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Summary

Agriculture of the 21% century faces challenges in form of growing global population, increasing
demands for food, feed and plant-based products, ongoing climate changes with more frequent and more
severe drought periods, and shrinking arable land. To satisfy the production demands, plants relying on
crassulacean acid metabolism (CAM) are an attractive alternative to Cs and Cs4 crops that require extensive
irrigation. In parallel to increased reliance on CAM plants, CAM engineering (i.e. introduction of the
CAM pathway to conventional crops) is a promising strategy to generate crops better suited to warmer and
drier conditions.

CAM is an extremely plastic adaptation, including facultative CAM - a reversible induction of the
CAM pathway in Cs or rarely Cs4 species. Facultative CAM species are an excellent system to dissect the
genetic components of CAM, mechanisms of their regulation and to shed more light on the evolutionary
trajectories of CAM. Talinum triangulare is one of many facultative CAM species, with well described
drought-inducible CAM and first ‘-omics’ resources available. The present thesis aims to establish
T. triangulare as a model species for the field of CAM research.

Even though water withdrawal induces CAM within few days in 7. triangulare, the timing and
nature of the initial signalling events leading to CAM induction are not known. Moreover, the onset of
CAM induction depends on external variables, such as soil moisture and air humidity. Following up on the
findings from the drought experiment performed previously, the phytohormone abscisic acid (ABA) was
applied as a foliar spray. The effect of the treatment was studied by the means of RNA-sequencing and
metabolite measurements, revealing the rapid pace and extent of ABA-induced transcriptional changes.
These were moreover accompanied by altered levels of several metabolites and most importantly titratable
acidity at the end of the dark. Several candidate transcription factors were identified as possible mediators
of the CAM induction based on their transcriptional responsiveness. An unexpected finding was
pronounced and rapid protein degradation following the ABA treatment. It was hypothesized that
degradation of proteins with activities competing with the CAM cycle is an essential to CAM induction
alongside with synthetic processes (Manuscript I).

Draft genome assembly and reference transcriptome were generated with long read sequencing
technologies. Temporal adjustment of gene expression likely gained on importance in CAM species and
promoter sequences of 7. triangulare were therefore analysed for presence of known transcription factor
binding sites. Motifs associated with ABA response and the circadian clock were enriched among genes
sharing similar expression profiles during CAM induction. Interspecies comparison identified several
putative transcription factor binding sites enriched in promoters of T. triangulare but not in Cs and
obligate CAM species. Furthermore, protein-coding sequences were examined. Candidate genes shared by
facultative CAM species, which included several putative transcription factors, an ABC transporter, and
an ABA-inducible protein, were identified in an interspecies comparison. Examination of predicted
protein sequences of phosphoenolpyruvate carboxylase responsible for nocturnal CO, fixation revealed
considerable diversity among isoforms of 7. triangulare as well as across species. Further investigations
of CAM regulation and evolution should embrace much of the diversity of CAM species and focus on
both protein-coding sequences and regulatory elements (Manuscript 1I).



Introduction

Introduction

Until 2050, human population on the Earth is expected to reach 9 billion, which together with rising
standards of living will increase the demands on food production by up to 49 % (FAO, 2019). Besides
growing need to produce more feed for livestock, plant-based products, such as fibre and biofuels gain on
importance. Satisfying all those needs is challenged by ongoing and expected climate changes, including
reduced soil moisture and higher frequencies of extreme drought events, by shrinking areas of arable land
both due to climate changes and growing competition for land between agriculture and urban growth.
Taken together, the agriculture has to change to use less resources, such as irrigation water and fertilizers
(Trenberth, 2011; Dai, 2013; Maurino and Weber, 2013; Cushman et al., 2015; Yang et al., 2015). As of
2007, arid, semi-arid and dry sub-humid areas accounted for approximately 30 % of the world’s global
area. These lands are not only one of the world’s most fragile ecosystems but also provide means of living
to about one billion people, a large proportion of whom belongs to the poorest in the world. Given
inadequate precipitation in these regions, they are at the same unsuitable for growing economically and
dietary important Cs; and Cs4 crops (Malagnoux, 2007).

One possible solution to face these challenges is to take advantage of CAM species with often
remarkable water-use efficiency (WUE), which is defined as units of CO, fixed per a unit water lost
(Niechayev et al., 2019). By shifting all or part of the net CO, uptake to the dark phase of the 24-hr cycle,
CAM species can perform up to 6- and 3-fold better than species relying on Cs; and C4 photosynthesis,
respectively. High WUE comes hand in hand with increased heat stress tolerance, meaning that CAM
crops could serve as climate-resilient sources for food, feed, fibre, biofuel and even pharmaceuticals,
expanding their production to semiarid, abandoned and/or marginal agricultural lands (Mason et al., 2015;
Liuet al., 2018; Davis et al., 2019). Indeed, this is the case for economically increasingly important crops,
such as Agave spp., Aloe vera and Opuntia ficus-indica (summarized by Liu et al., 2018). More
challenging yet even more promising strategy is engineering of the CAM pathway into conventional
crops, thus making them more adapted to lands with reduced soil moisture and reduced precipitation
(Borland et al., 2014; Yang et al., 2015; Liu et al., 2018). Here, two alternative strategies are imaginable:
1) full reversion of C; (or C4) photosynthesis into CAM, thus expanding cultivation of present-day crops to
regions which are or will become too arid (Yang et al., 2015; Liu et al., 2018) or ii) implementation of an
inducible CAM pathway, in which case the water saving strategy could be activated on demand (e.g.
during extended heat and drought waves in the areas with moderate climate).

However, to make CAM engineering possible, a deeper understanding of this complex pathway and its
regulation is required, while multiple points of view are desirable: ecological, anatomical, biochemical,
genetic as well as evolutionary perspective (Goolsby et al., 2018). Even though the CAM pathway has
been studied biochemically starting in 1970s, most of our current knowledge is based on
Mesembryanthemum crystallinum and Kalanchoé species. Moreover, there is a lack of knowledge
regarding genomic features underlying this complex phenotype and its evolutionary history. The present
thesis aims to establish the facultative CAM species Talinum triangulare as another CAM model. In this
species, stress-induction of CAM can be replaced by exogenous ABA, thus making CAM induction more
reproducible and faster. Time-course mRNA-sequencing experiment identified early responsive genes
during the induction phase for future investigations (Manuscript I). Secondly, taking advantage of long-
read sequencing technologies, the first draft genome assembly and an improved transcriptome assembly
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were generated. Thanks to these resources, it was possible to identify cis-regulatory elements associated
with ABA-induced transcriptional changes and to identify candidate genes that possibly evolved in
facultative CAM species (Manuscript II).

CAM evolution

CAM emergence is a great example of convergent evolution. Up to date, CAM has been described
in about 6% of flowering plants which are represented by at least 35 plant families of monocots, dicots as
well as some basal plant lineages. The latter include submerged aquatic macrophytes Isoétes spp., cycad
Dioon edule and several ferns (Keeley, 1998; Holtum and Winter, 1999; Vovides et al., 2002; Silvera et
al., 2010). Repeated and independent emergence of CAM on numerous occasions is supported by i)
presence of CAM in phylogenetically taxa, and ii) diversity of decarboxylating enzymes as well as
carbohydrate storage systems recruited in CAM (Christopher and Holtum, 1996; Silvera et al., 2010;
Christin et al., 2014; Niechayev et al., 2019). Independent CAM origins are common even among
relatively closely related species as observed for example in Agavoideae, Euphorbia, Bromeliaceae and
Caryophyllales (Christin et al., 2014; Horn et al., 2014; Crayn et al., 2015; Heyduk ef al., 2016). Besides
selection for increased WUE, the decline in atmospheric CO, concentration in the Miocene and early
Pleistocene could impose a selection pressure for CAM evolution (Silvera et al., 2010; Arakaki et al.,
2011). Limited CO; availability due to low diffusion coefficient of CO, in water was also the likely driver
for emergence of CAM in primitive aquatic plants such as in the above-mentioned genus Isoétes (Keeley,
1998).

