcript abundance of the PEPC-activating
PHOSPHOENOLPYRUVATE CARBOXYLASE KINASE 1/2 (PPCK, kblos_g22485) increased in the

mature CAM K. blossfeldiana leaves.

An area where CAM performing plants have not converged, is the use of either NAD-/NADPH-
malic enzymes (ME) or phosphoenolpyruvate carboxykinase (PEPCK) for daytime
decarboxylation (Dittrich et al., 1973; Ming et al., 2015). Like other members of the
Crassulaceae mature CAM K. blossfeldiana leaves appear to use malic enzyme as their main
decarboxylating enzyme, with orthologs of both NAD- and NADP-MALIC ENZYME, upregulated
in the CAM mature K. blossfeldiana leaves (Table 2). Whereas other CAM plants such as
members of the bromeliaceae tend to use PEPCK instead of ME. Although, recent work has
shown both to be important for CAM, with separate transgenic knockdown of NAD-ME or

PPDK significantly reducing CAM activity in K. fedtschenkoi (Dever et al., 2015).

4.3.7 PEP Regeneration and Starch

The regeneration of PEP in the CAM cycle is a key rate limiting step for nocturnal carboxylation
and the overall CAM cycle (Ceusters et al., 2010; Dever et al., 2015; Dodd et al., 2003), and is
driven by the allocation of a large proportion of fixed C into transitionary carbohydrate stores
during the day (Cushman et al., 2008; Haider et al., 2012). CAM performing plants diverge in
their use of different transitionary carbohydrate stores that support the regeneration of PEP,
with CAM species like K. fedtschenkoi and M. crystallinum storing carbohydrate as starch or
Ananas comosus storing as hexose sugars (Cushman et al., 2008; Haider et al., 2012; Holtum
et al.,, 2005). The mature CAM K. blossfeldiana leaves appear to use starch as their
transitionary carbohydrate to drive PEP regeneration, with transcript abundance of key starch
degradation genes (AMY3, BAM9, PHS1) all upregulated in the CAM mature K. blossfeldiana

leaves (Table 3). BAM9 was recently shown to positively regulate transitory starch degradation
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in Arabidopsis, but like BAM4 lacks a catalytic domain and appears to have has no direct

catalytic role in starch turnover (David et al., 2022).

4.3.8 Switch to phosphorolytic starch degradation in CAM K. blossfeldiana leaves

Starch storing CAM plants have been shown to re-route starch degradation via the
phosphorolytic pathway instead of the hydrolytic pathway used in Cs Arabidopsis, with starch
broken down to form glucose-6-phosphate that is exported from the chloroplasts to ultimately
regenerate PEP for the CAM cycle (Borland & Dodd, 2002; Neuhaus & Schulte, 1996). CAM
was impaired in K. fedtschenkoi PHS1 mutants unable to degrade starch with the
phosphorolytic pathway (Ceusters et al., 2021). Following CAM induction in the facultative
species M. crystallinum increased glucose-6-phosphate export from the chloroplasts has been
reported along with increased transcript abundance of GLUCOSE PHOSPHATE TRANSLOCATOR
(GPT), thought to export G6P from chloroplasts (Hausler et al., 2000; Kore-eda et al., 2013;
Koreeda & Kanai, 1997; Neuhaus & Schulte, 1996). During CAM induction, K. blossfeldiana also
appears to upregulate the phosphorolytic starch degradation pathway with upregulation of
PHS1 and two GPT isoforms along with the down-regulation of the chloroplastic maltose
exporter MEX1 involved in the hydrolytic starch degradation pathway (Table 3). Increases in
transcript abundances of genes involved in the phosphorolytic starch degradation pathway
were also observed on ABA induced CAM induction in T. triangulare (Maleckova et al., 2019).
It has been suggested that this move to the phosphorolytic starch degradation pathway could
be an effort to energetically balance the CAM cycle, as it allows for the provision of cytosolic
ATP during the conversion of G6P to PEP (Ceusters et al., 2021; Shameer et al., 2018). The
switch to the phosphorolytic starch degradation pathway across M. crystallinum, K.

blossfeldiana and K. fedtschenkoi implies its importance to CAM.
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Table 3 Changes in TCA cycle genes in mature K. blossfeldiana leaves at dusk.

Protein Gene ID EC no. log2FoldChange | A. thaliana ID

succinate dehydrogenase

1-1 kblos_g24913 | 1.3.5.1 | 1.13 AT5G66760.1

aconitase 1/3 kblos_g11093 | 4.2.1.3 | 0.88 AT2G05710.1, AT4G35830.1
Isocitrate dehydrogenase | kblos_g20786 | 1.1.1.42 | 1.59 AT1G65930.1, AT5G14590.1
ATP-citrate lyase A-3 kblos_g23278 | 2.3.3.8 | -3.02 AT1G09430.1

ATP-citrate lyase B-1 kblos_g25707 | 2.3.3.8 | -1.24 AT3G06650.1

ATP-citrate lyase A-3 kblos_g30737 | 2.3.3.8 | -0.84 AT1G09430.1

ATP-citrate lyase A-3 kblos_g29429 | 2.3.3.8 | -1.48 AT1G09430.1

4.3.8 Upregulation of TCA cycle

Recent flux balance analysis and experimental data have suggested that CAM requires greater
levels of nocturnal respiration rates (Shameer et al., 2018; Topfer et al., 2020; Tay et al., 2021;
Leverett et al., unpublished). Shameer et al. (2018) modelled that CAM required more ATP
than Cz overnight to drive the ATP-tonoplast proton pumps to ensure malate can be stored in
the vacuole; and the high flux through phosphofructokinase to produce PEP for carboxylation.
They also suggested that these ATP costs will be reduced by the switch to the phosphorolytic
starch degradation pathway, which has been observed in the mature CAM K. blossfeldiana
leaves. To further provide increased ATP it appears the mature CAM K. blossfeldiana leaves
also upregulate elements of the TCA cycle, along with a downregulation of ATP-citrate lyases
(Table 3). Some have also suggested that citrate may play a role in nocturnal CO; assimilation
at nightin CAM (Luttge, 1988). Together these data and recent studies point to the importance
of mitochondrial metabolism as a potential source of ATP, yet there is a lack of clear
experimental evidence to provide a complete understanding of changes in mitochondrial

metabolism in CAM.
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4.3.9 Down regulation of RUBISCO

There was a significant down regulation of transcript abundance of multiple genes relating to
RUBISCO in the mature CAM K. blossfeldiana leaves, with multiple homologs of RBCS and
RUBISCO ACTIVASE down-regulated. This was also observed in salt induced CAM induction in
M. crystallinum (Cushman et al., 2008). However, it is not clear if this is a CAM specific
response or due to ageing in mature CAM K. blossfeldiana leaves. Previous chapters showed
a corresponding drop in both carbon uptake and soluble sugars in the mature leaves. Further
work exploring changes in photosynthetic traits closer to the transition to CAM in ageing will

be needed to determine changes to RUBSICO in CAM.

