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Summary

With the rapidly changing climate conditions, the intricate ability of plants to adapt to their
environment is crucial. Plants serve as the backbone of the natural ecosystem on earth, as they
use carbon dioxide, sunlight and water to produce oxygen and carbohydrates, essential for
sustaining life. Rising temperatures and droughts can challenge the resilience of plants
(Manuscript I). Throughout evolution, plants have developed different strategies to overcome
severe stresses. One strategy is the carbon concentrating crassulacean acid metabolism (CAM),
with optimizes photosynthesis for growth in water-limited regions. CAM plants separate steps
of its photosynthetic metabolism throughout a day/night rhythm, allowing CO: fixation
during the cooler night and closing of the stomata during the day, when the temperatures are
high. The facultative CAM plant Talinum fruticosum has adapted to recurring periods of
drought by transitioning from Cs to CAM photosynthesis under drought and reverting to Cs
upon water supply. This ability enables T. fruticosum to survive prolonged episodes of severe

drought.

In this thesis we aimed to establish T. fruticosum as a model plant and to understand this
reversible CAM switching to potentially utilizing these findings in reverse engineering crop
drought tolerance in the future. We established protocols for molecular work with T. fruticosum
(Manuscript II), which has the potential to unravel previously unexplored aspects of the CAM
metabolic pathways, signaling cascades and gene regulatory networks. To understand the
gene expression of T. fruticosum during environmental adaptation, we employed a synergy of
transcriptome analysis, transcription factor binding prediction and verification through a

synthetic biological test system in an orthogonal mammalian cell system (Manuscript III).

Our studies have laid the foundation for a promising platform with novel approaches to
comprehend the complex regulatory network and adaptation mechanisms of the facultative
CAM plant T. fruticosum, with the potential to investigate other species of interest, such as the
facultative CAM plant Coleus amboinicus (Addendum). Our findings have deepened the
understanding of a drought tolerance mechanism and pave the way for future investigations,
which are indispensable in advancing crop engineering to meet the challenges of a changing

climate.
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Motivation and aim

In 2021 the World Meteorological Organization measured a new temperature record in
Europe, reaching 48.8 °C in Sicily, Italy. The heat, coupled with drought, has a profound
impact on our environment and is a major challenge to ensure food security in the 21 century.
One crucial aspect affected by high temperatures in plants performing Cs photosynthesis is
their photosynthetic efficiency, as photorespiration becomes more prevalent. In the first
manuscript of the thesis, we aim to discuss if photorespiration is a wasteful process or a

solution for plants.

Plants have evolved different carbon concentrating mechanisms to cope with environmental
changes. Among these, crassulacean acid metabolism (CAM) photosynthesis performing
plants are primarily found in semi-arid and arid regions. Certain species even use this water-
use-efficient strategy in combination with Cs photosynthesis to adapt to their environment. A
representative example of this adaptability is the facultative CAM plant Talinum fruticosum,
which can transition between Cs and CAM photosynthesis. Previous research has already
explored the genome and transcriptome of T. fruticosum. However, there is still a need for new
protocols to gain deeper insights into the molecular mechanisms of CAM. Thus, the aim of the
thesis is to establish new methodologies that will serve as the foundation for further research
questions (Manuscript II). The primary objective is to unravel key mechanisms involved in the
Cs to CAM transition. This involves not only employing a transcriptomic approach, but also
using new approaches to identify transcription factor binding sites and validating these
findings through an orthogonal synthetic test system (Manuscript III). The aim is to apply
these approaches and findings not only to T. fruticosum, but also to extent this knowledge to

other plants, such as the facultative CAM plant Coleus amboinicus (Addendum).



Introduction

Photosynthesis

Photosynthesis, a fundamental biochemical process in nature from which most life on planet
earth is dependent on. During photosynthesis plants and other photosynthetic organisms,
including photosynthetic bacteria or algae, use sunlight, water and CO: to produce glucose as
an energy storage and oxygen. Around 3.4 billion years ago, the first photosynthetic bacteria
occurred. Eukaryotic photosynthesis emerged from endosymbiosis between cyanobacteria
and a non-photosynthetic eukaryotic host, leading to the development of the chloroplast
(Reyes-Prieto et al., 2007). The first land plants performed photosynthesis around 0.475 billion
years ago (Raven and Edwards, 2014).

Cs photosynthesis is the ancestral photosynthetic pathway found in terrestrial plants and is
spread most throughout the plant kingdom (Ehleringer et al., 1991). The multi-step process
fixes the carbon from CO: into organic products. The enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (Rubisco), probably the most abundant protein in the world (Ellis,
1979) and the key enzyme of the Calvin-Benson-Bassham cycle (CBB), performs the first step
of CO: fixation. CO2 is reduced stepwise to phosphoglycerate, which is further converted to
sugar phosphates that are crucial for the plant metabolism. However, instead of CO2, Rubisco
also exhibits oxygenase activity, fixing O: by mistake, which leads to the formation of 3-
phosphoglycolate (3-PGA) and 2-phosphoglycolate (2-PG). The molecule 2-PG inhibits
metabolic regulators and is therefore metabolized by photorespiration (Fliigel et al., 2017).
Photorespiration, also known as the Czcycle, is a process that can reduce plant yield by about
30% (Walker et al., 2016). Rubisco evolved in a carbon-rich atmosphere, when the proportion
of the oxygenation reaction was low. With the emergence of oxygen-producing autotrophic
organisms, the partial pressure of O: in the atmosphere increased dramatically, leading to an
increased ratio of the Rubisco oxygenation reaction (Ehlers et al., 2015; Sage, 2004). Organisms
adjusted to the in turn higher levels of photorespiration by the evolution of carbon
concentrating mechanisms (CCM), like C: and crassulacean acid metabolism (CAM)
photosynthesis.

Figure 1 shows a simplified overview of the main differences between Cs, C+ and CAM
metabolism. While Cs photosynthesis occurs in both mesophyll and bundle-sheath cells, plants
performing Cs photosynthesis separate the metabolic pathway spatially between the two cell
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types. While in Cs photosynthesis performing plants CO: is taken up into the mesophyll cells,
Rubisco is located in the bundle-sheath cells. This allows higher carboxylase activity of
Rubisco and makes Ca4 favorable under low CO: concentration in the atmosphere and higher
temperatures (Sage, 2004). C4 photosynthesis is believed to have evolved stepwise from Cs
(Monson and Moore, 1989). The carbon concentration strategy of CAM plants shows water-
use efficiency (WUE), which emerged as a response to a changing environment by separating
the photosynthetic steps throughout different times of the day/night cycle. The evolution of
CAM photosynthesis is less understood than Cs and Cs photosynthesis. Two different
perspectives on CAM evolution are discussed in recent literature. Some views consider CAM
evolution as a continuous pattern (Brautigam et al., 2017; Schiller and Brautigam, 2021). The
authors propose that the CAM cycle framework is already present in Cs plants as they can
store acids in the night and use them during the day. Therefore, they argue that “it is not a
question of rewiring metabolism but of selecting for increased flux” and that de novo fluxes are
not needed for CAM photosynthesis. In contrast, Winter and Smith (2022) argue that CAM
evolved as a discrete innovation, where the accumulation of organic acids in the vacuole takes
place both for Cs and CAM plants or those which can transition. They argue that malate
accumulation in Cs plants happens during the day and not, as proposed by Brautigam et al.
(2017) and Schiller and Brautigam (2021) during the night. This argument would disprove that
flux upregulation of Cs metabolism explains a continuum for CAM evolution. However, to

further underpin this hypothesis, experimental evidence is needed.
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Figure 1: Schematic overview of the three main types of photosynthesis in land plants, C;, Cs and
CAM. RuBP: Ribulose-1,5-bisphosphate, PGA: 3-Phosphoglyceric acid, CBB: Calvin-Benson-Bassham
cycle, Rubisco: ribulose-1,5-bisphosphate carboxylase/oxygenase, PEP: Phosphoenolpyruvate, CA:
carbonic anhydrase, PCK: Phosphoenolpyruvate carboxykinase, PPDK: Pyruvate phosphate dikinase,
PEPC: Phosphoenol-pyruvatecarboxylase. Modified after da Rosa Ferraz Jardim et al. (2022).

CAM photosynthesis - a water-saving mechanism

Plants performing CAM photosynthesis are found across at least 400 genera and 40 families
and in about 5% of vascular plants (Winter et al., 2015; Winter and Smith, 2022, 1996). CAM is
mainly prevalent in plants growing in semi-arid habitats or regions with wet and dry seasons
(West-eberhard et al., 2011). Its carbon concentrating mechanism relies on the storage of
photosynthetic products during the night. CAM plants can therefore keep their stomata closed
during the day to prevent water-loss. The CO: assimilation in plants with CAM activity can be
divided into four phases, however all of them need to be considered together (Osmond, 1978).
During the night, when the temperatures are rather low and the relative humidity is high,
CAM plants open their stomata to allow CO:uptake. However, as there are exceptions, some
CAM plants will not open their stomata but use internally respired COz (Pierce et al., 2002).
Nevertheless, COz is not directly fed into the Calvin-Benson-Bassham cycle. The enzyme
Phosphoenol-pyruvatecarboxylase (PEPC) plays a key role in photosynthesis, where it

catalyzes the carboxylation of COz. HCOs is converted to CO:2by the beta-carbonic anhydrase
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(B-CA) In the presence of H2O and CO: the enzyme PEPC catalyzes the carboxylation of
phosphoenolpyruvate (PEP) to phosphate and oxaloacetate (OAA) (Boxall et al., 2020;
Drennan and Nobel, 2000). Glycolytic breakdown of storage carbohydrates provides the PEP
needed for the PEPC reaction. The used storage carbohydrate is dependent on the plant
species. Usable carbohydrates include starch from the chloroplast or hexoses from the vacuole.
Malate is synthesized from oxaloacetate and stored as malic acid in the vacuole and functions
as an allosteric inhibitor for PEPC (Taybi et al., 2004). Transport into the central vacuole of the
mesophyll cell is done by either one or both H* pumps, localized in the tonoplast.
Accumulation of acids can be observed by titration, where one equivalent of malate is balanced
by two equivalents of H* (Liittge and Ball, 1980). During the first CAM photosynthesis phase,
intracellular acidity can reach pH values of four or less by the end of the night (Winter and
Smith, 2022). The early phase of dawn marks the beginning of phase II of CAM photosynthesis,
where CO: is fixed. During the temperature increase in the beginning of the day, CAM plants
close their stomata to prevent water loss due to evaporation. Malic acid is exported from the
vacuole into the cytosol, where it is decarboxylated. The process of decarboxylation is
dependent on the plant species and is either performed by PEP carboxykinase or NAD(P)-
malic enzyme together with pyruvate Pi dikinase. The storage carbon pool is filled up by
recycling the remaining PEP or pyruvate via gluconeogenesis. COz is re-fixed by Rubisco and
fed into the CBC (phase III). However, later in the day the stomata might need to be opened
again if the malate is depleted and additional CO: needs to be fixed by Rubisco (phase IV)
(Osmond, 1978). It is known that there is flexibility across the four phases, depending on
different aspects including the species, developmental stage or environmental conditions
(Burgos et al., 2022; Winter, 2019).