In some families, CAM is much more frequent than in others. Families especially rich on CAM
species include Cactaceae, Agavaceae and Didiereaceae with all genera likely performing CAM, and
Orchidaceae and Bromeliaceae, with about 10% and 57% of species performing CAM, respectively. The
high frequency of CAM in these families correlates with water- and nutrition-limited, terrestrial and
epiphytic habitats these species thrive in (Silvera et al., 2009, 2010; Bone et al., 2015; Crayn et al., 2015;
Niechayev et al., 2019). Among dicots, the order of Caryophyllales presents a true hotspot of
photosynthetic transitions, which makes it a great system to study evolution of these complex traits. It is
worth mentioning that six Portulaca species have been described up to date, which evolved Kranz
anatomy typical of C4 species but can express CAM in a facultative manner (Christin et al., 2014; Holtum
et al., 2017a; Winter and Holtum, 2017).

Diversity of CAM

In most cases described up to date, CAM does not appear as a sole carbon assimilation strategy but
comes together with C; and in rare cases with C4 photosynthesis, with the relative proportion of carbon
assimilated via either pathway changing (Winter, 2019). The factors shifting the preference to one or
another photosynthetic type are developmental as well as environmental. For simplicity, only the terms
relevant to current hypotheses about CAM evolution will be clarified here.

In obligate (constitutive) CAM species, CAM expression in photosynthetic tissue is under
developmental control, with young C; tissue progressively transitioning to CAM (e.g. K. pinnata,
K. fedtschenkoi, Agave spp.). In contrast, facultative CAM is induced in C; or Cy tissue in response to
abiotic stress, such as drought or high salinity. In truly facultative CAM species, the transition is reversible
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upon stress removal. Besides T. triangulare and M. crystallinum, Calandrinia polyandra, an epiphytic
fern Vittaria lineata and an orchid Dendorbium catenatum are examples of facultative CAM species
(Minardi et al., 2014; Winter and Holtum, 2014; Zou et al., 2018; Winter, 2019). The flexibility of
facultative CAM is its major advantage. Cs assimilation is associated with faster growth, while stress-
induced CAM brings the advantage of increased WUE when conditions become less favourable (Wai ef
al.,2019).

Weak and strong CAM refer to the proportion of total carbon gain during the dark phase. Weak
CAM can be expressed both constitutively and facultatively, but C; remains the primary mode of carbon
assimilation. Nocturnal CO; uptake via the CAM pathway does not exceed 5% of total carbon gain in
constitutive CAM species and in weak facultative CAM species, nocturnal CO; uptake contributes less
than 5% of the daytime CO, fixation (Winter, 2019). Strong CAM, in contrast, is characterized by high
rates of nocturnal assimilation and is typical for obligate CAM species (Winter, 2019).

Nocturnal stomal opening is a typical feature of CAM. However, this may not always be the case as
well illustrated by CAM cycling and CAM-idling. Under CAM cycling conditions, atmospheric CO; is
taken up during the light phase and the detectable fluctuations in malic acid content between the light and
dark phases are due to nocturnal malate synthesis fuelled by re-fixation of respiratory CO,. CAM cycling
most often occurs in species expressing facultative or weak CAM. Even more extreme form is CAM-
idling when stomata remain close throughout the 24-hr cycle and malate synthesis fully depends on re-
fixation of respiratory CO,. Strong CAM species switch to CAM-idling as a survival strategy under severe
stress conditions (Harris and Martin, 1991; Silvera et al., 2010; Winter, 2019).

Currently, CAM is viewed as a continuum of flexible modes of carbon assimilation rather than as a
discrete trait as supported by plasticity of the CAM syndrome outlined above (Silvera et al., 2010; Winter
et al., 2015). Yet, the evolutionary trajectory leading to CAM remains to be fully deciphered. Yang et al.
(2019) proposed two alternative hypotheses. One possibility is evolution along a Cs — facultative CAM —
weak (obligate) CAM — strong (obligate) CAM continuum. Alternatively, facultative CAM could have
evolved from Cs ancestors independently of a C; — weak CAM — strong CAM trajectory. Regardless of the
exact evolutionary path, CAM does not have to be a finite state and sliding back is possible. In
Bromelioideae, a subfamily of bromelids, CAM was detected in 90% of species tested. CAM was
determined to be the ancestral carbon assimilation strategy with reversal to Cs in some species (Ming et
al., 2016). Strong CAM seems to be the ancestral carbon assimilation pathway in the Agave clade with
reversion to weak CAM in the sister group of Polianthes (Heyduk et al., 2018). The effect of loss of
individual CAM enzymes was investigated in RNAi lines of Kalanchoé spp. Loss of NAD-MEI or
PPDK1 did not disadvantage the mutant lines unless exposed to extreme drought. Mutants lacking PPC1
activity resembled facultative CAM species when drought-treated and re-watered (Dever et al., 2015;
Boxall ef al., 2020). In all those cases, nocturnal acidification was abolished but the loss of CAM activities
was not lethal. This supports that an evolutionary CAM to Cs reversal may not come with detrimental
costs.

Molecular evolution of CAM

Our understanding of the genetic blueprint underlying CAM photosynthesis remains incomplete but
the findings of years of CAM research and high degree of similarity between C4 and CAM pathways led to
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the hypothesis that CAM developed through reorganization of metabolic processes present in C; ancestors
(West-Eberhard et al., 2011; Brautigam et al., 2017). This likely requires increased abundance of the
(de)carboxylating enzymes, enzymes of carbohydrate metabolism, regulatory proteins and transporters
necessary to accommodate the metabolic flow through the pathway.

Bréiutigam et al. (2017) proposed that all necessary metabolite fluxes are already in place in Cs
species and their strengthening is thus sufficient to lay foundations for the CAM pathway even without
any temporal rewiring. If this was the case, CAM engineering into C; hosts might require smaller
adjustments to the host’s metabolism than currently assumed. However, with the increasing number of
transcriptomics studies, pronounced changes in transcript levels and temporal abundance patterns of core
CAM enzymes but also genes of starch turnover were reported between obligate CAM and C; species as
well as between C; and CAM modes of a single facultative CAM species (Cushman and Bohnert, 1999;
Cushman et al., 2008b; Abraham et al., 2016; Brilhaus et al., 2016). The extent of transcriptional changes
underlying the transition from Cs; to CAM was revealed by two recent network analyses (Heyduk ef al.,
2019a; Wai et al., 2019).

Supportive of altered expression patterns in CAM species are the recent studies with pineapple and
Sedum album, which identified cis-regulatory elements associated with promoters of core CAM and
related genes (Wai et al., 2017, 2019; Chen et al., 2020). In both species, recruitment of clock-associated
motifs was detected but it remains to be identified whether the trans-regulators are conserved as well or
whether novel trans-regulators evolved in CAM species. It cannot be excluded that in parallel, novel
transcription factor binding sites (TFBS) were acquired during CAM evolution (Boxall e al., 2005; Wai et
al., 2019). These questions will be easier to address with genomics recourse being generated for more
CAM species.