4.3.10 Vacuolar Transporters

Another key component of the CAM cycle is the storage of accumulated malate in the vacuole,
with the vacuoles of CAM plants occupying up to 95% of volume within mesophyll cells
(Steudle et al., 1980). The mature CAM K. blossfeldiana leaves showed increased expression
of vacuolar ATPases, that create an energy gradient across the vacuolar membrane assisting
in the import of malate into the vacuole. It is not clear which are the exact transporters for
malate into or out of the vacuole, with some reports suggesting ALMT1 or ALMT9. Here, in the
mature CAM K. blossfeldiana leaves a homolog of ALMT6 was upregulated, which is expressed
at night in K. fedtschenkoi (Yang et al., 2017). Another potential vacuolar malate transporter,
tonoplast dicarboxylate transporter (tDT), is also upregulated. Further molecular studies will

be needed to reveal the exact components of vacuolar malate influx and efflux.
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4.3.11 Overlap between ageing, drought and ABA CAM induction pathways.

The mechanisms by which CAM is induced as leaves age in K. blossfeldiana are not known. In
the best studied inducible CAM species, CAM is often induced by abiotic stresses like drought
or salt (Cushman & Borland, 2002). Throughout this thesis it has been postulated that age-
induced CAM may be less stressful than abiotic stress induced CAM and thus provide insights
into CAM induction that are not conflated with more general abiotic stress responses. At the
transcriptome level this may be reflected by a lower number of genes differentially expressed
due to ageing compared to CAM induction by abiotic stress; some 2260 differentially
expressed genes in the mature leaves compared to the young leaves were found in K.
blossfeldiana. This can be compared to 4737 differentially expressed genes in response to ABA
in T. triangulare (Maleckova et al., 2019) and up to 3,245 differentially expressed genes in S.
album in response to drought (Wai et al., 2019). It is possible that more genes will be involved
in age-induced CAM in K. blossfeldiana that may only be active in the early stages of CAM
induction. Work to determine the timings of age induced CAM and gene expression in the
early stages may be needed to further elucidate the mechanisms of age induced CAM in K.

blossfeldiana.

There was some overlap between ageing and ABA induced CAM, with genes reported to be
upregulated in response to ABA induction of CAM in T. triangulare also upregulated in the
mature K. blossfeldiana leaves. Five ABA responsive protein phosphatases were upregulated,
homologous to Highly ABA-Induced PP2C Gene 2 and 3, as was also observed in ABA induced
CAM induction in T. triangulare (Maleckova et al., 2019).-Downstream of this, several ABA
responsive transcription factors were also upregulated in the mature K. blossfeldiana leaves
that may be activated by SnRK2s and go onto regulate gene expression by binding to ABA-
responsive elements. Genes involved in auxin and ethylene signalling were also upregulated
in both ABA induced CAM in T. triangulare. Together this suggests that there is some overlap
between the different CAM induction pathways. Future work could utilize the ability to induce
CAM in K. blossfeldiana by ageing, drought, ABA, or short days to further explore the ‘CORE’
CAM induction pathways.
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4.3.12 Identifying Guard Cell genes upregulated in mature CAM K. blossfeldiana leaves

In an effort to determine which of the genes upregulated in mature CAM K. blossfeldiana
whole leaves may function in guard cell metabolism or stomatal regulation, two diel
expression datasets, one proteomic (Abraham et al., 2020a) and one transcriptomic (James
Hartwell, unpublished), from guard cell enriched epidermal peel tissues from constitutive
CAM K. fedtschenkoi leaves were used. Of the 658 genes upregulated in age induced CAM in
mature K. blossfeldiana leaves homologs of 94 and 186 were upregulated in K. fedtschenkoi

epidermal peel proteome and transcriptome respectively.

Across these genes upregulated in the mature CAM K. blossfeldiana leaves and implicated in
guard cell function there was an enrichment of genes involved in ABA signalling, salt and water
stress signalling and carbohydrate metabolism (Figure 4.8, panel A and B).Of these genes a
number have been implicated in stomatal regulation or guard cell metabolism in Cs plants

(Table 4).
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Table 4. Stomatal genes upregulated in mature K. blossfeldiana leaves at dusk and

homologous to genes upregulated in both transcript (James Hartwell, unpublished) and

protein (Abraham et al., 2020) abundance in K. fedtschenkoi guard cell enriched epidermal

peels, apart from CIPK5, MPK19, SUS3 that were detected only in the transcriptome.

K. blossfeldiana

K. fedtschenkoi Gene

Protein Gene ID ID A. thaliana Gene ID
H*-ATPase (AHA2) kblos_g18386 Kaladp0001s0196 AT4G30190
H*-ATPase (AHA2) kblos_g19712 Kaladp0001s0196 AT4G30190
OPEN STOMATA 1 (0ST1) kblos_g26666 Kaladp0060s0144 AT4G33950
OPEN STOMATA 1 (0ST1) kblos_g26667 Kaladp0060s0144 AT4G33950
SnRK2.3 kblos_g39226 Kaladp0955s0013 AT5G66880
MAP kinase 19 (MPK19) kblos_g3123 Kaladp0033s0169 AT3G14720
CBL-interacting protein

kinase 5 (CIPK5) kblos_g6309 Kaladp0095s0759 AT5G10930
Beta-amylase 9 (BAM9) kblos_g24169 Kaladp0062s0212 AT5G18670
Sucrose synthase 3 (SUS3) kblos g11836 Kaladp0003s0158 AT4G02280
Plasma membrane intrinsic

protein (PIP1) kblos_g12096 Kaladp0037s0152 AT4G00430
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Enriched GO terms from genes upregulated in K. blossfeldiana CAM mature leaves
and K. fedtschenkoi epidermal peels:

A- Transcriptome (James Hartwell, unpublished): B- Proteome (Abraham et al., 2020):
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Figure 4.8 GO term enrichment of genes both upregulated in mature CAM K. blossfeldiana leaves at dusk and
epidermal peels in both transcript (Panel A, James Hartwell, unpublished) and protein (Panel B, Abraham et
al., 2020) abundance from constitutive CAM K. fedtschenkoi leaves. Upregulation of genes in the epidermal
peels were calculated as means of expression over the diel periods. Lower section, diel tissue specific
transcript expression of key genes implicated in CAM stomatal regulation (left) and guard cell metabolism
(right) in epidermal (red circles) or mesophyll (blue circles) tissue in the constitutive CAM in K. fedtschenkoi
(from James Hartwell, unpublished). Tissues sampled every 2hrs from respective leaf parts over a 12hr

night/12hr day diel cycle.
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4.3.13 Guard cell regulatory genes upregulated in mature CAM K. blossfeldiana leaves