Besides the specialized biochemistry, CAM plants show an intricate set of anatomical
specializations. Leaf succulence or leaf thickness is a phenotype not only found in CAM plants,
but represents a typical functional trait in plants found in dry environments. Succulence occurs
when cells are packed tight and contain large mesophyll cells and big vacuoles (Winter and
Smith, 1996). In CAM plants the large vacuole is crucial for the storage of acids and water to
maintain efficient photosynthesis. In addition to that, the reduced intracellular air space

prevents the efflux of CO2 (Nelson and Sage, 2008).
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Figure 2: Schematic overview of CAM photosynthesis. It's a temporally separated pathway, where
CO2 uptake it mainly done during the night, when stomata are open. C4 acids are stored in the vacuole
and used for further conversion in the Calvin-Benson-Bassham cycle (CBB) during the day. PEP:
Phosphoenolpyruvate, PEPC: Phosphoenol-pyruvatecarboxylase. Figure modified after Borland et al.
(2014).

Diversity of CAM photosynthesis

The level of how CAM plants engage their specialized photosynthetic cycle is variable. The
proportion of nocturnal CO: fixation relative to the total CO:2 uptake can range from <1% to
100% (Winter et al., 2015). A great variety and complexity are found in the biochemical
variation of CAM, which suggests plasticity and (functional) diversity. Mature tissue can show
CAM photosynthesis while Cs photosynthesis is typically prevalent in early developmental
stages (Brautigam et al., 2017). Constitutive or obligate CAM is the most common form of CAM
photosynthesis. However, other plants are able to transition between Cs or C4 photosynthesis
and a switchable CAM cycle (Winter, 2019). Constitutive CAM plants are bound to a
permanent CAM cycle in mature leaves. In contrast to that, the so-called facultative CAM
plants can transition between Cs (e.g., (Brilhaus et al., 2016; Dai et al., 1994; Maleckova et al.,
2019) or Cs (Ferrari et al., 2020) and CAM photosynthesis. This process is reversible and
genetically encoded. Plants employing facultative CAM transition if environmental conditions
are unfavorable (Gilman and Edwards, 2020; Winter, 2019), for example during drought or
high salinity, which can cause low water availability. The first description of facultative CAM
was done for Mesembryanthemum crystallinum in 1972, when a different CO: gas exchange
reaction for plants treated with and without salt was observed (Von Wilbert and Kramer,

1972). Proof of facultative CAM in a species needs to be verified by the ability to transition
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from Cs or Cs to CAM, but also always its reversibility back to the initial Cs or Cs state (Winter
and Holtum, 2007). To date, facultative CAM is described in at least 54 species from 15 families,
mostly found in Caryophyllales. It is predicted that further species will be identified,

predominantly due to a great CAM survey, as described by Winter (2019).

Phosphoenolpyruvate carboxylase — a key player in CAM photosynthesis

Phosphoenolpyruvate carboxylase is a key enzyme in CAM and Cs photosynthesis, where it
plays a role in the primary CO:z fixation (compare the chapter “CAM photosynthesis - a water-
saving mechanism”).

In G plants however, PEPC has a non-photosynthetic function, including fruit ripening, seed
formation and to restock intermediates of the tricarboxylic acid cycle (Aldous et al., 2014;
Wang et al., 2016). It is known that PEPC plays a crucial role in Cs+ and CAM photosynthesis.
However, exploration of its role is not fully understood yet, since only a few PEPC mutant
plants are reported. PEPC deficient mutants have been established for the Cs plants Setaria
viridis (Alonso-Cantabrana et al., 2018) and Amaranthus edulis (Dever et al., 1996) and the CAM
plant Kalanchoé laxiflora (Boxall et al., 2020). The PEPC mutant Cs plants could only grow or
flower under high CO: conditions. The C4+ PEPC is important to achieve high concentrations
of CO:z around Rubisco and in this way suppresses photorespiration. K. laxiflora was the first
CAM plant described, where PEPCI was silenced using RN A-interference experiments. Boxall
et al. (2020) observed a change in stomatal conductance and arrythmia of CO: fixation, which
led to the assumption that there is a connection between regulation of guard cells and stomatal
movement in the K. laxiflora PEPC1 mutant. Studies on PEPC in the context of plant
development revealed the role of PEPC in diurnal changes (Ping et al., 2018) and transition
between photosynthesis types (Theng et al., 2007). Wang et al. (2016) conducted a genome-
wide analysis of PEPC homologs in soybean. The authors identified ten PEPC genes in Glycine
max and found nineteen cis-regulatory elements that were related to stress responses or
phytohormones in the upstream region of the PEPC genes. Three of the identified PEPC genes
showed upregulation of gene expression as a response to abiotic stresses. This suggest that the
PEPC genes of soybean do not only play a role in development, but also indicates their role in

stress responses.
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Analysis of bulk data sets and experimental confirmation for a variety of CAM and Ca species
might be needed to understand the underlying mechanism of PEPC and how its

understanding can be used for future applications such as genetic engineering.

The role of the circadian clock in CAM photosynthesis

Measuring the time of the day and season is crucial for plants to survive and reproduce. A
rhythm of approximately 24 hours is widespread throughout nature and it is regulated by the
activity of an endogenous clock. An input signal, such as light or a temperature shift, a central
oscillator and an output pathway, like gene expression or the movement of leaves, are the
three basic components needed for circadian-dependent regulation. (McClung et al., 2002).
This regulation is needed for almost all processes, such as adaptation of the metabolism or
physiology to environmental stimuli (Kim et al., 2017).

The timing of photosynthetic steps in CAM plants is important and therefore optimized by the
circadian clock (Brautigam et al., 2014). Besides static circadian regulation, plants using
facultative CAM also need to adapt to fluctuating environmental changes. In contrast to
obligate CAM plants, where expression of the CAM machinery is pre-set in the plant’s
development, facultative CAM plants most often perform CAM photosynthesis optionally, as
they are able to transition between photosynthetic types in a reversible manner (Winter and
Holtum, 2014). It has been stated before that genes related to drought are regulated by the
circadian clock (Covington et al., 2008).

For engineering purposes, the intricate interplay between the core CAM network and the
circadian oscillator has to be considered. It is known that the circadian clock regulates CAM
carboxylation, decarboxylation and timing (Hartwell, 2005). The central enzyme PEPC is
temporally regulated by phosphorylation through the circadian clock-controlled
phosphoenolpyruvate carboxylase kinase (PPCK) in the dark (Hartwell et al., 1996; Taybi et al.,
2017). Core CAM genes like PPCK and Pyruvate phosphate dikinase (PPDK) show diurnal
transcript patterns and are conserved throughout different CAM species (Boxall et al., 2005).
The CAM plant K. fedtschenkoi has been used to analyze the link how CAM physiology might
be controlled by the circadian clock. By comparing K. fedtschenkoi to the Cs plant A. thaliana,
Moseley et al. (2018) could observe differential expression in core clock components as EARLY
FLOWERING 3, EARLY FLOWERING 4 and LUX. These genes, belonging to the evening
complex, showed changes in the copy number and the timepoint of expression, suggesting

9



Introduction

phase shifts between species of different photosynthetic types (Moseley et al., 2018). The
facultative CAM plant M. crystallinum shows a 4-8 h phase shift in their pattern of circadian
expression, which is suggested to be essential for photosynthetic transition from Cs to CAM
(Cushman et al., 2008). In Sedum album, research could identify a phase shift of the core
circadian clock, which suggest rewiring of time of day needed to transition from Cs to CAM
photosynthesis. It has been shown that only 20% of the cycling genes are the same under Cs
and CAM. In addition to that, circadian cis-elements were identified to play a role in the
S. album (Wai et al., 2019). Moreover, Portulaca species, which can transition between Cs and
CAM photosynthesis, also show adaptation through the circadian regulation. Most striking is
the circadian control of PPCK, as it seems to be most susceptible to transcript level dampening.
In the C+~-CAM species it is suggested that the intricate temporal gene expression is not only
needed to promote expression of CAM genes, but also important to limit Cs-related gene
expression (Ferrari et al., 2022a).

However, although multiple studies investigated the role of the circadian clock role in CAM
regulation, still a lot of steps are unknown. This is especially true for facultative CAM plants,
which not only need circadian regulation of the CAM pathway, but also for the transition from

Cs or Cs photosynthesis to CAM and back.

Model plants for CAM research

In 1577 Johannes Thal described Arabidopsis thaliana, a plant that was collected in the Harz
Mountains in Germany (Kiick, 2005). In the era of molecular biology research, the interest in
this plant was growing. A. thaliana features many advantages as a model plant, like fast and
easy growth and seed production. In the 1980s genetic approaches were combined with
molecular biology methods and offered new possibilities for research. The A. thaliana genome
was published in the year 2000 (Kaul et al., 2000) and more researcher became interested in
working with A. thaliana. Thus, establishment of protocols was needed for further
investigation of molecular research questions. With the development of new tools, a greater
variety of research questions could be addressed leading to new findings. The availability of
different methods and their use of the community has led to great progress in understanding
plant biology, with topics from cell biology, evolution, metabolisms, (epi)genetics to
physiology. Recent research fields, as systems biology, are still quite new and will offer
different ways of thinking to the community (Kramer, 2015).