The best studied example of molecular changes associated with the CAM phenotype is
PHOSPHOENOLPYRUVATE CARBOXYLASE (PPC gene, PEPC protein). PPC is a multimember gene
family in green plants, which underwent numerous duplications in its evolutionary history, both ancestral
ones and in individual plant lineages (Deng ef al., 2016). PPC isogenes belong to three clades, of which
PPCI clade further diversified between dicots and monocots. Despite of many independent origins of
CAM, isogenes from the PPC/ lineage were recruited to perform C4 or CAM function in all monocots and
dicots examined up to date. Besides that, the emergence of CAM predated C, in both lineages (Christin et
al., 2014; Deng et al., 2016). Comparative and expression studies support differentiation of amino acid
sequences as well as expression patterns of PPC isogenes (Christin ef al., 2014; Brilhaus et al., 2016;
Deng et al., 2016; Chen et al., 2020).

Taken together, there is a general agreement that CAM evolutions acts on the genetic components
already present in C; species. However, since CAM requires a large number of biochemical and
anatomical adjustments, it is likely that numerous genetic changes are necessary for CAM evolution
(Silvera et al., 2010), the degree and nature of which remains a subject of further research. Besides core
CAM genes, regulators of CAM and its induction in facultative species need to be identified. There are
indications that stress-responsive genes of Cs species could have evolved to fulfil this function (Yang et
al., 2019). Borland et al. (2016) proposed this was the case of chloroplastic GLUCOSE-6-
PHOSPHATE/PHOSPHATE TRANSLOCATOR (GPT) and a-GLUCAN PHOSPHORYLASE (PHSI).
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More recently, phase shift of HEAT SHOCK PROTEIN 70 (HSP70) expression was determined both in
K. fedtschenkoi and pineapple as compared to Cs; Arabidopsis (Yang et al, 2017). Facultative CAM
species present a powerful tool to identify regulators of CAM, which can subsequently be examined in
obligate CAM and C;s species.

Biochemistry of CAM

Crassulacean acid metabolism (CAM) is a specialized mode of photosynthesis, relying on strict
temporal regulation of primary CO, assimilation through a series of carboxylation reactions and its
secondary fixation via Calvin-Benson-Bassham cycle (CBBC). CO; refixation during the light phase leads
to increased CO, concentration around 1,5-bisphosphate carboxylase/oxygenase (RuBisCO), which was
reported to achieve up to 60-fold increase compared to atmospheric [CO,] (Liittge, 2002). Thus, the
carboxylase activity of RuBisCO is strongly favoured, and energetically wasteful process of
photorespiration suppressed. Temporal separation of primary and secondary CO, fixation is possible
thanks to a reversed stomatal behaviour compared to C; and C; plants. Stomata closure during the light is
the key to remarkable WUE of CAM species (Osmond, 1978; Males and Griffiths, 2017).

The CAM cycle operates via four temporally separated phases (Fig. 1A). At night (Phase 1), when
ambient temperature is lower and relative humidity higher, evapotranspiration is minimized and stomata
open to enable primary atmospheric CO, assimilation (Osmond, 1978; Hartwell, 2005). CO, is converted,
likely by carbonic anhydrase (CA), into bicarbonate (HCOj5), which is combined with
phosphoenolpyruvate (PEP) by the action of phosphoenolpyruvate carboxylase (PEPC) to form
oxaloacetate (OAA). Subsequently, malate dehydrogenase (MDH) reduces OAA to malate, the primary
storage form of nocturnally fixed CO, (Cushman and Bohnert, 1997; Borland et al., 2009). Following the
H* electrochemical gradient, malate® anions cross the tonoplast together with two titratable protons in a
charge-balancing, passive process. Additionally, the excess of H' inside the vacuole leads to malate
accumulation in form of malic acid, concentration of which can reach up to 200 mM in Clusia hilariana.
Vacuolar-type H*-ATPase and H'-PPjase maintain the electrochemical gradient across the tonoplast
(Littge et al., 1981; Franco et al., 1996; Cheffings et al., 1997). Expression of vacuolar H-ATPase
c subunit is light-dependent in Kalachoé daigremontiana and induced upon salt exposure in stress-
inducible CAM species M. crystalinum (Bartholomew et al., 1996; Tsiantis et al., 1996).

While nocturnal accumulation of malic acid is a well described phenomenon and measurements of
titratable acidity are an easy and widely used indicator of CAM, the nature of malate transporters has not
been fully elucidated yet. Malate? influx occurs via anion-selective channels which are likely members of
the aluminium-activated malate transporter (ALMT) family (Hafke et al., 2003; Kovermann et al., 2007).
While low in abundance, ALMT transcript levels increase up to 28-fold in 7. triangulare assimilating in
the CAM mode (Brilhaus et al., 2016). Similarly, ALMTI transcript accumulations overlaps with
increased PEPC activity and nocturnal acidification in bromeliad Guzmania monostachia (Pereira et al.,
2018) but ALMT homologs have not been described functionally in any CAM species yet.

Upon illumination (Phase II), PEPC activity starts to decline and with a short delay, RuBisCO is
activated by a dedicated activase. After the initial transient burst of carbon assimilation into both C, acids
and C; intermediates, stomata close, PEPC is deactivated, and RuBisCO becomes the only active
carboxylase (Fig. 1B; Cushman and Bohnert, 1997; Maxwell et al., 1999). RuBisCO remains active
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throughout most of the light period (Phase IIl), re-fixing CO, released from the nocturnally stored malate.
When vacuolar malic acid concentration is still high, undissociated malic acid exists the vacuole in a
passive, non-catalysed manner. With progressing time and vacuolar malic acid reserves declining, efflux
changes to Hmal'" and/or mal* forms (Liittge and Smith, 1984). Malate exporter(s) seem to be distinct
from the malate channel(s) mediating its influx (Cheffings et al, 1997) but they remain to be
characterized at molecular and genetic level. Efflux in a stochiometric manner (i.e. 2 H":mal* or
H*:Hmal'") would explain net malic acid efflux but it could not be proven yet. More recently, tonoplast
dicarboxylate transporter (tDT) identified as vacuolar importer and exporter of malate and other
dicarboxylates in Arabidopsis was proposed to mediate malate efflux in CAM plants (Cheffings et al.,
1997; Emmerlich et al., 2003; Hurth et al., 2005; Borland et al., 2009; Frei et al., 2018). Indeed, 7.
triangulare homolog was among the most up-regulated genes during drought-induced CAM (Brilhaus et
al., 2016) but like for malate importers, functional characterisation is missing up to date in CAM species.

Once exported from the vacuole, malate undergoes decarboxylation, the biochemistry of which is
species-specific. Malic enzyme (ME)-species rely primarily on one or more isoforms of ME, which are:
mitochondrial NAD'-ME, chloroplastic NADP*-ME and cytosolic NADP*-ME. Besides CO,, pyruvate is
generated and it subsequently undergoes enzymatic conversion to PEP, which is catalysed by pyruvate
orthophosphate dikinase (PPDK) in ME-species (Cushman and Bohnert, 1999; Borland et al., 2009). In
CAM model species M. crystallinum, PPDK activity could be confirmed in chloroplasts only, requiring
the presence of a dedicated pyruvate and PEP transporters in the chloroplast envelope for successful PEP
regeneration (Winter et al., 1982; Demmig and Winter, 1983; Neuhaus et al., 1988; Holtum et al., 2005).
In a biochemically closely related C4 pathway, bile-acid sodium symporter 2 (BASS2) mediates pyruvate
transport into the chloroplast (Furumoto et al., 2011) but up to date, it has not been functionally
characterized in any CAM species. Brilhaus et al., (2016) however showed BASS2 transcript accumulation
in T. triangulare in the CAM mode.