A number of key stomatal regulatory genes were found to be up regulated in both CAM K.
blossfeldiana leaves and in K. fedtschenkoi epidermal peels. Plasma membrane H*-ATPase
(AHA2) and OPEN STOMATA 1 (0OST1) are both upregulated in mature CAM K. blossfeldiana
leaves and in K. fedtschenkoi epidermal peels and have opposing effects on stomatal opening
show opposing diel transcript expression patterns in K. fedtschenkoi epidermal peels (Figure
4.8, panel C). AHA2 shows greater expression during the end of day/night while OST1 is
expressed predominantly during the day, which was also observed in A. americana and K.
laxiflora (Abraham et al., 2016; Boxall et al., 2020) and is retimed in comparison to the
nocturnal expression pattern in Arabidopsis. AHA2 induces guard cell plasma membrane
hyperpolarisation in Arabidopsis, enabling K* influx though voltage gated K* channels
ultimately resulting in stomatal opening (Ueno et al., 2005); with increased stomatal
conductance observed in plants overexpressing AHA2 specifically in Arabidopsis guard cells
(Wang et al., 2014; Yang et al., 2008). Conversely OST1, a SnRK2 kinase, functions in high CO;
induced closure in C3 species with mutants displaying greater stomatal conductance and
impaired ability to close in response to increased CO; (Xue et al., 2011). OST1 has been shown
to activate SLACI driven CI efflux from the guard cells resulting in plasma membrane
depolarisation and ultimately stomatal closure (Geiger et al., 2009). AHA2 and OST1 were also
primarily expressed in the K. fedtschenkoi epidermal proteomic dataset yet had slightly
different expression patterns, with AHA2 peaking towards the end of the day and OST1
showing a flat expression profile (Abraham et al., 2020a). Transcripts of two other kinases,
MAP kinase 19 (MPK19) and CBL-interacting protein kinase 5 (CIPK5), were also upregulated
in mature CAM K. blossfeldiana leaves and K. fedtschenkoi epidermal peels; CIPK5 has been
shown to be involved in wound induced stomatal closure in Arabidopsis by inducing potassium
efflux (Forster et al., 2019), while MPK19 as of yet has no recorded function in stomatal

regulation.
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4.3.14 Guard cell metabolic genes upregulated in mature CAM K. blossfeldiana leaves

Genes implicated in guard cell metabolism were also upregulated in mature CAM K.
blossfeldiana leaves and showed greater diel expression in guard cell enriched epidermal peel
tissue from CAM K. fedtschenkoi leaves. Transcripts of 8-Amylase 9 (BAMS9), which has been
shown to positively regulate starch degradation in Arabidopsis (David et al., 2022), was
significantly upregulated in mature CAM K. blossfeldiana leaves and showed a strong diel
expression pattern peaking during the night in the epidermal peels of K. fedtschenkoi leaves
(Figure 4.8, Panel D). Sucrose synthase 3 (SUS3), which converts sucrose into hexoses for
glycolysis and mitochondrial respiration during light induced stomatal opening (Antunes et al.,
2012; Daloso et al., 2015), was upregulated in both the mature CAM K. blossfeldiana leaves
and the epidermal peels of K. fedtschenkoi leaves. Transcript expression of SUS3 showed a diel
pattern increasing nocturnally in the epidermal peels of K. fedtschenkoi leaves (Figure 4.8,
Panel D), corresponding to the period of increased stomatal opening in these CAM species;
and stomatal aperture has been shown to increase when SUS3 is specially overexpressed in
Nicotiana tabacum guard cells (Daloso et al., 2016). Notably, NUCLEOTIDE TRANSPORTER 1
(NTT1) which has recently been shown to import ATP into the chloroplasts in Arabidopsis
guard cells (Lim et al., 2022), was upregulated in CAM mature K. blossfeldiana leaves and
highly expressed in both epidermal and mesophyll tissue in K. fedtschenkoi leaves (Figure 4.8,
Panel D). In the guard cells ATP import into the chloroplasts via NTT is essential for enabling
stomatal opening and guard cell starch synthesis (Lim et al., 2022). ATP import into the
chloroplasts of mesophyll cells has not been reported in Cs plants, implying this is a CAM
specific function, which requires further study. Two regulatory genes, Target of rapamycin
(TOR) and BRASSINOALZOLE-RESISTANT1 (BZR1), that have been recently shown to positively
regulate guard cell starch degradation via BAM1 (Han et al., 2022) showed increased, but not
statistically significant, transcript expression in the mature CAM K. blossfeldiana leaves and
greater transcript expression in K. fedtschenkoi epidermal tissue with a similar diel pattern of

expression (Figure 4.8, Panel D).

153



Together these data highlight identify a number genes that may play a role in the inverted
stomatal opening in CAM K. blossfeldiana and suggest a retiming of key regulatory and
metabolic elements occurs during the age induced transition from C; to CAM in K.
blossfeldiana leaves. There are likely further genes that enable nocturnal stomatal opening
that have not been detected in these analyses; detection may be improved by using guard cell

enriched tissue and exploring the K. blossfeldiana transcriptome over the full diel period.

4.3.15 Endoreplication increases as K. blossfeldiana leaves age

Succulence and CAM often coexist, with greater leaf thickness and succulence observed in
CAM species across many plant lineages (Nelson and Sage, 2008; Zambrano et al., 2014). K.
blossfeldiana leaves also become more succulent and scanning electron microscopy has
shown that cell size increases (Alexandra Sandéhn, Iwona Bernacka Wojcik and Till Dreier,
unpublished) as leaves age and transition to CAM (Chapter 2). Increased succulence and cell

size is thought to enable vacuolar storage of malic acid (Nelson & Sage, 2008).

Endoreplication has been previously reported to increase in the facultative CAM plant
Mesembryanthemum crystallinum as leaf tissue ages and has been shown to occur in many
succulent plants (De Rocher et al., 1990) and occurs in response to abiotic stress (Leitch &
Dodsworth, 2017). It has been suggested that endoreplication and increased genome size may
help support larger cells in succulent plants. Endoreplication occurs in many succulents
including K. blossfeldiana and K. fedtschenkoi (de Rocher et al., 1990), but it is not clear if
endoreplication occurs with ageing alongside the induction of CAM and the development of
succulence in K. blossfeldiana. Early studies have shown that endoreplication can occur in K.
blossfeldiana in response to changes in day length (Witsch & Fliigel, 1951) which has

separately been shown to induce CAM.
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This chapter explored the hypothesis that endoreplication may occur as the leaves become
more succulent and transition to CAM. Flow cytometry, performed at Kew, showed a
significantly greater proportion of cells containing endoreplicated nuclei in the mature leaves
compared to the young leaves (Appendix Table 2.6 , P<0.01). Genes involved in the synthesis
of nucleotides were also upregulated in the mature K. blossfeldiana leaves compared to the
young (Figure 4.7.A). And precursors to nucleotide synthesis were observed in greater
abundance in mature K. blossfeldiana leaves in metabolite data (Bethan Morris, unpublished).
Together these data show that endoreplication occurs as the leaves age in K. blossfeldiana,
and along with previous reports (Witsch & Fliigel, 1951), suggests that endoreplication occurs
alongside the induction of CAM and succulence. However, questions remain as to the
relationship between CAM, succulence and endoreplication. For instance, does
endoreplication assist in drought tolerance in CAM/succulent plants and how important is it
for succulence or CAM? K. blossfeldiana may provide a good system for studying the

mechanisms of endoreplication, its induction and role in CAM and succulence.