10
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In the field of CAM photosynthesis there is not yet any model plant like A. thaliana. There are
species with promising properties and tools available, but this is still very limited compared
to research in Cs plants. However, with a rapidly changing climate and a steep increase in
population, the generation of drought adapted crops should be promoted. CAM is present in
about 6% of all plant species (Silvera et al., 2010) and therefore it is important to study a broad
range of plant taxa to gain a deeper understanding of CAM evolution and its regulation.
Therefore, it will be beneficial to establish CAM model plants with an available genome, a
broad variety of established methods and of high use for the research community (Chang et
al.,, 2016). However, many of the known CAM plants might be rather difficult to investigate as
they have a succulent tissue, a complex set of secondary metabolites and might need specific
growth conditions (Yang et al., 2020). Some well-studied CAM plants belong to the genus
Kalanchoé. K. fedtschenkoi and K. laxiflora are obligate CAM plants, whereas K. gracilipes is a
facultative CAM plant. The close phylogenetic relationship between these species with
different types of photosynthesis allows deep insights into the evolution and inner works of
CAM photosynthesis. A detailed investigation of the Kalanchoé genome and generation of
transgenic lines are has already been achieved (Boxall et al., 2020; Yang et al., 2017). However,
most research has been done on species with an obligate CAM cycle and not yet on the
facultative species. This leads to a lacking understanding of the transition from Cs to CAM
photosynthesis.

To date, Mesembryanthemum crystallinum is the most extensively studied plant with facultative
CAM. CAM photosynthesis of M. crystallinum can be induced by drought or salinity stress or
by the application of abscisic acid (ABA). Treatment using salt or ABA instead of drought
stress, might make experiments easier to control and to reproduce (Chu et al., 1990; Taybi and
Cushman, 2002). Besides the physiological and biochemical analysis of CAM induction,
transcriptome data have the potential to identify genes that play a role in CAM induction and
reveal genes that are being regulated by external stimuli or the circadian clock (Cushman et
al.,, 2008). Facultative CAM plants can not only transition from and to Cs, but also from and to
C4 photosynthesis. One genus known is Portulaca, where research is mainly done on P. afra
(Ting, 1981), P. amilis (Gilman et al., 2022) and P. oleracea (Ferrari et al., 2022b, 2020). Research
was also done in additional CAM species including Phalaenopsis (Deng et al., 2016), Agave
(Abraham et al., 2016), Sedum album (Wai et al., 2019), Coleus amboinicus (Winter et al., 2021) or

Talinum fruticosum (Brilhaus et al., 2016; Maleckova et al., 2019). However, there are still a lot
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of unsolved pathways of CAM photosynthesis, which could be addressed by establishing a
CAM model plant, where a variety of methods and knowledge about its genome,
transcriptome, metabolome and proteome are available. Two candidates of facultative CAM
plants that have the potential to become a model plant of CAM research are introduced in this
thesis. Coleus amboinicus belongs to the Lamaaceae (Winter et al., 2021) and combines weak
constitutive and facultative CAM. Talinum fruticosum belongs to the Talinaceae (Brilhaus et al.,
2016; Maleckova et al., 2019) and shows Csexpression, but transitions to CAM under drought

stress or as a short-term ABA response in a reversible manner.

Engineering CAM

As extreme weather conditions are becoming more frequent due to climate change, drought is
an increasing problem especially for agriculture. CAM plants perform a water-use-efficient
photosynthesis and understanding the genetic regulation is therefore valuable for improving
crop resistance. Implementing important steps of the CAM pathway or shifting plants that use
the Cs pathway towards a CAM cycle could help to prevent stomatal water evaporation and
improve plant performance and yield under drought (Yang et al., 2015). In comparison to Ca
photosynthesis, where plants are more resistant to higher temperatures due to their special
anatomy (compare Figure 1) (Schliiter and Weber, 2019), an artificial CAM cycle might be
easier to introduce into crop plants. This idea is due to the single-cell type of photosynthesis
that is used by CAM plants, which has a less complex underlying genomic regulation. As
facultative CAM plants are capable to transition between different types of photosynthesis,
most often Cs and CAM, one can assume that there are no metabolic incompatibilities between
the Cs and CAM biochemistry. Therefore, engineering CAM photosynthesis into Cs crops can
be considered a worthwhile undertaking (Borland et al., 2014; Liu et al., 2018; Yang et al., 2015).
Shameer et al. (2018) surveyed the metabolic network of Cs and CAM leaves. In a comparative
analysis Shameer et al. (2018) showed that engineering CAM into Cs plants could lead to an
increase in the water-use efficiency without affecting the yield. First approaches to implement
parts of the Cs metabolism of CAM into A. thaliana were successful as described in the
following. To optimize the expression of the CAM machinery into a Cs plants (CAM
Biodesign), Lim et al. (2019) created a carboxylation- and a decarboxylation-, as well as a core
CAM module. The carboxylation module consists of -CA, PEPC, PPCK, NAD-dependent
malate dehydrogenase and NADP-dependent malate dehydrogenase. In addition to that, the

12
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decarboxylation module includes the NAD(P)-dependent malic enzyme, PPDK, PPCK, which
are needed for decarboxylation of the Cs acid, regeneration of pyruvate, the release of COz and
regeneration of PEP. In this approach, the authors assembled multigene circuits, where the
gene expression is driven by A. thaliana promoters. Lim et al. (2019) could show that
overexpression of these components led to changes of stomatal conductance and
measurements of titratable acidity. Their results lead to fundamental innovation in the CAM
Biodesign. Moreover, other studies could show that a drought-responsive transcription factor
(TF) of the family of myeloblastosis (MYB59) from Kalanchoe fedtschenkoi led to increased WUE
when overexpressed in the model plant A. thaliana (Amin et al., 2019). These studies help to
understand the basic mechanisms of CAM, but still lacking in its full understanding due to the
fact that a Cs plant is needed, which might react different than a CAM plant would. In
combination with modeling approaches, such as considering temperature or humidity (T6pfer

et al., 2020), engineering of CAM into Cs crops could be made possible in the future.

Omic studies — a new era of research

Omic approaches can lead to the generation of big datasets with relatively low effort and at
comparable low prices. To understand the complex pathways and networks in plants, data
needs to be collected from all fields of omics, such as (epi-)genomics, transcriptomics,
metabolomics and proteomics. Availability of a broad range of multimodal data, not only for
one plant, but also across species, can lead to a deeper understanding of a plant’s complex
phenotypes. Introduction of Next Generation Sequencing (NGS) led to higher sequence
capacity, sensitivity, easier handling and to a cheaper alternative than Sanger sequencing.
Parallel sequencing is used to achieve high-throughput and therefore fast sequencing (Grada
and Weinbrecht, 2013). The number of plants with whole genome assemblies has increase
rapidly since then.

Additionally, enormous progress has also been made in transcriptome profiling. When
sequencing became cheaper, RNA-sequencing has established as the preferred method for
transcriptome analysis (Conesa et al., 2016). To further investigate synthetic (DePaoli et al.,
2014) and systemic approaches (Yang et al., 2020) -omics studies of drought tolerant plants are
needed. Transcriptomes of different CAM plants have been sequenced and analyzed towards
different biological questions. Comparative analysis of time-course related gene expression in
Erycina species showed differential expression of ABA and light-sensing related genes, when

13
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comparing Cs to CAM species. The authors therefore suggest that these transcriptional
changes might be necessary for Cs to CAM transition (Heyduk et al., 2019). RNA-seq studies
in T. fruticosum have been performed to understand the transition of Cs and CAM, under
drought or ABA treatment (Brilhaus et al., 2016; Maleckova et al., 2019). The two studies
showed changes of the transcriptome during CAM transition. Transcriptional increases in key
players of the CAM cycle, including PEPC and PPDXK, could be observed during the transition
from Cs to CAM, after plants have been drought stressed (Brilhaus et al., 2016) or treated with
ABA exogenously (Maleckova et al., 2019). This expression was downregulated again, when
plants reverted back to Cs photosynthesis after water has been re-supplied to drought stressed
plants. In addition to that, genes involved in light protection, like EARLY LIGHT INDUCIBLE
PROTEIN 1, showed upregulation of transcripts after drought, suggesting a stress response to
adapt to a changing environment. Besides genes that are known to play a role in the core CAM
machinery, transcription factors were identified, which seem to be involved in the regulation
of facultative CAM. The gene expression of the NUCLEAR FACTOR Y SUBUNIT A9 (NF-YA9)
was upregulated under drought and was identified as an ABA-responsive transcription factor
(Brilhaus et al., 2016). When ABA was applied for a short period of time, upregulation of NF-
YA9 was also observed and therefore suggest a role in an ABA-dependent induction of CAM
in T. fruticosum (Maleckova et al., 2019).

A number of RNA-seq experiments have been performed for a wide range of questions and
revealed new important insights into CAM regulation. However, not all types of regulation
necessary for a complex phenotype take place on the gene expression or transcription level.
The complex suite of regulation might entail gene regulation by epigenetic mechanisms or
RNA or protein modifications, which are not detectable using transcriptomic experiments.
Therefore, it is necessary to combine available data with other approaches, such as proteomics
or epigenomics. Integrating information about chromatin accessible genes using Assay for
Transposase-Accessible Chromatin using sequencing (ATAC-seq) with RNA-seq can give not
only insights about expression levels, but can also serve as an epigenetic mean of gene
regulation. Using omic approaches to analyze CAM plants will lead to a deeper understanding

of regulatory dynamics to environmental adaptations.
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Exploration of gene regulation

All plant developmental and adaptative processes underly complex transcriptional regulation.
The complex suite of regulatory DNA elements comprises, among others, of protein-coding,
non-coding RNA genes and cis- regulatory elements (CRE) (Strader et al., 2022). There are
different element types of CREs, including core promoters, enhancers and silencers (Schmitz
et al., 2022). A core promoter has a length of usually 50-100 bp and is crucial for the initiation
of the transcription. When a DNA sequence is bound by specific TFs and cofactors, if
necessary, transcription rates can be altered. Enhancers increase these transcription rates,
while silencers actively decrease it. Which TFs are being expressed and targeted to the CREs
in specific cell types influences the CRE activity and function (Schmitz et al., 2022). CREs can
mediate gene regulation and their differentiation might play an important role in CAM
photosynthesis (Monson, 2012). Another promising aspect of exploring gene regulation is the
analysis of promoters, which regulate differential expression in (facultative) CAM plants
under drought-stress (Yang et al., 2015).