Presence of PEP phosphate translocator (PPT) acting as a PEP exporter and accumulation of its
transcripts throughout the light phase was confirmed in chloroplasts of M. crystallinum (Hausler et al.,
2000). In contrast to M. crystallinum, facultative CAM species K. blossfeldiana accumulates PPDK both
in cytosol and chloroplast, with both isoforms showing increased abundance in response to drought
(Kondo et al., 2001). This suggests that PEP regeneration can occur both in cytosol and chloroplast, but
studies shedding more light on relative importance and regulation of the various PPDK and ME isoforms
are missing.
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Figure 1. Crassulacean acid metabolism (CAM). (A) Key enzymatic reactions of an NADP-ME, starch-
storing species such as Talinum triangulare. Reactions taking place in the dark phase of the diel cycle are
highlighted with the grey background. Involvement of several transporters is expected but many are not
characterized in CAM species yet (marked with “?”). (B) Diel patterns of key CAM metabolites and
enzymatic activities. ALMT, aluminium-activate malate transporter; BASS, bile acid:sodium symporter
protein; BCA, p-carbonic anhydrase; CBBC, Calvin-Benson-Bassham cycle; DiT, dicarboxylate
transporter; G-1-P, glucose-1-phosphate; G-6-P, glucose-6-phosphate; Glc, glucose; Mal, maltose; GLT,
glucose transporter; GPT, glucose-6-phosphate/phosphate translocator; MEX, maltose exporter; NAD(P)*-
MDH, NAD(P)*-dependent malate dehydrogenase; NAD(P)*-ME, NAD(P)*-dependent malic enzyme;
OAA, oxaloacetate; PEP, phosphoenolpyruvate; PEPC, phosphoenolpyruvate carboxylase; PEPCK,
phosphoenolpyruvate carboxykinase; PGM; phosphoglucomutase; PPCK, phosphoenolpyruvate
carboxylase kinase; PPDK, pyruvate, phosphate dikinase; PPT, phosphate/phosphoenolpyruvate
translocator; Pyr, pyruvate; RuBisCO, ribulose-1,5-bisphosphate carboxylase/oxygenase; TDT, tonoplast
dicarboxylase transporter. Modified after Christopher and Holtum (1996) and Borland et al. (2009).

12



Introduction

An alternative decarboxylation route is by the action of cytosolic phosphoenolpyruvate
carboxykinase (PEPCK). In this scenario, NAD(P)"-MDH converts malate to OAA first. At the costs of
one ATP per an OAA molecule, PEPCK breaks OAA down to CO, and PEP directly in the cytosol
(Christopher and Holtum, 1996). In a survey of 35 CAM species, no PEPCK activity could be measured
for species with high ME activities. This is in contrast to PEPCK-type species showing minor measurable
activities of ME even in presence of substantial PEPCK activity (Dittrich et al., 1973).

Once malic acid reserves are depleted towards the end of the light phase (Phase IV), intracellular
CO; concentration declines, causing opening of stomata to allow net CO, uptake and its assimilation
primarily via RuBisCO until the onset of dark period (Fig. 1B; Cushman and Bohnert, 1997; Liu et al.,
2018). By the end of Phase IV, Cs-backbones released upon malate decarboxylation were converted to
storage carbohydrates (e.g. starch in T. triangulare) via gluconeogenesis and readily available to re-
generate the PEP pool needed for PEPC activity (Fig. 1).

Interplay with carbohydrate metabolism

The CAM cycle imposes substantial requirements on carbohydrate metabolism and the size of
carbohydrate reserves is the main determinant of magnitude of CAM expression. For example, 40 to 60%
of nocturnally degraded starch fuels PEP synthesis for nocturnal CO; fixation in M. crystallinum in the
CAM mode. Besides providing carbon backbones for PEP, carbohydrate reserves must support other
processes such as dark respiration and growth (Borland and Dodd, 2002; Borland ez al., 2009, 2016).
Thus, detailed understanding of carbohydrate metabolism of CAM species and its interplay with the
diurnal (de)carboxylation is crucial for a successful CAM biodesign.

Significant level of diversity in the preferred carbohydrate storage form exists among CAM species,
ranging from starch to soluble sugars (fructose, glucose, sucrose), fructans, and combination of soluble
sugars and fructans in some monocots (Christopher and Holtum, 1996; Niechayev et al, 2019).
Regardless of the preferred type of storage carbohydrates, the diurnal fluctuation of the carbohydrate pool
is reciprocal to the fluctuation of organic acids (Fig. 1B).

Starch-storing species such as M. crystallinum and T. triangulare accumulate starch in their
chloroplasts. In contrast to Cs species, the primary route for nocturnal starch degradation in CAM species
is via the phosphorylitic pathway leading to glucose-6-phosphate (G-6-P) production. Based on transcript
accumulation as well as measurable transport rates in M. crystallinum, GPT was determined as the key
transporter connecting carbohydrate metabolism to the core CAM activities. Besides mediating G-6-P
export from the chloroplast, GPT also acts as an importer to support starch synthesis in the light phase
(Neuhaus and Schulte, 1996; Hiusler et al., 2000). Altered GPT transcript levels and/or expression
patterns were reported in recent transcriptomics studies in other species as well (Kore-eda et al., 2005;
Cushman et al., 2008b; Brilhaus et al., 2016; Wai et al., 2019).

Utilisation of the phosphorylitic route of starch degradation, instead of hydrolytic night-time
degradation as in Cs species, provides two advantages to CAM species. Firstly, conversion of G-6-P to
PEP yields one ATP, which is required in large amounts to energise nocturnal import of malate to the
vacuole (Holtum et al., 2005). Secondly, G-6-P activates PEPC allosterically and could thus contribute to
regulation of the CAM pathway (Takahashi-Terada et al., 2005).
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In species relying on accumulation of soluble sugars, vacuole is the central compartment of
carbohydrate metabolism, with import to and export from the vacuole being likely mediated by distinct
transport proteins. Sucrose is imported to the vacuole during the light period and hydrolysed to glucose
and fructose in a reaction catalysed by invertase such as in pineapple, or sucrose is converted to fructans
enzymatically as described in Agave (Black et al., 1996; Valluru and Van Den Ende, 2008; Cushman et
al., 2015). In pineapple, candidate TONOPLAST SUGAR TRANSPORTERs (TST) have been identified in
pineapple (Ming et al., 2015). In the case of Arabidopsis, TST proteins transport sucrose, glucose and
fructose (Wormit et al., 2006; Schulz et al., 2011). Candidate sugar exporters localized in the tonoplast
include SUCROSE TRANSPORTER 4 (SUT/SUC4) and glucose exporter FARLY RESPONSE TO
DEHYDRATION (ERDLG6), orthologs of which were identified in the pineapple transcriptome (Borland et
al., 2016).

Besides variance in utilized transitory carbohydrates among CAM species, the CAM pathway is
plastic enough to adapt to current conditions as demonstrated in bromelid Aechmea 'Maya'. Under
conditions of prolonged water stress, which are accompanied by starch depletion, Aechmea switches
flexibly to use sucrose for PEP generation instead of starch (Ceusters et al., 2009). Maintenance of
sufficient pool of transitory carbohydrates is crucial for sustained nocturnal carboxylation but at the same
time, it also contributes to regulation of key enzymatic activities. In starch-deficient pgm mutant of
M. crystallinum, transcript levels of PPC and PHOSPHOENOLPYRUVATE CARBOXYLASE KINASE
(PPCK), both believed to be under circadian control, were reduced compared to the wild type and
increased upon sugar feeding (Taybi et al., 2017). Control of CAM-related activities by the metabolic
status is another aspect of CAM regulation, which just started to be explored.

Regulation of the CAM pathway

The CAM pathway can operate efficiently only under a strict control of primary and secondary
CO; assimilation. The exact molecular mechanisms have just started being deciphered and emerging
evidence shows how complex the regulation is, happening at the level of transcriptional, post-translational
and metabolic control, with a contribution of the circadian clock.