4.3.16 Conclusions

Overall, age induced CAM in the mature K. blossfeldiana leaves is similar to that of K.
fedtschenkoi, homologs of many of the genes upregulated here also shown to be recruited for
CAM in K. fedtschenkoi by CAM-like diel expression pattern or functional experiments. This is
also true of less closely related starch storing CAM species like S. album, T. triangulare and M.
crystallinum. The observed changes in transcription between the young Csz and mature CAM
K. blossfeldiana leaves suggest a substantial shift in photosynthetic and carbohydrate
metabolism in the mature leaves, with the upregulation of key CAM genes and those involved
in phosphorolytic starch degradation and PEP regeneration. Orthologs to many genes involved
in CAM in K. fedtschenkoi were also upregulated in the mature K. blossfeldiana leaves. The
data also suggests that CAM and PEP regeneration in the mature K. blossfeldiana leaves is
similar to that of in K. fedtschenkoi and other starch storing CAM plants. This chapter has
reinforced evidence of the importance of key changes in metabolism that occur to support
the CAM cycle, such as the switch to phosphorolytic starch degradation. This work also

highlights the importance of the provision of carbon skeletons and ATP for the CAM cycle,
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with changes in metabolism occurring to provide both in the mature CAM leaves. The chapter
has identified key genes implicated in stomatal regulation and guard cell metabolism that are
upregulated in age induced CAM in K. blossfeldiana and are homologous to genes upregulated
in the epidermis of K. fedtschenkoi. Many of these genes show CAM like patterns of diel
expression in K. fedtschenkoi and may enable nocturnal opening in CAM stomatal. The
assembled K. blossfeldiana genome will help in future efforts to functionally knock down
genes that have shown conserved increases in transcript abundance across related CAM
species to confirm the function and importance of these genes to CAM and to support to

efforts to engineer CAM into Cs plants.

This is the first reported work exploring transcriptional changes in CAM induction by ageing,
with previous work focusing on NaCl (Cushman et al., 2008), ABA (Maleckova et al., 2019) or
drought (Wai et al., 2019) induced CAM. The observed changes in transcription suggested
significant overlap between the response to age induced CAM and that of NaCl, ABA and
drought induced CAM, especially in the core CAM and metabolism genes upregulated, but also
in potential regulatory pathways that coordinate CAM. The conserved regulatory changes may
help outline the main CAM induction and regulation pathways. K. blossfeldiana could be of
great future use in this respect, as CAM can be induced by NaCl, ABA, drought, short-days and
ageing. Such a system for the comparative study of different modes of CAM induction could
provide a path to understanding the ‘core’” mechanisms of CAM induction in inducible CAM

plants.
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Chapter 5. General Discussion

5.1 Key Findings

5.1.1 Kalanchoe blossfeldiana as a comparative system for studying C3/CAM

A key goal of this thesis was to determine whether K. blossfeldiana would be a useful system
for comparing Cz and CAM physiology and guard cell metabolism by age induced CAM. In fact,
the data showed a clear distinction between young (9t" and 10™" leaf pair from the bottom) C3
and CAM performing mature (2" and 3™ leaf pair from the bottom) leaves in terms of
nocturnal CO; uptake, accumulation of titratable acidity, PEPC protein abundance and
transcript abundance of key genes implicated in CAM (Chapters 2 and 4). Furthermore, there
was a progressive increase in the amount of CAM activity observed by titratable acidity down
the plant as the leaves increase in age. This, together with the genome and transcriptome of
K. blossfeldiana will help to establish the plant as a model system for the comparative study
of C3 and CAM in multiple contexts within the same plant. The comparison of C3 and CAM
across a single plant reduces risk of conflation due to intraspecific differences between
phylogenetically related species but also differences between individuals or batch effects,
with many CAM studies comparing sometimes distantly related plants (Abraham et al., 2016;

Moseley et al., 2019).

Age-induced CAM may be less stressful and ‘cleaner’, with fewer genes differentially
expressed between young Cs3 and mature CAM K. blossfeldiana leaves compared to other
methods of induction, like drought (Wai et al., 2019), salt stress or ABA (Maleckova et al.,
2019). However, an issue with using CAM induction by ageing is potential conflation between
the impacts of leaf ageing and CAM induction on the leaves. This may be tackled in future
work by either investigating CAM-related changes closer to the age induced transition from Cs
to CAM, or by larger experiments that separately induce CAM by different means to determine
convergent elements important to CAM as well as to establish any unique elements associated

with particular methods of CAM induction.

157



In keeping with previous studies and like other members of the Kalanchoe genus it is also
possible to transform K. blossfeldiana with relative ease (Hartwell et al., 2016). In the present
study, transformation was attempted using Agrobacterium tumefaciens, with a construct that
produces betalain, which acts as an easy to see red marker for successful transformation,
driven by a constitutive 35S promoter. However, this process still requires some optimisation
since expression of betalain was only maintained for approximately a week (Appendix Figure
A4). A working hypothesis is that betalain production may have been overly metabolically
costly for the plant tissues and therefore led to the silencing of the transgene, however this

remains to be investigated in detail and with alternative promoters.

Altogether, this work has highlighted K. blossfeldiana as an informative system for
comparatively studying C3/CAM in terms of gene expression, physiology and both mesophyll

and guard cell metabolism.

158



5.1.2 Changes in guard cell metabolism and regulation in CAM are required for sustained

nocturnal stomatal opening

A key question tackled by this thesis, with implications for CAM engineering, was: will stomata
follow the pattern of mesophyll driven changes in Ci or will guard cells require separate
changes to their regulation and metabolism to support nocturnal opening and diurnal closure?
In K. blossfeldiana the data suggested that while young Cs guard cells were responsive to
reduced Ci at night, this signal alone was not enough to sustain the CAM-like pattern of
nocturnal stomatal conductance observed in the mature CAM leaves for the entire night
(Chapter 3). This contrasted with the response of the CAM-deficient K. fedtschenkoi pepcl
mutant which showed CAM-like nocturnal stomatal conductance in response to reduced C;
over the entire night, despite the absence of PEPC-mediated carboxylation (Chapter 3).
Together, this suggests a change occurs in the K. blossfeldiana guard cells on the transition
from C3 to CAM to enable nocturnal opening that is distinct from mesophyll PEPC-driven

carboxylation.

This finding raises the question of what is changing between Cs and CAM guard cells that
enables sustained nocturnal opening in CAM in response to reduced C? Chapter 2 and
previous studies (Abraham et al., 2020) have shown a retiming of guard cell starch metabolism
in CAM tissues compared to that in Arabidopsis, with starch degraded in the early night. The
data collected in this thesis showed that the pattern of starch metabolism progressively
changed as the leaves aged and CAM activity increased in K. blossfeldiana (Chapter 2, Figure
2). In C3 plants, the rapid degradation of guard cell starch is associated with stomatal opening
in response to light in the early morning, providing sugars for energy and osmoticum required
for proper stomatal opening (Flitsch et al., 2020; Horrer et al., 2016). It is therefore possible
that the retiming of starch metabolism in CAM guard cells is to support nocturnal opening
both energetically and by supplying osmoticum. Previous work in K. fedtschenkoi has also
suggested that guard cell starch synthesis during the day may work in the opposite direction
by reducing sugar osmolytes by moving carbon into starch and assisting stomatal closure. This
suggestion is supported by work on pgm mutants of K. fedtschenkoi impaired in starch
synthesis which were unable to maintain proper stomatal closure during the day (Hurtado