To identify the desiccation strategy in resurrection grasses, St. Aubin et al. (2022) used an
approach based on the dynamic chromatin network and RNA levels. They found a strong
association of the analyzed chromatin accessibility and transcriptional abundance. In their
study they could identify several genes, which show a binding site for the TF ABA
INSENSITIVE 5 ABI5, indicating an important role of transcriptional regulation when it comes
to dry periods. However, complex signaling networks often involve various TFs. To get a
deeper understanding about how this might be true for water stress in A. thaliana, (Song et al.
(2016) studied DNA sequences that bind to 21 ABA-related TFs in vivo. They could observe
that the binding to the TFs is mostly increased after ABA treatment, but some TFs showed a
static or decreasing binding behavior, indicating the importance of locus-specific gene
regulation. However, there are additional methods to identify cis-regulatory elements. The
self-transcribing active regulatory region sequencing (STARR-seq) offers a high-throughput
identification of potential enhancers (Jores et al., 2020). It is based on infiltration of Nicotiana
benthamiana leaves with Agrobacterium tumefaciens containing a library of DNA sequences. This
relative robust and fast method allows identification of cis-elements and can help to gain
deeper understanding of the regulatory network of plants.

There is a variety of approaches, like the GUS (Jefferson, 1989) or the RUBY (He et al., 2020)

reporter gene system, which target the understanding of gene regulation. However, studying
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gene regulatory networks cannot only be done in the organism of interest, but also by using
orthogonal systems, like mammalian cell lines or plant cells (Andres et al., 2019; Andres and
Zurbriggen, 2022; Ochoa-Fernandez et al.,, 2020). Gene regulatory networks are highly
complex, which can make their analysis in planta difficult. Taking advantage of the modular
and combinatorial synthetic approaches can lead to a faster and easier understanding. As more

methods become available, the regulation network can be explored in a more advanced way.

Protein turnover

Proteins can have structural functions, play a role in cell signaling or function as enzymes to
catalyze reactions. Proteins can function as TFs and its amount is influenced by the regulation
through protein turnover (Nelson and Millar, 2015). Updating the protein content is
dependent on the number of proteins that are formed and degraded, a process which needs to
be tightly regulated. Synthesis might be influenced by post-transcriptional modifications,
while post-translational modifications can play a role in protein degradation (Nelson and
Millar, 2015). Protein synthesis in plants takes place at the ribosome and is the single most
costly process (Edwards et al., 2012). Degradation mostly takes place in the cytosol or nucleus
by the ubiquitin proteasome system (UPS). E1, E2 and E3 ligases form the UPS and tag
proteins, which need to be degraded. Multiple ubiquitin will be tagged, which gives the signal
for the degradation through the proteasome. Protein stability is mainly influenced by the
protein’s location and its interaction with other proteins (Gibbs et al., 2014). To adapt to
environmental or developmental changes, the balance between the rate of synthesis and
degradation needs to be regulated (Edwards et al., 2012).

Availability of an increasing number of genomic and transcriptomic studies make it possible
to connect protein turnover with photosynthetic metabolisms. In a recent study, Abraham et
al. (2020) analyzed a large-scale proteomics dataset of epidermis and mesophyll cells from the
obligate CAM plant K. fedtschenkoi. 5002 proteins with 2718 protein groups in epidermis cells
and 3582 proteins and 1973 groups in mesophyll cell, with 60% overlap have been identified.
Abraham et al. (2020) showed that there is tissue-specificity regarding malate, pyruvate and
starch metabolism. In addition to that, Heinemann et al. (2021) observed that guard cells show
a diel rescheduling of starch turnover, compared to findings from A. thaliana. Drought stressed

A. thaliana plants show 40% loss of leaf protein mass, leading to a higher content of free amino
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acids in the cell. This can be used from the plant to synthesize proline, needed as an alternative
substrate for photosynthetic-derived carbohydrates.

As protein turnover interplays with the plant’s metabolism, understanding this complex
network will help to identify additional components of regulatory networks and can make

plant engineering more fruitful.
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Abstract

The entry of carbon dioxide from the atmosphere into the biosphere is mediated by the
enzyme Rubisco, which catalyzes the carboxylation of ribulose 1,5-bisphosphate (RuBP) as
the entry reaction of the Calvin Benson Bassham cycle (CBBC), leading to the formation of 2
molecules of 3-phosphoglyceric acid (3PGA) per CO: fixed. 3PGA is reduced to triose
phosphates at the expense of NADPH + H* and ATP that are provided by the photosynthetic
light reactions. Triose phosphates are the principal products of the CBBC and the precursors

for almost any compound in the biosphere.
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Introduction

Every year, in the order of 150 Gt of carbon are transferred from the atmosphere to the
biosphere by the Rubisco reaction (Jian et al., 2022). The current atmosphere contains approx.
900 Gt C (Friedlingstein et al., 2022), which means that every six to seven years, the entire
atmospheric carbon pool is routed once through Rubisco in plants, algae, and cyanobacteria.
However, the acronym Rubisco stands for RuBP carboxylase/oxygenase, specifying that
Rubisco does not only carboxylate but also oxidize RuBP. The oxygenation reaction leads to
the formation of 2-phosphoglycolic acid (2PG), which is an inhibitor of some CBBC enzymes
and hence 2PG must be efficiently removed to avoid blockage of the CBBC by the oxygenation
product of Rubisco. Further, 2PG must be transformed into molecules that are compatible
with plant metabolism. This is achieved by a metabolic repair pathway called
photorespiration.

Bauwe (2023) provides an authoritative account of photorespiration, with a particular
emphasis on the involved enzymes, starting with the different forms of Rubisco and Rubisco-
like proteins and their evolutionary history, and moving on to the “Magnificent Ten”, the core
set of enzymes in chloroplasts, peroxisomes, mitochondria and cytoplasm that jointly convert
2PG to 3PGA. Figure 4 in Bauwe (2023) shows the entire pathway, hence we refer to this figure
for the details. A unique strength of this review is its focus on the enzyme components of the
pathway, their structures (where available), and their catalytic mechanisms. Thereby Bauwe
(2023) develops a detailed picture of how deeply photorespiration is embedded in plant
metabolism, beyond its immediate role in enabling oxygenic photosynthesis.
Photorespiration is frequently portrayed as a wasteful pathway that reduces the efficiency of
photosynthesis. Indeed, the removal of 2PG and its conversion to 3PGA requires energy and
redox power and it leads to the release of previously fixed CO:2 and ammonia. Bauwe’s review
stands out by emphasizing that photorespiration is the solution to a problem (i.e., the
oxygenation reaction of Rubisco), and not the problem itself. In fact, photosynthesis in an
oxygen-containing environment would not be possible without photorespiration. Even
cyanobacteria that utilize very efficient carbon concentrating mechanisms (CCMs) have
multiple, partially redundant routes for detoxification of 2PG and their deletion is lethal. The

same holds for Cs plants — mutations in the photorespiratory pathway are lethal or lead to
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severe growth retardation, indicating that carbon concentrating mechanisms are insufficient

to fully suppress the oxygenation reaction (Levey et al., 2019; Zelitch et al., 2009).

Integration of photorespiration into leaf nitrogen network

Bauwe reminds us that photorespiration serves multiple functions beyond the detoxification
of 2PG. In the C3 leaf, photorespiration considerably contributes to balancing of C, N and
energy metabolism. The photorespiratory cycle does not just work as a closed system, but is
interlinked with the metabolic network of the leaf and is dynamically redirecting C and N
from the CBBC to a range of other pathways. Indeed, in C3 plants, photorespiration serves as
the major source for Serine (Ser). Fu et al. (Fu et al., 2022) recently measured the rate of amino
acid export from photorespiration and found that between 27 and 39% of Ser was exported
from the pathway under ambient Oz and CO2 conditions (Figure 1). Although Ser can also be
produced by the phosphorylated Ser biosynthesis pathway that is essential for plant growth
and survival (Zimmermann et al., 2021), it seems to be advantageous for the C3 leaf to meet
serine demands during the day mainly from photorespiration. Photorespiratory Ser serves
also as dominant precursor for O-acetylserine and subsequent cysteine synthesis connecting
photorespiration to Sulfur metabolism of the leaf (Samuilov et al., 2018). Ser derived
compounds such as dehydrins, glutathione, glycine betaines or glucosinolates can also
improve stress tolerance of the leaf (Busch, 2020).

Glycine (Gly), like Ser, can also directly feed into protein biosynthesis. Gly to Ser conversion
in mitochondria during photorespiration is also deeply interlinked with C1 metabolism.
Draining of glycine and C1 compounds from photorespiration alters the amount of CO:
released from the oxygenase reaction of Rubisco (Busch, 2020). Fu et al. (2022) suggest that
photorespiratory Gly serves as a dynamic, metabolically largely benign buffer that can store
photorespiration-derived carbon and nitrogen until it can be further processed in the
downstream pathways. Bauwe (2023) also highlights the substrate promiscuity of the
peroxisomal serine:glyoxylate aminotransferase, which can use alanine (Ala) instead of Ser as
an amino donor, thereby affording metabolic flexibility and balancing of leaf amino acid
metabolism upon withdrawal of Ser or Gly from the pathway.

Photorespiration correlated positively to rates of N uptake and assimilation (Rachmilevitch et

al., 2004). The mechanisms underpinning this phenomenon are not yet resolved, but
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withdrawal of amino acids from photorespiration increases the demand for de novo N
assimilation (Busch et al., 2018). Lower rates of photosynthesis during photorespiratory
conditions could also improve availability of ferredoxin for N assimilation in the plastids
(Huma et al., 2018; Rachmilevitch et al., 2004). Influence of photorespiration on whole plant
performance is mainly discussed under the aspect of C and energy loss, but photorespiration
can also have positive effects on plant composition and fitness (Rachmilevitch et al., 2004;
Busch et al., 2018). Under elevated CO: concentrations, C3 species show a reduction in N
content (Bloom et al., 2010). With the evolution of CO: concentrating mechanisms in land
plants, such as C4, N metabolism apparently adjusted to the reduced rates of photorespiration
in C4 leaves. Interestingly, C4 plants have lower rates of N assimilation compared to C3. This
can be explained by lower demand for proteins in the assimilatory machinery of the leaf.
Recent modelling studies, however, suggest that N metabolism and availability played an
important role during evolution of C4 photosynthesis (Blitke and Brautigam, 2019;
Sundermann et al., 2021). In terms of resource allocation, phenotypic plasticity of C4 plants

could be reduced (Sundermann et al., 2021).