The role of the circadian clock

The role of the endogenous circadian oscillator on the CAM cycle was suggested already more than
30 years ago based on the ability of Kalanchoé (Bryophyllum) fedtschenkoi to maintain rhythmical CO,
uptake typical of the CAM pathway and periodical changes in PEPC phosphorylation status under various
constant conditions, including constant light, constant darkness and CO»-free air, upon a period of
entrainment (Warren and Wilkins, 1961; Nimmo et al., 1984, 1987; Wilkins, 1992). Early experiments
with inhibitors of protein synthesis suggested endogenously controlled, rhythmical synthesis of the
dedicated PPCK (Carter ef al., 1991), the nature and transcriptional control of which was revealed later
(Hartwell et al., 1999; Taybi et al., 2000; Mallona et al., 2011). Only recently, thanks to Kalanchoé RNAi
lines, effect of loss of core CAM genes on rhythmical expression of the clock genes was demonstrated
(Dever et al., 2015; Boxall et al., 2017, 2020).
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Identification of orthologs of known Arabidopsis clock genes in M. crystallinum, K. fedtschenkoi
and Opuntia ficus-indica confirmed common components of the circadian oscillator between the two
species. While transcripts of the core clock components fluctuate periodically in all three species with a
high degree of conservation, several exceptions were observed. In the facultative CAM species
M. crystallinum, abundance patterns are the in both C; and CAM mode except for ZEITLUPE (ZTL),
transcript levels of which fluctuate in both CO, assimilation modes in M. crystallinum but remain constant
in Arabidopsis (Boxall et al., 2005). In obligate CAM species O. focus-indica, some clock genes adapted
their expression to 24-hr periodicity and other to a period of 12 hrs, suggesting differentiated interaction of
some clock components compared to Arabidopsis (Mallona et al., 2011). In K. fedtschenkoi, a shift in
gene expression of the evening complex was observed (Moseley ef al., 2018). Taken together, presence of
orthologous clock genes and their periodical expression in both C3 and CAM species provide evidence
that the circadian clock already in place in Cs species might be with certain modifications sufficient to
control the timing of CAM activities (Boxall et al., 2005; Mallona et al., 2011).

On one hand, motif enrichment analysis of pineapple promoter sequences revealed presence of
TFBS of several core clock components in genes co-expressed in the green leaf tissue (as compare to non-
photosynthetic white tissue), which included also several core CAM genes (Wai et al., 2017). On the other
hand, loss of PPC, PPDK or NAD-ME activities perturbated periodical fluctuations in transcript levels of
several clock genes in Kalanchoé spp, including the core components CCAI and TOCI (Dever et al.,
2015; Boxall et al., 2017). In the light of the altered oscillation of several core components of the
endogenous clock when CAM-related enzymatic activities were disturbed, Boxall et al. (2017, 2020)
proposed that the resulting metabolic changes affect the circadian oscillator itself. The comparison of diel
abundance patterns between C; Arabidopsis and obligate CAM species Agave americana revealed largely
overlapping patterns between the two species except for REVEILLE 1 (RVEI), peak expression of which
was phase shifted from morning to midnight in A. americana. For its role as a “regulatory clock output”
gene, RVE] would be a good candidate to connect regulation of the circadian oscillator to the metabolic
status (Yin et al., 2018).

Despite aspects of the circadian control of the CAM pathway still remaining unclear, it is likely that
the circadian clock regulates the necessary build-up of CAM enzymes at transcriptional, post-
transcriptional and translational level, while post-translation regulation would primarily regulate
enzymatic activities over the 24-hr cycle (Cushman et al., 2000). This is not the case only for core CAM
enzymes but also for enzymes of starch turnover in starch-storing CAM species, vacuolar ATPases, and
enzymes of glycolysis/gluconeogenesis as revealed thanks to transcriptional studies on the facultative
CAM species M. crystallinum as well as on obligate CAM species pineapple and 4. americana (Hartwell,
2005; Cushman et al., 2008b; Abraham et al., 2016). Number of glycolytic enzymes and enzymes of
starch metabolism are subjected to circadian control in C; Arabidopsis as well (Harmer et al., 2000; Smith
et al., 2004) and this is true for M. crystallinum in C; mode of carbon assimilation. When operating in
stress-induced CAM mode, however, many genes display shifts in peak transcript accumulation and
control by the circadian oscillator could explain such re-programming (Cushman et al., 2008b). Several
examples of time-dependent regulation of CAM enzymes are covered below.
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(Post-)transcriptional regulation of PPCK

PPCK transcript levels (alongside with e.g. NADP-ME and PPDK) fluctuate in obligate CAM
species O. ficus-indica and accumulate to higher levels in T. triangulare, M. crystallinum and S. album
when assimilating in CAM mode upon exposure to stress (Michalowski et al., 1989; Cushman, 1992;
Mallona et al., 2011; Brilhaus et al., 2016). Up to date, PPCK remains the only well-characterized control
point of the CAM cycle under the circadian control (Hartwell ef al., 2016).

PPCK is a Ca?-independent kinase regulating PPC activity post-translationally in response to
light in C; and Cy4 species. In CAM species, PPCK transcript abundance is under the control of the
circadian clock, with progressive accumulation during the dark accompanied by de novo synthesis of
PPCK each night (Nimmo et al., 1984, 1987; Jiao and Chollet, 1991; Duff and Chollet, 1995; Hartwell et
al., 1996, 1999; Taybi et al., 2017). The more surprising was the finding that PPCK activity is not
essential for nocturnal CO; assimilation as demonstrated in a K. fedtschenkoi RNAI line. It is however
critical for fine-tuning of the PEPC activity, thus enabling malate accumulation to higher level and
ultimately faster growth (Boxall er al, 2017). Besides periodical expression in both obligate and
facultative CAM species (Hartwell et al., 1996, 1999; Taybi et al., 2000, 2004; Mallona et al., 2011;
Abraham et al., 2016), PPCK transcript abundance increases in facultative CAM species when
assimilating in the CAM mode (Li and Chollet, 1994; Brilhaus et al., 2016).

With increasing knowledge about molecular regulatory mechanism in general and new genomic
resources being generated for CAM species, the contribution of post-transcriptional regulation to control
the CAM cycle has started to emerge. Expression profiling in pineapple revealed numerous microRNAs
(miRNAs) exhibiting strong diel cycling and candidate miRNAs contributing to regulation of PPCKI and
MDH were identified (Wai et al., 2017). Bai et al. (2019) focused on expression of long non-coding RNAs
(IncRNA) in the same species and observed tissue-specific expression profiles of IncRNAs as well as
diurnal fluctuation in transcript abundance for nearly half of the annotated IncRNAs. Furthermore,
IncRNAs acting as competing endogenous RNAs (ceRNAs) to PPC and PPCK mRNAs were identified
and competition of ceRNAs and mRNAs for binding of the regulatory miRNAs identified earlier was
proposed in this work. While that many layers to regulate CAM-specific activities may not be necessary
for a successful CAM biodesign, they may provide a fine-tuning mechanism (Bai et al., 2019).

Post-translational regulation of PEPC and PPDK

Observations regarding periodical fluctuations of PPC transcript levels are largely unambiguous
with no major changes reported for O. ficus-indica over the diel cycle, while PPC transcripts accumulated
25-fold at midnight in 7. triangulare and 14-fold in M. crystallinum when assimilating in the CAM mode
(Li and Chollet, 1994; Mallona et al., 2011; Brilhaus et al., 2016). In M. crystallinum, PEPC fluctuation
was also detected at the protein level (Taybi ef al., 2017), while constant protein levels were observed in
K. fedtschenkoi (Dever et al., 2015; Boxall et al., 2017).