Castano, 2019).
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It is also likely that guard cell regulatory pathways play a role in enabling sustained nocturnal
opening in CAM in response to reduced Ci. Moseley et al., (2019) identified a number of genes
implicated in stomatal regulation with CAM-like inverted transcript expression patterns in K.
fedtschenkoi, including CAT2 which inhibits ABA induced stomatal closure in C3 plants (Jannat
et al.,, 2011). CAT2 was also found to be upregulated at dusk in the mature CAM K.
blossfeldiana leaves (Chapter 4). Chapter four also identified a number of genes that have
previously been implicated in stomatal regulation and guard cell metabolism in C; species,
that were up regulated in both the mature CAM K. blossfeldiana leaves and in
proteome/transcriptome datasets from guard cell enriched epidermal tissue from K.
fedtschenkoi. Of these genes Plasma membrane H*-ATPase (AHA2) and OPEN STOMATA 1
(OST1) were of especial interest as they have opposing regulatory effects on stomatal opening
(Ueno et al., 2005; Xue et al., 2011) and had opposing diel transcript expression patterns in K.
fedtschenkoi epidermal peels. Transcripts encoding 8-Amylase 9 (BAM9), that has been shown
to positively regulate starch degradation (David et al., 2022), and Sucrose synthase 3 (SUS3),
which converts sucrose into hexoses for glycolysis and mitochondrial respiration during light
induced stomatal opening (Antunes et al., 2012; Daloso et al., 2015), were also upregulated in
both the mature CAM K. blossfeldiana leaves and the epidermal peels of K. fedtschenkoi
leaves. Together, the changes in gene expression observed here and in other studies suggest
that changes to guard cell regulatory pathways play a role in nocturnal opening in CAM. There
is a pressing need to determine how these regulatory pathways influence and interact with
guard cell metabolism to coordinate both the regulatory and metabolic changes needed to

control stomatal conductance in both C3 and CAM.

The research conducted in this thesis also suggests that diurnal stomatal closure was largely
driven by increases in Ci from the diurnal decarboxylation of malate, with CAM-deficient pepcl
K. fedtschenkoi mutants displaying Cs levels of diurnal stomatal conductance (Chapter 3).
Curtailing nocturnal malate accumulation by growing K. blossfeldiana in reduced light also
increased stomatal conductance during the day in mature CAM K. blossfeldiana leaves
(Chapter 3). These findings are in contrast to experiments to curtail nocturnal malate
accumulation by growing Kalanchoe species in reduced CO; both here and in previous work
(von Caemmerer & Griffiths, 2009), which could suggest some additional regulatory control
alongside increased C; which together act to close stomata during the day in CAM. This thesis
hypothesised that the sensitivity to C likely changes over the diel period and between C3 and
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CAM, with even small amounts of residual CO, decarboxylated able to cause diurnal stomatal
closure. This could help in situations of extreme drought when little CO; has been taken up at

night and day-time opening would be very costly.

This idea is supported by the upregulation of genes involved in ABA signalling and OST1, that
promotes stomatal closure in response to ABA, in the mature CAM K. blossfeldiana leaves
(Chapter 4). These genes also showed a rescheduled maximum daytime expression pattern in
K. laxiflora and A. americana compared to maximal nocturnal expression in Cs Arabidopsis
(Abraham et al., 2016; Boxall et al., 2020). Both genes were , also shown to have epiderma-

specific protein expression in K. fedtschenkoi (Abraham et al., 2020).

Though future works studying Cs3 and CAM in K. blossfeldiana leaves with the aim of
unravelling both nocturnal stomatal opening and diurnal closure in CAM will need to look at
gene expression in isolated guard cell tissues and over the full diel period between C; and CAM

tissues.

5.1.3 ATP/Carbon supply for CAM

This thesis has provided further evidence to support the increases in ATP that are required to
enable mesophyll CAM which have previously been predicted by flux balance analysis
(Shameer et al., 2018) and which is consistent with past transcriptomic and proteomic studies
of multiple CAM species (Abraham et al., 2016; Brilhaus et al., 2016; Maleckova et al., 2019;
Yang et al., 2017). As part of age-induced CAM induction in K. blossfeldiana, there was an
upregulation of genes involved in multiple energy requiring and CAM supporting processes
(Chapter 4). A major sink for ATP during CAM is the nocturnal transport of malate and H* into
the vacuole to maintain pH homeostasis in the cytosol during nocturnal carboxylation, with
ALMT and tDT malate transporters and ATP consuming H* pumping vacuolar ATPases shown
to be upregulated in mature CAM K. blossfeldiana leaves (Chapter 4). ATP is also consumed
through the cycling of carbon between transitory starch and PEP with many genes in this

pathway upregulated in CAM mature K. blossfeldiana leaves.

161



In the transition from C3 to CAM as K. blossfeldiana leaves age, a number of changes in gene
expression occur to meet the energy demand of CAM, highlighting the importance for energy
supply for CAM. In the mesophyll there is a conserved shift to the phosphorolytic starch
degradation pathway upon CAM induction in mature K. blossfeldiana leaves which is
energetically advantageous and also occurs in K. fedtschenkoi and M. crystallinum, with
increased expression of PHS1 and GPT and a decrease in MEX1 expression observed in mature
CAM K. blossfeldiana leaves (Chapter 4). A portion of this ATP will be provided by increased
glycolytic processes, that were enriched in the genes upregulated in the mature CAM K.
blossfeldiana leaves and from an upregulation of mitochondrial respiration. Increased
mitochondrial respiration in CAM was suggested here by increased TCA cycle gene expression
in the mature CAM K. blossfeldiana leaves (Chapter 4) and mitochondrial genes upregulated
in constitutive CAM Agave americana (Abraham et al., 2016) and on CAM induction in the
facultative CAM Talinum triangulare (Brilhaus et al., 2016; Maleckova et al., 2019). Increased
nocturnal oxygen consumption was observed in CAM performing Clusia plants and
determined to be a CAM-specific trait (Leverett et al., unpublished). The importance of ATP
supply and the conservation of increases in mitochondrial respiration highlight the need for

detailed metabolic analysis of ATP and carbon supply and demand in CAM.

This thesis also observed the upregulation of NTT1, which can import ATP into the
chloroplasts, in CAM mature K. blossfeldiana leaves (Chapter 4) and its expression in both
epidermal and mesophyll tissue in K. fedtschenkoi leaves suggests ATP import into the
chloroplasts occurs in both the guard cells and mesophyll of CAM plants. In the guard cells,
ATP import into the chloroplasts via NTT is essential for enabling stomatal opening and guard
cell starch synthesis (Lim et al., 2022). ATP import into the chloroplasts of mesophyll cells has
not been reported in C3 plants, implying this may be a CAM-specific function, which requires
further study. There is a need for future work to understand the movement of carbon into
the guard cells and to combine guard cell metabolism and mesophyll CAM into an integrated

metabolic model.
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5.1.4 Core set of genes up-regulated in response to age, ABA, drought and NaCl-induced