Evolutionary origins of photorespiration

Being an integral part of the core heterotrophic metabolism, photorespiration was subject to
rapid evolutionary turnovers. Bauwe (2023) reconstructs the ancient origins of
photorespiration: while core enzymes were recruited from alpha-proteobacterial carbon
metabolism, PGLP seems to originate from archaea and GLYK seems to be of cyanobacterial
origin. PGLP, GS and SHMT can even be found in the minimal set of 102 gene families that
are thought to be present in the last universal common ancestor (LUCA). The gene products
might have played a role in the autotrophic methanogenic lifestyle of LUCA, e.g. in Gly and
Ser biogenesis (Weiss et al., 2018, 2016). Bauwe (2023) goes even further back in time and
reminds us that lower-molecular photorespiratory intermediates such as glycolate, glycine,
sugars and even nucleobases can also be formed via ZnS-catalysis in abiotic environments
(Omran et al., 2020).

Oxygenic photosynthesis arose with the emergence of heterodimeric PSII clusters with
oxygen evolving complexes in cyanobacteria (Allen and Martin, 2007). Photorespiration in

these organisms was likely built upon pre-existing metabolic modules. The peroxisome likely
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evolved concomitantly with the installation of a mitochondrion as the result of an
endosymbiosis event between an archaeal host and an alpha-proteobacterium. The
installation of a chloroplast likely involved a eukaryotic cell with an endosymbiotic
cyanobacterium. Glycolate excreted from the nascent plastid may have contributed to the
carbon flux from endosymbiont to the host cell.

Apart from its evolution as a detoxification pathway for 2PG, photorespiration can also be
seen as a keystone for further evolutionary progress: Bauwe (2023) points out that high levels
of photorespiration reduce photosynthetic efficiency, which may have provided a selective
force for the evolution of CCMs. In nature these mechanisms take the form of pyrenoids or
carboxysomes in algae and cyanobacteria, respectively, or CAM and C4 photosynthesis in
land plants. Bauwe (2023) highlights that in the evolution of C4 photosynthesis,
photorespiration was initially split up between mesophyll and bundle-sheath cells, installing
a photorespiratory glycine shuttle. Interestingly, this glycine shuttle created an N-imbalance
between both cell types which required the installation of what today can be observed as a

full C4 photosynthetic pathway (Mallmann et al., 2014).

The photorespiratory pathway in green algae differs from that of land plants

Recent work has also suggested an important role for photorespiration in algae. Most green
algae have a reduced rate of photorespiration thanks to their CO: concentrating mechanism,
which is based on the active transport of inorganic carbon into a phase-separated Rubisco
condensate known as the pyrenoid. This increases the CO2:0: ratio in proximity to Rubisco,
preventing RuBP oxygenation. The photorespiration pathway in green algae is significantly
different from that of plants, where the processing of glycolate occurs in the peroxisome
(Figure 3 of Bauwe, 2023). In algae, glycolate oxidation occurs in the mitochondria, eliminating
the peroxisome from the pathway. In addition, the photorespiration rate of Chlamydomonas
reinhardtii increases significantly in response to decreasing CO: concentration, which is
thought to protect the plants from increased 2-PG generation. For a more detailed review of
the C. reinhardtii CCM and its relationship with photorespiration, see (Wang et al., 2015).

Photorespiration also plays a role in the regulation of the algal CCM itself. Previously thought
to be induced by low CO: concentrations, recent studies (reviewed in (Adler et al., 2022))

suggest that photorespiratory intermediates play a role in regulating the CCM in C. reinhardtii.
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Overall, it appears that photorespiration is still an essential part of the primary metabolism of

green algae, protecting metabolism from toxins and acting as a regulator of photosynthesis.

Engineering of photorespiratory bypasses as a tool to better understand
photorespiration

Photorespiration acts as a driving force for the transport of reducing equivalents between
organelles during the day and as a pathway that enables the re-routing of carbon (and
nitrogen). Bauwe (2023) reminds us that photorespiration is an open pathway that directly
taps into core plant metabolism and enables, rather than limits plant photosynthesis and
encourages a shift in photorespiration research towards a more positive view of the process.
The study of photorespiration heavily relies on the availability of mutants that are defective
in photorespiration-specific enzymes. However, mutations in photorespiration or
photorespiration-associated genes are only viable under elevated CO: conditions. The strong
alterations caused by the accumulation of intermediates in photorespiratory mutants,
undeniably cause detrimental effects in several cellular processes (Timm and Bauwe, 2013).
Overall, the physiology of photorespiratory mutants complicates the assessment of the impact
of gene deletions compared to the impact of altered environmental conditions. While these
studies have immensely contributed to a comprehensive understanding of the evolution of
the photorespiratory pathway and its interplay with primary metabolism, Bauwe (2023)
brings to our attention new research directions for further understanding this complicated

process.

In attempts to increase plant yield, numerous approaches are being taken towards so-called
COz-neutral and COe-positive photorespiratory bypasses (Trudeau et al., 2018). The
consequences of the implementation of artificial bypasses in relationship to native metabolism
and photorespiration itself are not fully understood yet. Taking the complex nature of
photorespiration into account, it seems worth considering utilizing novel metabolic routes
that bypass photorespiration to gain a more comprehensive view of the additional roles that
photorespiration plays in plant metabolism. Photorespiratory bypasses present us with the
opportunity to study the function of photorespiratory metabolites while still effectively

detoxifying 2-PG, increasing the viability of mutants in ambient conditions.
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Figure 1: (A) Simplified scheme of the ten key enzymatic steps (“Magnificent Ten”) and central
metabolites of photorespiration in a single plant cell. Photorespiration in plants is distributed between
the chloroplast, the peroxisome and the mitochondrion. The relative fluxes are taken from modelling
approaches described in Fu (2022) assuming an atmospheric O: concentration of 21 %. Glycine and
serine leave the mitochondria either via passive diffusion or transporters and to a substantial degree

enter amino acid metabolism.
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Continued Figure 1: (B) Simplified scheme of the nine key enzymatic steps and central metabolites of
photorespiration in a single Chlamydomonas reinhardtii cell. In contrast to land plants, where glycolate
processing takes place in the peroxisome, photorespiration in C. reinhardtii is limited to the chloroplast
and mitochondrion. As a result, parts of the pathway are catalysed by different enzymes. Glycine and
serine are transported to the cytosol and are fed into amino acid metabolism as well as other pathways.
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Abstract

The earth’s environment is constantly changing, so plants need to adapt in order to survive.
These major challenges are encountered by a variety of strategies evolved in the plant
kingdom. The facultative crassulacean acid metabolism (CAM) plant Talinum fruticosum can
overcome environmental stresses, such as drought, by reversibly transition from Cs
photosynthesis to the water-saving CAM photosynthesis. This strategy is not yet fully
understood and knowledge of key players in metabolic pathways is lacking. T. fruticosum
offers the opportunity to study two types of photosynthesis within one organism. Here we
introduce new molecular methods that are crucial to gain a deeper understanding about

signaling pathways and gene regulatory networks.
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Introduction

In the year 2000 the Arabidopsis Genome Initiative published the genome sequence of the Cs
model plant Arabidopsis thaliana (Kaul et al.,, 2000). Availability of this genome sequence
enabled the mechanistic understanding of many important functions in Cs plants and it
facilitated the formation of a big scientific community focusing on the model organism
A. thaliana. Investigation of the establishment of a broad method spectrum has been fulfilled
and in combination with an available genome made A. thaliana an easy Cs model organism to
work with.

The carbon concentrating strategy crassulacean acid metabolism (CAM) is present in 6% of all
plant species (Silvera et al., 2010). Constitutive CAM plants are bound to its photosynthetic
type and represent the most common form of CAM photosynthesis. In contrast to that,
facultative CAM plants can adapt to its environment, by transitioning between Cs or Cs
photosynthesis and CAM (Winter, 2019). Understanding the plants mechanism is from great
interest in a rapidly changing environment, to make engineering of CAM photosynthesis into
Cs crops possible. CAM research has been well established in Kalanchoé species, most
prominent in Kalanchoé fedtschenkoi or Kalanchoé laxiflora (Boxall et al., 2020; Yang et al., 2017).
Both species perform a constitutive form of CAM photosynthesis and addressing research
questions focusing on the transition from Cs to CAM activity will therefore not be possible.
The halophyte Mesembryanthemum crystallinum is a well-studied facultative CAM plant
(Adams et al., 1998). However, the mechanism underlying this transition is not fully
understood yet and therefore a greater variety of model plants is needed in order to solve
questions regarding molecular mechanisms of CAM. To establish a model plant, it is necessary
to develop a broad range of methods and make these available to the community. In this
toolbox paper we introduce new approaches for working with the facultative CAM plant
Talinum fruticosum (prev. Talinum triangulare). It is a perennial herbaceous dicot, native to
semiarid or tropical regions, with dry and wet seasons (West-eberhard et al., 2011).
T. fruticosum can transition between Cs and CAM in a reversible manner, which makes it a
suitable system to study and understand physiological and genetic underlying mechanisms of
two types of photosynthesis in one plant. The genome (Brilhaus et al., 2023) and transcriptome
data (Reichel-Deland, PhD thesis, Brilhaus et al., 2016; Maleckova et al., 2019) are available for

T. fruticosum, which lays a great foundation for future work. However, deeper insights into

43



Manuscript I

the underlying mechanisms of Cs to CAM transition is missing, due to the lack of molecular
approaches available.