Post-translational  regulation by phosphorylation is however described in detail
(De)phosphorylation of PEPC is catalysed by two distinct enzymes: a PROTEIN PHOSPHATASE TYPE
2A (PP2A) and PPCK. Since PP2A extractable activity remains nearly constant over the diel cycle, PPCK
—under a strict circadian control at the transcriptional level itself — was determined as a key component of
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the temporal regulation of PEPC activity (Hartwell ef al., 1999; Taybi et al., 2000, 2004; Boxall ef al.,
2017). In dephosphorylated state, PEPC is sensitive to malate inhibition, while PPCK-mediated
phosphorylation at an N-terminal Ser dramatically decreases enzyme’s sensitivity to malate and thus
contributes to sustained nocturnal CO; fixation (Nimmo et al., 1984; Taybi et al., 2000; Boxall et al.,
2017).

PPDK is essential for gluconeogenic recovery of storage carbohydrate reserves in ME species. At
the protein level, nearly steady abundance was detected in K. fedtschenkoi but with major changes in the
phosphorylation status over the 24-hr cycle (Dever et al, 2015). These are achieved by a dedicated
bifunctional REGULATORY PROTEN (RP), which deactivates PPDK by phosphorylation and its kinase
activity ensures activation of PPDK activity. In chloroplast of C; species as well as in mesophyll cells of
Csspecies, PPDK is phosphorylated upon illumination (Slack, 1968; Burnell and Hatch, 1983; Chastain et
al., 2002). However, in obligate CAM species, such as K. laxiflora, PPDK is present in the phosphorylated
form primarily during the dark phase, while in the light, PPDK is activated by dephosphorylation (Dever
et al., 2015). Contribution of transcriptional regulation cannot be excluded as PPDK transcripts
accumulated both in M. crystallinum and T. triangulare assimilating in the CAM mode (Michalowski et
al., 1989; Brilhaus et al., 2016).

Regulation of stomatal behaviour

Stomata opening in Cs plants is regulation by light. Activation of the light signalling cascade leads
to activation of H*-ATPase in plasma membrane of the guard cells, generating the driving force for ion
accumulation needed to increase the cell volume leading to stomata opening (Ogawa et al., 1978; Zeiger,
1990; Kinoshita and Shimazaki, 1999; Shimazaki et al., 2007). Since the pattern of stomatal opening is
reversed in CAM species, understanding of stomatal regulation in CAM species is crucial for a successful
CAM biodesign.

In the past, the effect of CO, concentration as well as of blue light (BL) was examined in Kalanchoé
spp. and while interesting insights were obtained, many aspects of stomatal regulation in CAM species
remain unknown. Regulation of stomatal aperture by internal CO, concentration is an intriguing
opportunity as it can reach 1% or more, a concentration which induces stomatal closure in Cs species
(Cockburn et al., 1979; Gotoh et al., 2019). Exposure of Kalanchoé daigremontiana and K. pinnata to low
ambient CO; revealed induction of stomatal opening specifically in the latter half of the light period and in
the dark, and a presence of CO; sensor was proposed to initiate stomatal opening (von Caemmerer and
Griffiths, 2009). Such a sensor does not necessarily have to be a dedicated cellular receptor, but the
internal CO, concentration might be sensed at the level of changing metabolite levels. Mesophyll-derived
apoplastic [malate*] fulfils such a function in Cs species and would enable adjustment of stomatal
behaviour to altered (de)carboxylation biochemistry not only during CAM induction in facultative CAM
species but also along the evolutionary trajectory from C; to CAM (Borland et al., 2014)

Investigations of the effect of blue light on stomatal opening led to contradicting findings (Tallman
et al., 1997; Grams and Thiel, 2002). Loss PHOT?2 in K. fedtschenkoi led to reduced stomatal conductance
in phase IV of the CAM cycle (i.e. stomata re-opening in late afternoon to allow CO, fixation by
RuBisCO) and stomata responsiveness to BL was restricted to the phase IV only (Gotoh et al., 2019; Liu
et al., 2019). BL-dependent modulation of stomatal aperture via a conserved signalling cascade is likely
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important towards the end of the light period but does not explain the reversed pattern of stomatal opening
in CAM species (Gotoh et al., 2019). Regulation by the circadian oscillator might play a role instead.

Insights into the circadian regulation of stomatal behaviour were obtained thanks to transcriptomic
studies with A. americana and M. crystallinum. Comparison of diel expression patterns of CO;-sensing
and BL-responsive genes between A. americana and Arabidopsis revealed largely overlapping expression
patterns. In contrast, temporal patterns of several components of ABA signalling, including HIGH LEAF
TEMPERATURE 1 (HTI) acting as a central regulator of stomatal CO, signalling, and K* and CI
channels were phase shifted in 4. americana or even reciprocal to patterns in Arabidopsis. This suggests
temporal re-programming of some genes regulating stomatal behaviour in obligate CAM species
(Abraham et al., 2016). Facultative CAM species present a special case as the pattern of stomatal opening
changes during CAM induction. Kong et al. (2019) investigated underlying transcriptional changes by the
means of guard cell transcriptome profiling. They observed altered transcript abundance and temporal
patterns of several core CAM genes in M. crystallinum upon exposure to salt stress, which indicates that
guard cells themselves undergo a transition from C; to CAM during CAM induction. It will be interesting
to investigate, whether alternations in metabolic status of the guard cells are sufficient to regulate stomatal
opening.

CAM engineering

CAM engineering promises an opportunity to improve WUE of conventional Cs (and even Cy)
crops, thus reducing irrigation requirements for food and biomass production and/or enabling expansion of
agricultural production to areas with limited water availability. There are several pieces of evidence
supporting the feasibility of this strategy: i) multiple independent evolutionary trajectories from ancestral
Cs species to CAM [e.g. Silvera et al. (2009), Heyduk ef al. (2019)], ii) existence of facultative CAM
species, demonstrating compatibility of the CAM pathway with Cs; (and Cs) genetic background(s), and
iii) operation of the entire pathway within a single cell, unlike in C4 photosynthesis relying on separation
of primary and secondary carbon assimilation between two specialized cell types (Borland et al., 2014;
Yang et al., 2015).

In contrast to general agreement on biochemical characteristics of a typical CAM cycle, a detailed
genetic blueprint enabling this complex trait to arise remains unknown. Current understanding of genes
(and biological functions where candidate genes are still missing) involved in the CAM pathway is
summarized in Tab. 1. However, there are two major limitations to keep in mind. Firstly, an introduction
of a single gene to the target crop or altered regulation thereof may not be sufficient to induce a trait as
complex as CAM and thus, when testing candidate genes functionally, these should be introduced in
functional modules (e.g. carboxylation, decarboxylation, stomatal regulation and leaf anatomy) to speed
up identification of necessary genes and isoforms (Borland et al., 2014; DePaoli et al., 2014; Liu ef al.,
2018). Secondly, the list of candidate genes for a successful CAM biodesing is not complete. For several
features of the CAM trait (e.g. malate import to and export from the vacuole), presence of respective
genes in expected and Arabidopsis orthologs are known, but their confirmation and functional
characterization in CAM species is missing so far. It is also likely that molecular players with regulatory
functions, such as kinases, phosphatases and transcription factors, have not been fully identified yet.
(Cushman and Bohnert, 1997; Borland et al., 2014; Yang et al., 2015; Goolsby et al., 2018).
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The modular strategy outlined above promises faster identification of molecular players required for
CAM biodesign but so far, PPC remains the only described example of a gene where its coding sequence
has evolved into CAM-specific lineages (Christin ef al., 2014; Deng et al., 2016). It remains to be
answered whether this is also the case for other components of the CAM cycle or whether regulatory
changes are the major driver of CAM evolution. Once the minimal set of “CAM building blocks” is
identified, their appropriate expression over the 24-hr cycle must be ensured by employment of suitable
promoters, cis- and trans-regulators. Furthermore, corresponding post-translational regulation will likely
be required for at least some enzymes as described for PEPC and PPDK (Hartwell et al., 1996; Chastain
and Chollet, 2003). To avoid, futile cycling which would lead to a wasteful consumption of large amounts
of ATP and NADPH, it will likely be necessary to modify activities of the host’s endogenous genes, thus
requiring parallel research at the side of promising host species as well This might be for example the case
for the enzymes of CBBC and their regulators such as RuBisCO activase (Portis Jr, 1990; Borland et al.,
2014).