CAM

There are a core conserved set of metabolic genes required for CAM that are upregulated
upon CAM induction across the different modes of CAM induction, i.e. age, ABA, drought and
NaCl (Brilhaus, Brautigam, et al., 2016; Cushman, Tillett, et al., 2008; Maleckova et al., 2019;
Wai et al., 2019). These genes are also conserved across multiple, related CAM species and
are discussed in detail in Chapter 4. Alongside this, there was overlap of regulatory genes that
may be involved in the induction of CAM across age, drought, NaCl and ABA induced CAM
(Brilhaus, Brautigam, et al., 2016; Cushman, Tillett, et al., 2008; Maleckova et al., 2019; Wai et
al., 2019), suggesting a core set of conserved genes involved in CAM induction. In keeping with
the notion of ABA-induced CAM (Taybi & Cushman, 2002), Chapter 4 showed that many ABA
signalling genes and responsive elements are also upregulated in response to age-induced
CAM in K. blossfeldiana (Brilhaus et al., 2016; Cushman, Tillett, et al., 2008; Maleckova et al.,
2019; Wai et al., 2019), suggesting that elements of ABA signalling play a core role in CAM
induction across these different modes. It makes sense for the response to water deprivation
and the induction of CAM to be somewhat interwoven, as both processes converge on the
same goal which is to conserve water and improve the plants ability to tolerate drought. This
thesis suggests that this goes so far as to share certain regulatory elements as shown, for
example, by the upregulation of several ABA responsive transcription factors in age induced
CAM in K. blossfeldiana and drought induced CAM in S. album and T. triangulare (Maleckova,
2020; Wai et al., 2019). There is precedent for similar overlap between regulatory pathways
from other processes; for example in C; Arabidopsis there is overlap between age,
photoperiod and temperature induced flowering (Kinoshita & Richter, 2021). This would
suggest that CAM induction occurs in an analogous manner to flowering time regulation,
which is influenced by multiple endogenous and external stimuli that converge on a common

response regardless of the method of induction.
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What is not yet understood is how age induces CAM and by extension how K. blossfeldiana
leaves sense age? The above would suggest that age-induced CAM is mediated by the ABA
signalling pathway, but it is likely that future studies will need to explore gene expression
progressively as K. blossfeldiana leaves age in order to detect genes involved in the earlier
stages of age-induced CAM. One hypothesis is the possibility of links between age-induced
CAM and the flower timing or senescence pathways, which in Arabidopsis have been shown
to be induced by the progressive reduction of miRNA-156 expression as the plants age (A.
Kinoshita & Richter, 2021) and has thus been heralded as a potential ‘age sensor’ or at least
close to one. However, there is not a clear link between CAM and flower induction in K.
blossfeldiana, with CAM induction occurring at the individual leaf level much earlier than
whole plant flower induction. Chapter four has shown few genes involved in flower timing to
be differentially expressed in age-induced CAM in K. blossfeldiana, suggesting no link between
age-induced CAM and the flower induction pathways. Interestingly, there was a difference in
the expression of two SQUAMOSA PROMOTER-BINDING PROTEIN-LIKE (SPL) proteins in the
mature CAM in K. blossfeldiana leaves. SPL9, which is implicated in the SPL-miRNA-156 age
induced flower induction pathway in Arabidopsis (Kinoshita & Richter, 2021) was significantly
downregulated while SPL8, the function of which is less well characterised, was significantly
upregulated (Chapter 4). The dusk comparative transcriptome described in this thesis might
provide the basis for future works exploring how age is detected and induces CAM in K.

blossfeldiana.
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5.2 Future Directions — where next on the road to CAM?

Central Repository for CAM-omics data
Organise and make CAM-omics data accessable

High throughput phenotyping
High throughput functional screens of
CAM deficent mutants

New approaches to studying CAM
Combined Spatial/temporal omics
Epigenetic Gene regulation Modeling CAM

Iterative updating of FBA and

stomtal CAM models

CAM Engineering |

Build, test, model

|

Figure 5.1 Roadmap for the future of CAM research and engineering CAM into Csz species

5.2.1 Lots of omics data, but what to do with it?

As previously described, over the past decade there have been a spree of ‘CAM-omics’ studies
including this one, using genomics, proteomics, transcriptomics and/or occasionally
metabolomics to study gene expression and metabolic differences between C3 and CAM.
However, much of these data are hard to access and there has yet to be an effort to compile
CAM omics data into an accessible and easy to use database. Examples of such include EFP
browser for exploring gene expression data in Arabidopsis across various tissue and many
different environmental conditions (Winter et al., 2007) and the broader TAIR database of the
Arabidopsis genome and gene function (Berardini et al., 2015), which has become a core
resource for gene information across plants. The CAM research community currently lacks
such a resource that makes ‘omics’ data accessible. For example, most published
transcriptomic data in CAM is stored on the NCBI Sequence Read Archive (SRA), which would
require reassembly and quantification which in turn require significant computational
resources, especially if applied to all available data. There are instances where some of these

data are published, for instance there are many CAM genomes on Phytozome (Goodstein et
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al.,, 2012) and there has been recent efforts to publish gene expression data from K.
fedtschenkoi on the new Phytozome gene atlas repository (Sreedasyam et al., unpublished,
Zhang et al., 2020). There is a need to organise the data from many CAM species into a central
and accessible resource for studying CAM genomics, transcriptomics and metabolomics. Such
a future project would allow for the easy and quick querying of many hypothesises across the

complex CAM phenotype and speed up efforts to engineer CAM.

5.2.2 New Approaches — The role of methylation in age-induced CAM

One area of gene regulation that was also investigated by this thesis was the role of gene

methylation in the regulation of gene expression in age-induced CAM in K. blossfeldiana.

This exploited the ability of the nanopore DNA sequencer to detect methylated base pairs by
sequencing DNA samples from young and mature K. blossfeldiana leaves and a number of sites
of differential methylation were detected (Appendix Figure A3.1). However, due to low
coverage and a lack of replication the number of statistically significant sites were low. This
work should be followed up with greater sequencing depth and replication, as from this
preliminary data it appears that there are substantial differences in the methylation landscape
of the K. blossfeldiana genome between young and mature leaves. Recent work has also
shown that methylation detection by nanopore sequencers is influenced by species and has
prompted work on plant specific models for basecalling DNA in plants (Ni et al., 2021). , Such
methods may improve future attempts to detect differential methylation between young and

mature K. blossfeldiana leaves.

5.2.3 Temporal and Spatial Approaches to studying CAM

Future studies on age-induced CAM in K. blossfeldiana could build upon the dusk
transcriptome in this thesis by exploring differential gene expression patterns across the full
diel period between C3 and CAM tissues. As demonstrated in other studies, many genes
involved in CAM show retimed gene expression rather than just increased or decreased gene
expression (Abraham et al.,, 2020; Yang et al., 2017) meaning that some differentially

expressed genes will likely have been missed in one-time point comparative transcriptome.
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Another generalisation made in this thesis and across CAM research is a simplification of the
CAM leaf into the photosynthetic CAM performing mesophyll and the guard cells at the

epidermis; little is known about the potential roles of different leaf cells in CAM.

A recent study on C2-CAM in which CAM was induced by drought used laser capture and spatial
transcriptomics to explore spatial changes in gene expression between mesophyll and bundle
sheath cells in a C2-CAM plant before and after CAM induction by drought (Moreno-Villena et
al., 2022). Such an approach in K. blossfeldiana, with comparisons made between guard cell
and mesophyll cells before and after CAM induction would be useful in identifying further
important CAM components with cell specific functions. High throughput spatial
transcriptomics using single cell sequencing approaches may be useful in identifying potential
functions across all cell types within the leaf. These approaches would be even more insightful
if they also combined metabolomic and proteomic data and for completeness were carried
out over the full diel period. These future approaches should also be taken in the context of
recent rapid improvements in high throughput analytic methods and reducing sequencing
costs. For instance advances in single molecule protein sequencing using nanopore like
devices may allow the detailed study of both protein abundance (Restrepo-Pérez et al., 2018),
which often differs from transcript abundance, and post translational modifications (Nova et

al., 2022) that regulate many CAM functions (Abraham et al., 2020).