Here we show a protocol for sterile propagation of seeds, necessary for in planta studies where
a sterile environment is crucial. It will be needed for a number of approaches, such as screening
of mutants as well as hormone or signal cascade studies. Moreover, we established protocols
for protoplast isolation from mature T. fruticosum leaves and seedlings and its successful
transformation. This important tool is crucial for understanding metabolic pathways and also
allows a broad range of downstream applications. To further understand the gene regulatory
networks, approaches such as the Assay for Transposase-Accessible Chromatin using
sequencing (ATAC-seq) might be applied in the future. Thus, we established a protocol for
nuclei isolation and sorting. In addition to that, a protocol for protein isolation is introduced,
which might be needed for future proteomic approaches.

T. fruticosum offers great potential to serve as a model plant in CAM research. This toolbox
manuscript lays the foundation to unravel new aspects that can lead to successful engineering

of the CAM pathway into Cs crops.
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Material and Methods

Plant material and growth conditions

Talinum fruticosum can be sown directly into the soil or first germinated on half strength
Murashige and Skoog (MS) plates before transferring to the soil. The pots are filled with
potting soil (2/3 D400 with fertilizer and 1/3 Floraton) mixed with Vermiculite. The plants are
grown in a controlled environment growth chamber in 12 h light at 25 °C and 65% humidity

and 12 h dark at 22 °C and 70% humidity.

Sterilization of seeds and axenic growth

For the sterilization, about 100 seeds are soaked in 2 ml tap water and/or 5% (w/v) thiourea.
After 48 h, the water is removed and the seeds are surface sterilized with 2 ml sterilization
solution (2% sodium hypochlorite, 0.01% Triton X-100) for 15 min with gentle agitation from
time to time. The sterilization solution is removed and three washing steps with sterile H.0
are performed. After the last washing step, the water is removed and it is suggested to move
the seeds to the site of the tube to allow easier drying, preferably under a laminar-flow sterile
hood. When the seeds are air dried, they can be sown on plates containing half strength
Murashige and Skoog (MS). The plates should be sealed using Micropore tape to reduce
evaporation and entry of contaminants. Depending on the downstream applications, the
plates can either be placed vertically or flat in a controlled environmental growth-chamber

with a 14 h light/10 h dark cycle with temperatures of 23 °C and 20 °C, respectively.

Protoplast isolation of T. fruticosum leaves

Two different approaches for protoplast isolation are suggested to allow work with T.

fruticosum under sterile and non-sterile conditions, as well as for mature plants or seedlings.

Protoplast isolation of mature leaves

The protoplasts can be isolated from mature leaves of soil-grown plants. The protocol is
modified from the TAPE-method (Wu et al., 2009). A leaf is gently adhered to a petri dish or,
for younger leaves, to a 6-well-plate. The upper epidermis is attached to the plate by double-

sided tape (Tesa, universal tape). Then, a single-sided tape (Tesa, transparent, 50 mm) is
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applied to the lower epidermis and the lower epidermis is pulled of together with the tape. 4
ml or 10 ml, for smaller or bigger leaves respectively, of the enzyme solution (400 mM
Mannitol, 20 mM MES-KOH, 20 mM KCl, 10 mM CaClz, 0.1% (w/v) Bovine serum albumin,
1.2% (w/v) Cellulase R-10, 0.4% w/v) Macroenzyme R-10 and 0.1% (w/v) Pectolyase Y-23
(enzymes: Duchefa Biochemie, The Netherlands) is added to a 6 well-plate or a petri-dish,
respectively. The plate is sealed with parafilm and covered with aluminum foil. The incubation
is done for 4 to 5 h in a growth chamber at 28 °C. To release the protoplasts, after incubation,
the plate is slightly agitated. Protoplasts should be carefully resuspended using wide open tips
(1 ml, sterile with filter, alpha laboratories). The filtering can be performed by usage of either
four layers of miracloth or a 100 um filter (Greiner). After a filtering step, protoplasts will
sediment and supernatant can be removed. A washing step using 2-5 ml W5 buffer (154 mM
NaCl, 125 mM CaClz, 5 mM KCl, 2 mM MES pH5.7) should be performed. The protoplasts will
sediment by gravity and the supernatant can be removed again. Finally, the protoplasts are

resuspended in an appropriate volume of W5 buffer for further application of the protoplasts.

Sterile protoplast isolation of seedlings

T. fruticosum seedlings are sterilized (as described above) and grown for 2-3 weeks on half
strength MS plates without sucrose. The protocol is modified from Ochoa-Fernandez et al.
(2020). 10 ml of MMC solution (400 mM Mannitol, 20 mM MES-KOH, 20 mM KCl, 10 mM
CaCly, 0.1% (w/v) Bovine serum albumin) are added into a petri dish. Seedlings from four petri
dishes (100 x 25 mm, about 50-75 seeds per plate), are chopped off. A sharp and sterile scalpel
should be used to cut off the leaves and attention needs to be given to not transfer roots or
media to the buffer. The leaves are chopped for three minutes in the buffer, until they are cut
in very thin pieces. The chopped leaves are transferred to a new petri dish, containing 10 ml
chopping buffer with enzymes (1.2% (w/v) Cellulase R-10, 0.4% w/v) Macroenzyme R-10 and
0.1% (w/v) Pectolyase Y-23 (enzymes: Duchefa Biochemie, The Netherlands). The plate should
be sealed using parafilm. An incubation step is done at 28 °C for 4 h in the dark. After 4 h, the
protoplasts are resuspended by using a 25 ml pipette. It is important to perform slow pipetting
using a pipetting device. The resuspension is filtered through a 100 um filter (Greiner) into a
50 ml falcon tube. Centrifugation is performed for 10 min at 100 g with low breaks in a swing
bucket rotor. The supernatant can be removed and the protoplasts are resuspended in 3 ml W5
solution (154 mM NaCl, 125 mM CaClz, 5 mM KCl, 2 mM MES pH5.7) using a wide-bored tip
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(1 ml, sterile with filter, alpha laboratories). Directly prior to downstream approaches,

attention has to be paid that the protoplasts are fully suspended.

Preparation of a Percoll cushion for a clear protoplast solution

An isotonic Percoll stock is prepared by adding nine parts of Percoll (Sigma-Aldrich, USA,
CAS: 65455-52-9) and one part 1.5 M NaCl (v/v). A dilution to a lower percentage can be
achieved by using 0.15 M NaCl. 1.5 ml of a 20% Percoll solution is added to a 2 ml tube. 500 ul
protoplast solution is carefully pipetted on top, using a wide-bored tip (1 ml, sterile with filter,
alpha laboratories). After 20 min at room temperature, the protoplast solution is separated in
the Percoll dilution. The protoplasts can be collected from the dark green layer underneath the

surface (compare Figure 1 and Figure 4A).

PEG-mediated protoplast transformation

Transformation of T. fruticosum protoplasts was adapted from the protoplast transformation
protocol of A. thaliana, published in Ochoa-Fernandez et al. (2020). 100 ul protoplast solution
is taken after separation through a Percoll cushion. In a 6-well plate, 15 ug of plasmid DNA is
mixed with the protoplast solution by gently mixing using a wide-bored tip. After 5 min of
incubation at RT, the mixture is gently dispersed throughout the rim of the plate. 120 ul
polyethylene glycol (PEG) solution (4 g PEGaoo, 3 ml H20, 2.5 ml 800 mM Mannitol, 1 ml 1M
CaClz) is added dropwise to the entire surface. The plate should not be agitated from this point
on. After an 8 min incubation step, two times 720 ul W5 (154 mM NaCl, 125 mM CaCl2, 5 mM
KCl, 2 mM MES pH5.7) solution is added.

The plasmid used in this study, pROF144, carries a UBQ10 promoter, the fluorescence reporter
Venus and a Nos terminator (Bsal restricction-ligation reaction, GoldenBraid (Sarrion-
Perdigones et al., 2013), with pPAtUbql0 (GB0223) + Venus (GB0053) + Tnos (GB0037) in
lalphal as destiny vector, compare Supplemental Figure S 1). The plasmid has been prepared
using the NucleoBond Xtra Midi kit (Macherey-Nagel).
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Figure 1: Overview of protoplast isolation from 2-3 weeks old sterile grown T. fruticosum seedlings.
Leaves of the seedlings are separated from the roots and chopped in MMC solution (B). The thin leaf
pieces are treated with an enzyme mixture to digest the cell wall (C). An incubation step is done in the
dark at 28 °C for 4 h. The protoplasts are carefully resuspended (D) and the solution is filtered through
a 100 um filter (E). After centrifugation the supernatant containing digestive enzymes is removed and
500 pl protoplast solution is carefully added on top of 1.5 ml 20% Percoll solution (F). After 20 min the
isolated protoplast layer can be recovered and used for subsequent PEG-mediated transformation (G).

Nuclei isolation of T. fruticosum leaves

Nuclei extraction is performed as published by Lu et al. (2017), with modifications. 0.5 g tissue
is ground to coarse powder and filled in a 50 ml falcon tube. 30 mg Pectolyase Y-23 (Duchefa
Biochemie), dissolved in 3 ml 15 mM acetate buffer (pH 5.5), is added to the tube. To allow
enzymatic activity, a 10 min incubation step is performed at RT. Then, 37 ml isolation buffer
(15 mM Tris pH 7.5, 2 mM EDTA, 80 mM KCl, 20 mM NaCl, 15 mM 2-Mercaptoethanol, 0.15%
Triton-X 100 and 0.5 mM spermine) is added. During a 15 min incubation step on ice, the tube
should be agitated gently every three minutes. After the incubation, the suspension is filtered
using one layer of miracloth, followed by a second filtration through four layers of miracloth
and subsequently a filtration through a 20 uM membrane (pluriSelect). The filtrate is then
pipetted on top of an equal volume of a density gradient centrifugation buffer (1.7 M sucrose,
10 mM Tris pH 8, 2 mM MgClz, 5 mM 2-Mercaptoethanol, 1 mM EDTA and 0.15% Triton-X

100). After centrifugation (1800 g, 4 °C, 50 min), the pellet is carefully resuspended in 600 pl
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Phosphate Buffered Saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na:HPOs, and 1.8 mM KH2POx)
using wide-bored tips (1 ml, sterile with filter, alpha laboratories). For visualization, the nuclei
are stained with 4,6-diamidino-2-phenylindole (DAPI). To separate the nuclei from debris,
sorting can be done by using Fluorescence Activated Nuclei Sorting (FANS). Here, we sorted
them at the Core Flow Cytometry Facility at the Diisseldorf University hospital. We used a
MoFlo XDP sorter from Beckmann Coulter. A blue laser with 488 nm and a near UV laser with
375 nm wavelength is applied. A 100 um nozzle, with 26 PSI and a maximal sorting speed of

10,000 events/sec is used for sorting.