Besides avoiding competing activities of C3- and Cs-carboxylases, sufficient and phase-dependent
metabolite flow through the (de)carboxylation reactions and metabolite exchange between organelles,
adequate storage capacities — both for malic acid and storage carbohydrates — have to be ensured (Silvera
et al., 2010; Borland et al., 2014). Enlarged vacuoles accommodating accumulation of nocturnally
synthesized malic acid translate into succulent leaves and stems, especially in obligate CAM species
(Nelson and Sage, 2008). Therefore, the aspects of vacuolar size and leaf anatomy should not be omitted
while developing strategies for CAM engineering. Recently, cell size of model species Arabidopsis and
Nicotiana sylvestris could be increased by over-expression of fruit-specific basic helix-loop-helix (bHLH)
transcription factor of Vitis vinifera, providing evidence that it is feasible to modify anatomical features
through a single gene change (Lim et al., 2018). Besides enlarged vacuoles, leaves of CAM species have
reduced internal air space as well as reduced surface area of chloroplast-containing mesophyll cells, thus
limiting leaf internal conductance to CO,. In CAM biodesign, it will therefore be essential to find a
balance between CO, diffusion into the leaf and its concentrating in the proximity of RuBisCO (Maxwell
etal., 1997; Borland et al., 2014).

Another challenge in the CAM biodesign is localization of CAM-specific isoforms, both at sub-
cellular level (see Tab. 1 for examples) and in specific cell types. Most of our knowledge about enzyme
localization is based on laborious measurements of enzymatic activities in fractions enriched for a specific
cell type [e.g. CA by Tsuzuki et al. (1982)] or immunoelectron microscopy [e.g. PPDK by Kondo et al.
(2001)] and only recently, several GFP-tagged M. crystallinum CAM-cycle enzymes and regulatory
proteins were heterologously expressed in Arabidopsis (Lim et al., 2019). Cell type-specific localization
gains on importance in the context of stomatal regulation, which is mediated via guard cell-specific
transporters and kinases.

Taken together, successful CAM biodesign requires temporal regulation of numerous enzymes and
regulatory proteins as well as metabolite flows, which also need to be sufficiently strong. A critical factor
of CAM biodesign is to ensure sufficient storage capacity of the vacuole, which might also require
anatomical modifications (Borland et al., 2014; DePaoli et al., 2014; Sweetlove et al., 2017). Established
plant models could be used to characterize candidate genes for CAM engineering. In the last decade,
photosynthetic performance of Arabidopsis was improved by overexpression of individual CAM genes.
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Nocturnal expression of exogenous PEPC resulted into a higher proportion of opened stomata in the dark
together with increased CO; assimilation rates (Kebeish et al., 2012). Similarly, shoot biomass was
increased upon overexpression of single CAM genes (Lim et al., 2019). While these pioneering works
provide the very first evidence of the feasibility of CAM engineering, deeper understanding of CAM
regulation is needed, including identification of CAM-specific isoforms and regulatory mechanism
ensuring proper timing of enzymatic activities. This is the area where genomics can contribute largely.

The role of genomics

Even though the field of CAM research has over 30 years long history, the studies were often
restricted to phenotypical characterisation, such as measurements of titratable acidity, gas exchange and
carbon isotope composition analyses (e.g. Holtum et al., 2016, 2017; Winter and Holtum, 2017; Winter,
2019). Only a limited number of species was investigated biochemically and at the genetic level, with
M. crystallinum and Kalanchoé spp. being the primary experimental models, and first mutant collections
have been created only recently (Cushman et al., 2008a; Liu et al., 2019). Combining well-established
biochemical and physiological methods together with rapidly developing sequencing technologies and
methods of genome editing have a potential to expand our knowledge at a higher pace but also for more
species, covering the CAM diversity.

Among monocots, transcriptome assemblies of 4. deserti and A. tequilana (Gross et al., 2013) as
well as genome assemblies of orchids Phalaenopsis equestris (Cai et al., 2014) and D. catenatum (Zhang
et al., 2016) were obtained, RNA-seq datasets also being available for the latter (Zou et al., 2018). The
presence of pineapple genome (Ming ef al., 2015) enabled genome-wide identification and classification
of protein kinases (Zhu et al., 2018) and it also remains the only CAM species up to date, for which
temporal expression of microRNAs was examined (Wai et al., 2017). Abraham et al. (2016) performed a
comprehensive study of transcript, protein and metabolite abundance of 4. americana over the diel cycle.
Comparative studies include gene expression analysis of four Agavoideae species, which revealed a
correlation between transcript abundance of CAM-related genes and strength of the CAM phenotype
(Heyduk et al., 2018), and co-expression gene network analysis of C; and CAM Erycina species,
suggesting differentiation at the level of transcriptional cascades depending on carbon assimilation
strategy (Heyduk et al., 2019a). Fewer resources exist for dicots but include genome assembly of
K. fedtschenkoi (Yang et al., 2017), RNA-seq datasets of facultative CAM species M. crystallinum
(Tsukagoshi et al., 2015) and T. triangulare (Brilhaus et al., 2016). Especially facultative CAM species
are useful experimental models to understand CAM regulation as they enable direct comparison of C3 and
CAM states (Yang et al., 2019).
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Introduction

Despite expanding genomic resources, a finite list of genes required for successful CAM
biodesign is lacking. Firstly, a possibility exists that target genes to be transferred belong to multimember
families as described for PPC (Deng et al., 2016), opening a room for neo- or sub-functionalization
(Emms et al., 2016; Heyduk et al., 2018) or even dosage effect on the strength of CAM as observed for
examined orchids in Oncidiinae subtribe (Silvera et al., 2014). It is therefore desirable to identify the
orthologs recruited in different CAM linages or depending on CAM biochemistry employed (Yang et al.,
2015). Interspecies comparisons covering phylogenetic and CAM diversity will be useful in this respect to
shed more light on distinct gene lineages (e.g. Christin ef al., 2014), identify highly expressed isoforms
(e.g. Heyduk et al, 2018) or those with altered temporal pattern (e.g. Yang et al., 2017) and/or
responsiveness to external stimuli leading to CAM induction in facultative CAM species (e.g. Cushman et
al., 2008b). It cannot be excluded that with increased number of sequenced CAM species, genes specific
to certain CAM biochemistry (e.g. obligate vs facultative or depending on decarboxylation strategy) will
be discovered and tools of functional genomics will be useful to predict the function of encoded proteins
(Yang et al., 2015).

Secondly, all known CAM genes were identified in ancestral C; species (Heyduk ef al., 2019a),
which raises the question, whether successful CAM biodesign necessarily requires introduction of new
genes into the host species or whether a ‘mere’ time- or cell type-dependent adjustment of existing protein
activities and enhancement of metabolite flows present in Cs; species — in other words mimicking the
evolutionary trajectory from C; to CAM — will be sufficient for successful CAM engineering (Taybi et al.,
2002; West-Eberhard et al., 2011; Yang et al., 2015; Brautigam et al., 2017). With regard to gene
expression regulation, genomics can contribute by analysing cis-regulatory elements and regulatory non-
coding RNAs and how they affect pattern and magnitude of gene expression (Hibberd and Covshoff,
2010; DePaoli et al., 2014; Mihailescu, 2015).