5.2.4 High Throughput Phenotyping

As a result of many CAM-omics studies over the last decade there are a large number of genes
implicated in CAM that need to be functionally characterised. Methods to infer function from
orthology to genes in Cs are largely based on studies on Arabidopsis and may not hold true in
CAM species. Furthermore, many of the genes that show expression patterns of interest from
this thesis and across CAM-omics studies are poorly characterised. While there are methods
of inferring function through homology, it is likely that many of these genes will need to be

functionally characterised, especially in the context of their role in CAM.
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High throughput studies of CAM-deficient mutants have been carried out in the past.
Cushman et al. (2008) used a plate based colourimetric pH and starch assay to screen
radioactively mutagenized M. crystallinum plants for CAM or starch metabolism deficiencies.
Recently a library of CRISPR guide RNA targets were developed for K. fedtschenkoi which could
allow for efficient linkage between phenotype and genotype (Liu et al., 2019). There is also
need for the development of new methods to study and screen large number of CAM mutants,
which may present subtle phenotypes. Most large-scale phenotyping facilities are setup for
the study of C3 or common crop species (Arend et al., 2016) and they also lack the ability to

perform gas exchange experiments.

While TA’s and other metabolic assays could be useful for large screening experiments, they
might miss more subtle phenotypes. Impairment in CAM could be detected by screening for
nocturnal conductance, with efforts made alongside this thesis with a group in Sweden to test
the use of thermal imaging for detecting changes in conductance in response to metabolite
injection. High throughput gas exchange would give a more detailed idea of phenotype and
could enable both CO; uptake and stomatal conductance or even O, consumption to be
measured across many plants. In this thesis gas exchange experiments were constrained by
the LICOR-6400 ability to only test one leaf at a time. The ability to measure gas exchange
characteristics over many plants and possibly assay them with varying conditions would
provide a wealth of phenotypic information and may identify phenotypes that would go
unnoticed using todays methods. Future detailed high throughput phenotyping may be
needed to efficiently establish the function of many key genes in the context of their role in
CAM and ultimately identify targets for CAM engineering. This approach could also work the
other way as high throughput phenotyping could also be used to rapidly prototype plants for

CAM engineering.

K. blossfeldiana is a good candidate species for high throughput experiments: it is easy to grow
and CAM can be induced via multiple means, thus allowing comparisons between the different
induction pathways. K. blossfeldiana has Cz and CAM tissues within the same plant making it

more efficient for C3/CAM comparative studies.
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5.2.5 CAM modelling and Engineering

Present and future CAM omics and functional phenotyping experiments will create vast
amounts of complex data that will likely be only truly understood after applying these data to
efforts to appropriately model the underlying metabolic and physiological characteristics of
CAM. Such modelling efforts, reviewed by Chomthong & Griffiths (2020), will help condense
these large omics data sets and have already helped to highlight key processes and targets for

CAM engineering (Shameer et al., 2018).

Due to the complexity of implementing CAM into Cs plants, engineering will have to make use
of modelling to identify key metabolic control points that could potentially be manipulated to
create CAM-like fluxes of carbon (Chomthong & Griffiths, 2020; Dodd et al., 2002). This
approach may be simpler to implement, in terms of fewer transgenes, but will likely require a
greater understanding of the regulation of metabolic fluxes in CAM. While complex transgenic
constructs consisting of many transgenes can be introduced into Cs plants (Engler et al., 2014),
it may be wise to try to limit transgene introduction to avoid unintended consequences like
transgene silencing or metabolic constraints by overexpression. A simple approach to
engineering will also help in efforts to implement CAM-like stomatal regulation and guard cell

metabolism, a key challenge that has been highlighted by the research presented in this thesis.
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5.3 Overall Conclusions

This thesis has demonstrated the merits of K. blossfeldiana as a comparative system for
studying C3 and CAM physiologies and metabolism within a plant and has also identified
substantial changes in the dusk transcriptome in between young Cs and mature CAM K.
blossfeldiana leaves in response to age-induced CAM. The research described here has shown
the retiming of guard cell starch metabolism in CAM leaves and has provided evidence that
changes in guard cell metabolism and stomatal regulation are likely necessary for CAM
stomata to open in response to low C; at night. It has identified genes implicated in stomatal
regulation and guard cell metabolism that are differentially expressed between C3 and CAM
in K. blossfeldiana and may enable nocturnal stomatal opening in the mature CAM K.
blossfeldiana leaves. The data described have also highlighted a need to further investigate
the regulatory and metabolic processes that allow inverted stomatal conductance in CAM with
nocturnal opening and diurnal closure. Substantial changes in whole leaf metabolism between
the young Cs; and mature CAM K. blossfeldiana leaves have been identified and this has
reinforced the need to further study the regulatory processes that orchestrate the diel cycle

of carbon flux that enables nocturnal carboxylation and daytime decarboxylation.
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Chapter 7. Appendix

7.1 Appendix 1. Supplementary Data for Chapter 3.

Modelling Stomatal Kinetics
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pepcl mutant graphs used for example.
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Figure A1.2 Low CO; Response Stomatal Kinetics. Sigmoidal equations fit the data better than
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the exponential equations and was therefore used for response kinetics modelling in Chapter

3. Conditions and method as described in Chapter 3. K. fedtschenkoi wild type and pepcl

mutant graphs used for example.
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Figure Al1.3. Kalanchoe blossfeldiana stomatal density, number of stomata per cm? on the

abaxial epidermis of young (10t leaf pair from the bottom) and mature (2" leaf pair from the
bottom) Kalanchoe blossfeldiana leaves counted at 90 days after propagation. Error bars =

+/- standard deviation.
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7.2 Appendix 2. Supplementary Data for Chapter 4.

Sequencing Read Statistics

Table A2.1 Raw DNA Short Sequencing Read Counts and QC

Sample Raw reads Raw data (Gb) Effective(%) Error(%) Q20(%) Q30(%) GC(%)

M3 124931528 18.74 99.82 0.02
M3 311285030 46.69 99.76 0.03
M3 174885886 26.20 99.8 0.03

Table A2.2 Raw DNA Long Reads Nanopore Read Counts (After QC filtering)

Raw data
Raw reads (Gb) N50 (Kb)
3490000 10 ~10

Table A2.3 Raw RNA Sequencing Read Counts and QC

Raw data

Sample Leaf Pair Raw reads (Gb) Effective(%)
A5T1 9 42958464 6.4 98.99

A6T1 9 31891616 4.8 98.83

A7T1 9 37386098 5.6 98.94

B7T5 3 44191658 6.6 99.08

B5T2 3 41715744 6.3 98.74

B8T1 3 40890964 6.1 99

212

98.29

94.62

92.83

93.81

37.76

37.76

37.78

Error(%) Q20(%) Q30(%) GC(%)

0.03

0.03

0.03

0.03

0.03

0.03

96.44

96.32

96.51

97.22

97.3

96.3

90.8

90.71

90.89

92.15
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48.66

48.58

48.9

47.94
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Table A2.4. Kalanchoe blossfeldiana Genome Assembly Size through scaffold and duplicate

purging. Order is progressive down, with top being MaSuRCA output and bottom being the

final assembly.

Scaffold
No.