Total protein isolation of T. fruticosum leaves

TCA/acetone extraction is modified from (Damerval et al., 1986). The steps are performed on
ice and the solutions are pre-cooled at -20 °C. 1 ml ice cold 90% acetone/10% trichloroacetic
acid (TCA) (v/w) with 0.07% (v/v) 2-Mercaptoethanol is added to 30 mg of powdered leaf
tissue and vigorously mixed. The samples are frozen at -20°C for at least one hour followed by
centrifugation at 16,000 g for 1 min at 4 °C. The pellet is washed with 500 ul acetone containing
0.07% 2-Mercaptoethanol, three times. After the third centrifugation step, the pellet is briefly
dried at 37 °C and finally dissolved in resuspension buffer.

TCA/phenol extraction is adapted from (Wang et al., 2006). The steps are performed on ice and
the solutions are pre-cooled at -20 °C. 200 mg of powdered leaf material is transferred to a 2
ml tube. The tube is filled up with 10% (w/v) TCA/phenol, followed by vigorous mixing. The
mixture is kept on ice for 10 min and centrifuged at 16,000 g for 3 min at 4 °C. The supernatant
is removed and the pellet is washed. 2 ml 80% (v/v) methanol containing 0.1 M ammonium
acetate is added and vigorous mixing to remove TCA residuals. The centrifugation is done as
before and the supernatant is decanted. To remove methanol residuals, the pellet is washed
with 2 ml 80% (v/v) acetone by vigorous mixing. The sample is placed on ice for 5 min and
centrifuged 16,000 g for 5 min at 4 °C. The supernatant is air-dried for 10 min and resuspension
buffer can be added to the pellet.

The resuspension buffers tested include 0.1 M NaOH (with or without 5% SDS), Laemmli
buffer (62.6 mM Tris base pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5% 2-Mercaptoethanol)
and 2% SDS in Tris-HCl pH 8.0. The pellet is resuspended by pipetting and/or shaking at 75

rpm at 10 °C when using Laemmli buffer.
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The bicinchoninic acid assay (BCA) using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific Inc., USA, Cat. No. 23225) is performed following manufacturer's instruction for
microplate procedure. A Bovine serum albumin (BSA) standard curve is generated and used
for calculations. The protein samples are diluted 1:30 and assayed in triplicates. The proteins

are detected in a Synergy H1 microplate reader (BioTek Instruments, USA) at 562 nm.
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Results

As a yet non-model plant, where only a few methods are established, working with
T. fruticosum is limited. However, as studies of this plant could lead to groundbreaking
findings in adaptation to drought and its implication for crop engineering, we introduce new

approaches to extend the possibilities of molecular research in T. fruticosum.

Sterilization of seeds and axenic growth

The sterile growth of seedlings is essential when it comes to molecular studies. In addition to
the presence of a sterile environment, a high germination rate is needed to efficiently work
with plants. T. fruticosum is native to tropics, but also faces semiarid and seasonally dry regions
with periods of drought followed by rainfalls (Herrera, 2009; Herrera et al., 2015; Taisma and
Herrera, 1998; Winter and Holtum, 2014). We experienced that sowing the seeds on soil
without pre-treatment leads to a relatively low germination rate. Considering the origin of T.
fruticosum we mimicked the wet season by pre-treatment with water to increase the
germination rate. In order to find the best treatment possible, we included a second pre-
treatment solution containing Thiourea. Thiourea is known for its seed dormancy breaking
properties (Denny, 1930). It has already been applied to a variety of plant species to improve
the germination (Patel et al., 2017). However, we did not only want to increase the germination
rate, but also allow germination and growth in sterile conditions. This will allow to use sterile
downstream approaches. T. fruticosum seeds are either soaked in water, water and 5% (w/v)
thiourea or thiourea only, prior seed sterilization. The seeds are sterilized using bleach
treatment, washed with sterile water and are air-dried before sowing on half-strength MS
plates. Sterilization using ethanol treatment, does not lead to germination. For evaluation of
the germination rate, it is monitored over 35 days after sowing. The influence of the different
pre-treatments to the germination rate are compared. Figure 1 shows the germination rate in
percentage from day 0 to day 35. We can show that seeds, which are soaked in water only,
show the highest germination rate. In contrast to that 5% thiourea does not seem to increase
the germination of T. fruticosum. Using the method described we can increase the germination
rate of T. fruticosum seeds from almost 40% without pre-treatment to over 90% when soaked
in water, after 35 days. Given the chance of sterile T. fruticosum seedlings we could design

further studies using methods not yet established for this species.
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Figure 2: Germination rate of sterile T. fruticosum seeds.
Germination rate (%) is shown over 35 days. Treatments with water (soaked), 5% thiourea and water +
5% thiourea are compared and indicated by different colors, n=90-110.

T. fruticosum protoplasts as a new tool for CAM research

Protoplasts, cells with removed cell walls, can be used for a broad variety in plant research.
Successful isolation and transformation of intact protoplasts can be used to gain a deeper
understanding of metabolic pathways and gene regulatory networks on a single cell level.
Moreover, approaches could include the cultivation of transformed protoplasts to regenerate
new plants or hormone treatment to study signaling cascades. To make use of the benefits of
the special photosynthetic plant T. fruticosum, we established methods to isolate protoplasts
from its leaves. Two different protocols are introduced for isolating intact protoplasts. They
can either be isolated from mature leaves or from sterile-grown seedlings, which will be
needed for studies under sterile conditions. Using mature leaves instead of seedlings is
cheaper and can therefore also be used from groups where possibilities for sterile work is

limited.

Protoplast isolation of mature T. fruticosum leaves

T. fruticosum plants are grown in soil and the mature leaves are cut off for protoplast isolation.
The protocol described is adapted from the TAPE-method established for A. thaliana (Wu et
al., 2009). Using double-sided tape, the leaf is attached to a petri-dish (Figure 2A) and the

upper epidermis is removed (Figure 2B). The addition of enzyme solution, containing
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Pectolyase Y-23, will lead to protoplast release after an incubation of 4-5 h at 28 °C in the dark
(Figure 2C). We experienced that the addition of Pectolyase Y-23 is necessary for receiving
intact protoplasts from T. fruticosum leaves. Moreover, the pipetting should be done very
carefully, always using wide-bored tips, to not damage the protoplasts. A washing step with
W5 solution (Figure 2D) is performed to remove the debris. The intact protoplasts can be
observed under the microscope (Figure 2E). The established protocol makes it possible to
isolate protoplasts from mature T. fruticosum leaves, which can be used for further studies.

However, it should be kept in mind that plants are not grown in sterile conditions.

Figure 3: Overview of protoplast isolation from mature leaves of T. fruticosum.

A: A T. fruticosum leaf is sticked to double-sided tape with adaxial side facing the tape. B: The epidermis
is removed using single-sided tape. C: Treatment with enzymes leads to release of the protoplasts into
the solution after careful pipetting. D: The protoplasts are washed with W5 solution and can be observed
under the microscope (Transmitted-light microscope, 20x) (E).

Protoplast isolation and transformation from sterile-grown T. fruticosum seedlings

To allow a broader range of molecular follow-up approaches, we established a protocol to
isolate protoplasts from seedlings grown in sterile conditions. A schematic overview of the
method can be seen in Figure 1. The leaves of the seedlings are chopped in isolation buffer,
containing Pectolyase Y-23. The addition of enzymes and careful pipetting will lead to
protoplast release after 4 h 28 °C incubation in the dark. Careful pipetting should be performed

to homogenize the solution, followed by a filtering step. While filtering, the falcon tube should
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be in an inclined angle, so that the protoplast can carefully slide through the side of the tube.
Holding the falcon tube in a vertical position will lead to burst of a high number of the
protoplasts. After the filtering step is done, the protoplasts are centrifuged. W5 solution is
applied to the pellet and the protoplasts are released by careful pipetting. The isolated

protoplasts can be observed under the microscope (Figure 4B).

>

Figure 4: Protoplast isolation of T. fruticosum seedlings.

Microscopy images of the protoplast solution before (B, 10x) and after (C, 20x) clearance through a 20%
Percoll-NaCl solution Percoll layer. The protoplasts are collected in one layer underneath the surface
after 20 min incubation on a Percoll cushion (A).

However, the isolated protoplasts are intact, the solution still contains a lot of debris, which
can make follow-up approaches, such as transformation and precise quantitative assays,
difficult. Therefore, we suggest transferring the protoplast solution to a Percoll cushion. Here,
a 20% Percoll-NaCl solution is prepared and overlaid with the protoplast solution. After 20
min at room temperature, the protoplasts are collected in the dark green layer underneath the

surface (Figure 4A). Between the protoplast layer and the surface, damaged protoplasts and

chlorophyll are found. Additional debris might also sink to the bottom of the tube. Using a
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Percoll cushion for separation of protoplasts from debris and chlorophyll, leads to a clear

solution of intact protoplasts (Figure 4C), which can be used for downstream applications.

Transformation of T. fruticosum protoplasts

Intact protoplasts, which are separated through a Percoll cushion can be used for downstream
approaches. To study signaling pathways and gene regulatory networks, transformation of
protoplasts might be essential. Therefore, we established a PEG-mediated protoplast
transformation protocol. As a proof of principle, we used a construct expressing Venus under
the control of a UBQ10 promoter (compare Supplemental Figure S 1 for a detailed plasmid
map). Venus is a fluorescent-based YFP reporter variant with an excitation peak at 515 nm and
an emission peak at 528 nm (Nagai et al., 2002). 100 pl of the intact protoplast solution is
transformed with 15 ug plasmid DNA. The transformed protoplasts are kept in the dark
overnight. Then, the transformed protoplasts can be detected easily using a confocal or
fluorescent microscope. Here, we performed confocal microscopy 18 h after transformation.
Figure 5 shows two protoplasts by autofluorescence (B), where only one shows signal when
excited at the specific wavelength for Venus expression (A). Both protoplasts show a round

shape, indicating that the protoplasts are still intact after 18 h of incubation.

Figure 5: Protoplast transformed with a construct carrying UBQ10:Venus:NosT.
A: Image taken in GFP-channel, wo detect Venus expression, B: Image is taken without any filters to
capture all autofluorescence. Both 20x.

55



Manuscript I

Two protocols have been established to isolate intact protoplasts from T. fruticosum leaves. The
protoplast isolation is possible from mature leaves or sterile-grown seedlings and the
protoplasts can be used for downstream approaches such as transformation. Here, we could
show successful transformation of T. fruticosum leaf protoplasts, proofed by detection of a

Venus signal using confocal microscopy.

Nuclei isolation of T. fruticosum leaves

To understand the complexity of genetic regulation, assays about chromatin accessibility
might be a promising approach. Therefore, we developed a protocol to isolate a high number
of intact nuclei from T. fruticosum leaves. The nuclei are isolated from flash-frozen leaves,
which are ground to coarse powder. Prior to addition of the lysis buffer, we add a 10 min
incubation step with Pectolyase Y-23 to achieve a less viscous solution to continue with. We
experienced that excluding the enzymatic step does lead to a very viscous solution, from which
nuclei cannot be isolated successfully. The lysis is done for 15 min on ice, followed by filtration
steps to remove the debris. The nuclei are separated by centrifugation over a sucrose gradient.
Then, the pellet is resuspended in PBS buffer. Careful resuspension of the nuclei pellet is
important. Therefore, it is suggested to use wide-bored tips. The nuclei can be visualized by
staining with DAPI and observation can be done using a confocal or fluorescence microscope.
Here, we observed different sizes of nuclei. However, the nuclei are shaped round and can be
found separated from one another (Figure 6A and B). As a follow-up approach, we elucidated
possible left-over debris using Fluorescence Activated Nuclei Sorting (FANS). This method is
also used to receive a specific number of nuclei in an appropriate volume. As a proof of
principle, we sorted the DAPI stained nuclei using a FANS with a 100 um nozzle and a 375
nm and 488 nm laser. Figure 6C and D show the nuclei distribution for unstained and stained
samples. The nuclei are distributed by their scattered light parameter. On the left side,
respectively, the forward scatter is shown against the DAPI signal. When the nuclei are
stained, the population changes it position to an increasing log height (D). The right diagram,
of C and D respectively, shows the populations found in the forward and the side scatter. A
population can only be found for the stained nuclei sample (D).

This protocol can be used for nuclei extraction of T. fruticosum leaves and might be adapted

easily for other plant species.
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Figure 6: Isolated and sorted nuclei of T. fruticosum.

A: Fluorescence microscope image of DAPI-stained nuclei with a 10 um scale bar (20x); B: Confocal
microscope image of DAPI-stained nuclei with a 5 um scale bar (96x); C and D: FANS Diagram of
unstained and DAPI-stained nuclei, respectively. A forward scatter against DAPI signal plot is shown
on the left, a forward against side scatter plot is shown on the right.

Protein isolation of T. fruticosum leaves

Until today, only little is known about proteins in facultative CAM plants. Analysis of
thousands of proteins and characterization of their role in Cs to CAM transition could be
investigated by proteomic approaches. However, the protein preparation is challenging. As
proteins are structurally and physicochemical complex, its extraction, solubilization and
handling can be difficult. In addition to that, T. fruticosum is a waxy plant and contains
secondary metabolites, which makes isolation even more complex. Here we compare different
methods for the total protein isolation from T. fruticosum leaves, which could be used for
downstream approaches, such as proteomics.

Two different buffers are tested for protein extraction. The pellets are resuspended using
NaOH supplied with 5% SDS. The soluble protein concentration is measured using the
bicinchoninic acid assay (BCA). Extraction using TCA/acetone as an isolation buffer, leads to
19 ug/mg FW protein measurable. The extraction of proteins using TCA/phenol results in 42
ug/mg FW protein that can be measured (Figure 7A). To isolate the highest number of proteins

possible, we continued with the TCA/phenol method. To determine the most suitable
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resuspension buffer for the TCA/phenol extraction, we tested four different buffers (Figure
7B). It was shown that solubility of proteins is lower in acidic pH than in alkaline (Ma et al.,
2022). Therefore, the pellet is resuspended in 0.1 M NaOH (with or without SDS), Laemmli
buffer or 2% SDS in Tris-HCI (pH 8.0). Resuspending the pellet in NaOH without SDS shows
the lowest amount of protein measurable. Application of Laemmli buffer leads to higher
protein amounts than NaOH with or without SDS. However, resuspending the pellet with 2%
SDS dissolved in Tris-HCl shows the highest measurable protein concentration after
TCA/Phenol extraction. Protein isolation from T. fruticosum leaves could therefore be isolated

best when using TCA/phenol extraction buffer with resuspending the pellet in 2% SDS Tris-
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Figure 7: The amount of total protein that can be isolated is dependent of extraction methods and
resuspension buffers.

The protein amount measured with BCA is shown in pug per mg fresh weight. A: Proteins are extracted
TCA/acetone or TCA/phenol and resuspended in NaOH supplied with 5% SDS. (Biological replicates=6)
B: Samples are extracted using TCA/phenol and resuspended in NaOH, NaOH supplied with 5% SDS,
Laemmli buffer or Tris-HCl supplied with 3% SDS (Biological replicates=3).
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Discussion

Here, we introduce new protocols for molecular work with T. fruticosum. Establishment of
additional methods will make further analysis and characterizations of Cs and CAM
metabolism possible. We showed that germination of T. fruticosum seeds can be done in a
sterile environment, which is crucial to perform downstream processes, where sterile
conditions are needed. In addition to that, application of chemicals on plates or in liquid media
enables more controlled conditions and a higher reproducibility rate than it could be achieved
in soil. Moreover, we could increase the germination rate by soaking the seeds in water prior
to sowing. This will allow working with a high number of plants, which is needed for a variety
of approaches. These involves screening for specific phenotypes, protoplast isolation of
seedlings and treatments with amino acids or hormones. The phytohormone abscisic acid
(ABA) is known to play a role in stress responses to drought and CAM photosynthesis (Taybi,
1995; Taybi and Cushman, 2002; Ting, 1981). One follow-up approach might be ABA treatment
on seedlings. This has already been done for A. thaliana seedlings and let to the identification
of a network of transcription factors, which control stress responses due to water limitation
(Song et al., 2016). Understanding the interplay of ABA and the transition from Cs to CAM

photosynthesis in T. fruticosum will help to unravel key players in the signaling cascade.

For deeper understanding of metabolic pathways and gene regulatory networks, protoplasts
represent a promising tool to work with. Here we show a protocol to isolate protoplasts from
T. fruticosum seedlings and its successful transformation using a UBQI0 driven Venus
construct. The protoplasts of T. fruticosum leaves might be used to study phytohormone
signaling cascades (Andres and Zurbriggen, 2022; Hwang and Sheen, 2001; Lehmann et al.,
2020) or circadian rhythms (Hansen and van Ooijen, 2016; Nakamura and Oyama, 2018). The
circadian clock regulates a variety of metabolic processes of the plant and is needed for
adaptation to environmental stimuli. Regulation of CAM photosynthesis is highly dependent
on the circadian clock, since its pathway is separated throughout a day/night rhythm. Research
has already investigated key questions in the interplay of CAM and the circadian clock
(Cushman et al., 2008; Hartwell, 2005; Wai et al., 2019), but knowledge of the full pathway is
lacking.

Another target that might be investigated is the subcellular localization of proteins or protein-

protein interaction analysis (Komarova et al., 2012). Proteomic approaches are large-scale
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studies, which form an important part of functional genomics. Here we established a method
for total protein isolation of T. fruticosum leaves. We suggest using TCA/phenol to isolate the
proteins and to resuspend the pellet in Tris-HCI supplied with 2% SDS. This protocol can be
applied for proteomic analysis as a next step towards understanding CAM photosynthesis.
However, to identify the subcellular localization of a specific protein, proteomics might not be
sufficient and therefore, transformation of protoplasts is a needed. Analysis of the subcellular
localization of a protein will help to determine the protein’s environment and unravel its
function and potential interaction partners (Donnes and Hoéglund, 2004) to solve open
questions in the field of CAM research. Moreover, we suggest to use protoplast transformation
to regenerate a transformed plant (Reed and Bargmann, 2021; Swarna and Ravindhran, 2012).
As protoplasts might allow fast and efficient manipulation of genes and pathways,
regeneration to a fully developed plant could lead to new findings and understanding of how
plants can cope with drought. In addition to protoplast isolation from sterile-grown seedlings,
we introduced a method for protoplast isolation of plants grown in soil. This approach can be
performed when sterile conditions cannot be provided or are not needed for the specific
downstream method. However, the plants could still be semi-sterilized using ethanol to
reduce contamination of the leaves. The two methods of protoplast isolation of T. fruticosum
leaves shown here, can be used for a variety of downstream approaches. Analysis and
manipulation of T. fruticosum protoplasts offers not only a great tool to investigate signaling
cascades and gene regulatory networks, but also gives the chance to study two types of
photosynthesis in one organism.

In addition to protoplast isolation, we established a method for the isolation of intact nuclei.
These nuclei can also be sorted successfully using FANS. Intact and sorted nuclei can be used
for downstream approaches such as ATAC-seq, diploidy measurements or gDNA isolation.
ATAC-seq (Buenrostro et al., 2013) could be performed to unravel the chromatin landscape of
T. fruticosum and how it changes when the plant transitions from Cs to CAM photosynthesis.
ATAC-seq was already used to study accessible genome regions in other plant species. In the
desiccation plant Craterostigma plantagineum this approach was used to understand the plants
gene regulatory network. Analysis of temporal and spatial gene expression unraveled genes
responsive for desiccation (VanBuren et al., 2023). The establishment of a protocol for intact
nuclei isolation and sorting lays the foundation for further downstream approaches, which

can lead to new understanding in the photosynthetic adaptation of T. fruticosum.
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Here we show new methods for molecular work with the facultative CAM plant Talinum
fruticosum. This work will support future studies to solve key questions in the field of CAM
research. Unraveling key players of the transition from Cs to CAM photosynthesis is crucial to

engineer CAM traits into Cs plants to gain more drought resistant crops.
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