2528

13145

173

172

18

143

N75 (Mb)

0.3

1.6

5.6

5.0

18.7

18.2

N50 (Mb)

1.0

9.4

19.3

18.7

213

20.6

N25 (Mb)

2.3

21.6

23.5

234

24.1

23.4

Max
(Mb)

213

8.5

30.2

30.2

29.6

29.6

29.6

772

772

593

556

377

461

Notes

MaSuRCA

Scaffolded with K. laxiflora
PurgeHaplotigs
PurgeHaplotigs +PurgeDups
Chromosome only assembly

Chromosomes + Busco Optimised
Scaffolds
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Figure A2.1 Raw RNA Sequencing Quality Statistics. Complied with multiQC, methods as

described in Chapter 4.
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Table A2.5. Kalanchoe blossfeldiana Genome Size Flow Cytometry from Robyn Powel (Kew
Gardens)

young leaf 1 Kalanchoeblossfeldiana <Petroselinum 2.07 1.03 3.44 2.97
young leaf 2 Kalanchoeblossfeldiana <Petroselinum 1.94 0.97 3.55 3.08
young leaf 3 Kalanchoeblossfeldiana <Petroselinum 1.98 0.99 3.56 3.49
young leaf 4 Kalanchoeblossfeldiana <Petroselinum 2.01 1.01 4.11 2.78
mature leaf 1 Kalanchoeblossfeldiana <Petroselinum 2.04 1.02 5.34 3.05
mature leaf 2 Kalanchoeblossfeldiana <Petroselinum 1.95 0.98 5.3 2.67
mature leaf 3 Kalanchoeblossfeldiana <Petroselinum 1.95 0.97 2.17 2.33
mature leaf 4 Kalanchoeblossfeldiana <Petroselinum 1.95 0.97 3.21 2.56

Table A2.5. Kalanchoe blossfeldiana Endoreplication Flow Cytometry from Robyn Powel (Kew

Gardens)
Sample Genus Species 1(2C) 2 (4C) 3 (8C) 4 (16C) EI no. of peaks
young leaf 1 Kalanchoe blossfeldiana 1651 3517 5280 430 1.413 4
young leaf 2 Kalanchoe blossfeldiana 2331 5637 7564 146 1.352 4
young leaf 3 Kalanchoe blossfeldiana 1804 4977 8442 163 1.453 4
young leaf 4 Kalanchoe blossfeldiana 1219 3035 6131 716 1.571 4
mature leaf 1 Kalanchoe blossfeldiana 390 960 3467 1770 2.005 4
mature leaf 2 Kalanchoe blossfeldiana 406 844 1610 1079 1.854 4
mature leaf 3 Kalanchoe blossfeldiana 1091 2215 4484 1232 1.649 4
mature leaf 4 Kalanchoe blossfeldiana 725 1825 4662 1709 1.824 4
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Brassica rapa

55

65

Brassica oleracea capitata

Capsella grandiflora

87.63

Arabidopsis thaliana

Cleome violacea

Citrus sinensis

Kalanchoe fedtschenkoi

69.58

Kalanchoe laxiflora

Sedum album

Vitis vinifera

Aquilegia coerulea

Zea mays

100

Sorghum bicolor

Oryza sativa

Amborella trichopoda

Kalanchoe

Crassulaceae

Outgroup

Figure A2.1 Species gene tree constructed from 285 single copy gene trees identified by

OrthoFinder (Emms & Kelly, 2019), grouped sequences were aligned with Mafft 7.505 (Katoh

& Standley, 2013) individual trees were constructed using maximum likelihood with IQ-TREE

2.2.0.3 (Minh et al., 2020) and combined into a single summarised tree with ASTRAL-II

(Mirarab & Warnow, 2015). Node values represent % individual tree support.
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7.3 Appendix 3 Investigating differential methylation in age induced CAM in K. blossfeldiana

Methylation category counts by sample for significant CpG intervals

120
No data

Ambiguous
Methylated
Unmethylated

100

Counts per category
3

Young Leaves Mature Leaves

B.
Methylation log-likelihood ratio by significant CpG interval

Median LLR

Young Leaves -

Mature Leaves - | | || |

CpG positions

Figure A3.1. Differentially methylated sites detected by PycoMeth between young (10" leaf
pair from the bottom) C; and mature (2™ leaf pair from the bottom) CAM K. blossfeldiana
leaves, methylation category counts (Panel A), methylation log-likelihood ratio by CpG

interval (Panel B).
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The nanopore DNA sequencer was used to detect methylated base pairs by sequencing DNA
samples from young and mature K. blossfeldiana leaves and a number of sites of differential
methylation were detected (Appendix 4, Figure A4.1). However, due to low coverage and a
lack of replication the number of statistically significant sites were low. This work should be
followed up with greater sequencing depth and replication, as from this preliminary data it
appears that there are substantial differences in the methylation landscape of the K.
blossfeldiana genome between young and mature leaves with 467 differentially methylated
sites detected by PycoMeth (2.2.1, Snajder et al., 2022). Recent work has also shown that
methylation detection by nanopore sequencers is influenced by species and has prompted
work on plant specific models for basecalling DNA in plants (Ni et al., 2021). Such methods
may improve future attempts to detect differential methylation between young and mature

K. blossfeldiana leaves.
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7.4 Appendix 4. Testing transformations of K. blossfeldiana

A- WT K. blossfeldiana B- 35S:RUBYRED K. blossfeldiana

.

Figure A4.1. Test transformation of K. blossfeldiana, an un-transformed wild type K.
blossfeldiana plantlet (Panel A), a K. blossfeldiana plantlet 10 days after Agrobacterium
mediated transformation with a 35S:RUBYRED plasmid.

Transformation of K. blossfeldiana was attempted using Agrobacterium tumefaciens, with a
construct that produces betalain, which acts as an easy to see red marker for successful
transformation, driven by a constitutive 35S promoter. This construct was kindly gifted by
Sebastian S. Cocioba and featured a betalain biosynthesis cassette from He et al., (2020) that
expressed three enzymes driven by a constitutive 35S promoter, along with kanamycin
resistance genes and a bacterial eforCP expression cassette that enabled easy handling in
E.coliand A. tumefaciens (Figure A4.2). However, this process still requires some optimisation
since expression of betalain was only maintained for approximately a week (Figure A4.1). A
working hypothesis is that betalain production may have been overly metabolically costly for
the plant tissues and therefore led to the silencing of the transgene, however this remains to

be investigated in detail and with alternative promoters and genes.
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pCambia2300-RUBYRed-SEQUENCED
14,578 bp

Figure A4.2. 35S:RUBYRED plasmid constructed by Sebastian S. Cocioba for Agrobacterium
mediated plant transformation (Panel A) and expression of eforCP within an Agrobacterium

cell pellet as an alternative plasmid marker.

7.5 Appendix 5. Reduced Light Intensity Reduces CAM

A Titratable acidity (Dawn/Dusk)
HighLight
LowLight

Leaf Pair

2

4
6
8
i 10
6 8 10

Leaf Pair
Figure A5.1. Dawn/Dusk whole leaf overnight accumulation of titratable acidity across

100 -

~
o

A Acidity (H*g 'fwt)
3

25-

2 4
different leaf pairs in K. blossfeldiana plants sampled 90 days after propagation, grown in
normal light (normal bars, 190 umol Photons) or low light (dashed bars, 50 umol Photons).
Leaf pairs are numbered up the plant, with 10 being the youngest sampled. Values are means

+ SEM.
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