Abscisic acid signalling

The phytohormone abscisic acid (ABA) contributes to regulation of numerous developmental
processes throughout a plant’s life — from embryo and seed development, seed dormancy, to germination
and early seedling development (Finkelstein, 2013). ABA signalling also plays a critical role in
adjustment of physiological processes to the changing environment (Christmann et al., 2006). One of the
earliest and best described responses includes induction of stomatal closure (Jones and Mansfield, 1970;
Mittelheuser and van Steveninck, 1971). Besides response to abiotic stress, ABA is also involved in
response to pathogen attacks (Finkelstein, 2013). At the molecular level, ABA signalling depends on ABA
synthesis, transport from the site of synthesis and induction of the ABA signalling pathway, ultimately
leading to changes in gene expression of the target genes (Endo et al., 2014).

The ABA signalling cascade begins with ABA binding to devoted receptors, of which several
classes were identified: soluble PYRABACTIN RESISTANCE/PYRABACTIN RESISTANCE-
LIKE/REGULATORY COMPONENTS OF ABA RECEPTOR (PYR/PYL/RCAR), plasma membrane-
localized G-PROTEIN COUPLED RECEPTORs, and H SUBUNIT OF CHLOROPLAST Mg*-
CHELATASE (ChlH) integrated in the chloroplast envelope. The steps of downstream signal transmission
are best understood for the soluble PYR/PYL/RCAR receptors, which comprise a family of 14 members
in Arabidopsis (Shen et al., 2006; Liu et al., 2007; Park et al., 2009; Cutler et al., 2010; Guo et al., 2011).
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ABA binding to PYR/PYL/RCAR receptors induces a conformational change increasing affinity of the
receptors to bind clade A PROTEIN PHOSPHATASEs 2C (PP2CA), acting as negative regulators of
ABA signalling (e.g. ABA-INSENSITIVE 1 (ABI1), ABI2, and HYPERSENSITIVE TO ABA 1 (HAB1)
in Arabidopsis). As a result of this protein-protein interaction, SNF1-RELATED PROTEIN KINASEs 2
(SnRK?2), comprising ten members in Arabidopsis, are released free and can maintain their auto-
phosphorylated status. In their active form, SnRK2s post-translationally modulate the activity of their
downstream targets, which besides a variety of transcription factors (TFs) also include guard cell-localized
anion channels, components of reactive oxygen species homeostasis and chloroplast processes (Park ef al.,
2009; Cutler et al., 2010; Guo et al., 2011; Kulik ez al., 2011; Wang et al., 2013).

Expression of nearly one tenth of Arabidopsis genes is regulated by ABA via a complex regulatory
network (Nemhauser et al.,, 2006; Song et al., 2016). Many components of ABA-dependent stress
signalling overlap between different stressor, such as cis-elements designated as ABA-responsive
elements (ABRESs) in promoter sequences of numerous stress-responsive genes. These serve as TFBS for
bZIP-type ABA-RESPONSIVE ELEMENT-BINDING PROTEINs/ABA-BINDING FACTORs
(AREB/ABF) induced in response to drought, osmotic and salt stress. Besides numerous structural genes,
the target genes under the control of AREB/ABF TFs include a variety of other transcription factors (Uno
et al., 2000; Fujita et al., 2005, 2013; Yoshida et al., 2010).

ABA signalling in CAM induction

In facultative CAM species, the CAM pathway is induced upon exposure to stress, which makes
ABA a suitable signalling molecule to activate this alternative mode of carbon assimilation in response to
altered environmental conditions. From first physiological experiments with M. crystallinum to recent
transcriptome studies in 7. triangulare, A. americana, and C3; and CAM Erycina orchids, there is an
accumulating evidence for the role of ABA in CAM induction and for involvement of components of
ABA signalling in regulation of the CAM pathway in obligate CAM species.

Exogenous ABA could mimic the effect of salt or drought stress in M. crystallinum as supported by
increased nocturnal acidification and PEPC and NADP-ME enzymatic activities. In the tested range of
ABA concentrations, the strength of CAM was concentration dependent when applied as a foliar spray. In
addition, exogenous ABA could trigger CAM expression also when applied via roots, even though to a
lesser extent than salt treatment (Chu et al., 1990; Dai et al., 1994). These observations are in line with
increased concentration of endogenous ABA in response to increased salinity and other abiotic stresses
(Thomas et al., 1992; Taybi and Cushman, 2002). ABA treatment induced nocturnal acidification also in
an epiphytic fern V. lineata (Minardi et al., 2014), suggesting that the role ABA in CAM induction is
conserved across plant lineages. Evidence for transcriptional regulation of ABA-mediated CAM induction
in T. triangulare was provided by Brilhaus ef al. (2016). With progressing water limitation, transcriptional
changes indicative to general stress response were accompanied by co-expression of core CAM enzymes,
enzymes of carbohydrate metabolism and components of ABA signalling. Remarkably, transcripts of both
CAM and ABA-responsive genes returned to non-stress (i.e. C3) levels rapidly and co-ordinately upon re-
watering.
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Besides facultative CAM species, a role of ABA signalling in CAM was also proposed for obligate
CAM species Erycina pusilla end A. americana. Gene network analysis of a C; and an obligate CAM
Erycina (Orchidaceae) species, revealed differences in the network connectivity depending on
photosynthetic mode. Interestingly, the genes with changed connectivity included among other
components of ABA signalling (Heyduk ef al., 2016). Comparison of expression patterns between
Arabidopsis and A. americana revealed shifted expression of several components of ABA signalling,
among them SnRK2.6/0OST1, SnRK2.10, several PP2Cs and RCAR3 (Abraham et al., 2016). In the context
of altered diel expression patterns of several ion channels involved in regulation guard cell turgor in
A. americana (Abraham et al., 2016), it will be of interest to see, whether ABA regulates stomatal opening
in CAM species as proposed by Heyduk ef al. (2016) even in absence of stress. Additional evidence for
the role of ABA in obligate CAM species comes from the transcriptome analysis of pineapple. Promoters
of genes showing circadian fluctuation in transcript abundance specifically in the green leaf tissue, which
included also several CAM genes such as PPC and PPDK, were besides clock-associated motifs also
enriched for the G-box motif (Ming et al., 2016; Wai et al., 2017). G-box binding proteins represent a
diverse group of TFs, which includes numerous ABA-responsive TFs (Menkens ef al., 1995; Shinozaki
and Yamaguchi-Shinozaki, 1997). Based on the recent findings, it is intriguing to hypothesize that ABA
could even control core enzymatic activities of the CAM pathway.
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Abbreviations
ABA
CAM
BL
CBBC
G-6-P
ME
OAA
PEPC
PPC
PPCK
PPDK
RuBisCO
TF
TFBS

WUE

abscisic acid

crassulacean acid metabolism

blue light

Calvin-Benson-Bassham cycle
glucose-6-phosphate

malic enzyme

oxaloacetate

phosphoenolpyruvate carboxylase (enzyme)
phosphoenolpyruvate carboxylase (gene)
phosphoenolpyruvate carboxylase kinase
pyruvate, phosphate dikinase
ribulose-1,5-bisphosphate carboxylase/oxygenase
transcription factor

transcription factor binding site(s)

water-use efficiency
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Aims of the thesis

Aims of the thesis

Talinum triangulare (Caryophyllales), a facultative CAM species, was proposed as an experimental
model to study the CAM pathway and its induction. Based on previous work, it was hypothesized that the
phytohormone abscisic acid (ABA) is not only a mediator of stress signalling but gained a new function
specifically in facultative CAM species, acting as a signal towards CAM induction (Brilhaus et al., 2016).
However, whether ABA is sufficient as the sole signal for CAM induction remained unknown. The point
of divergence between ABA-dependent stress signalling and signalling towards CAM induction needs to
be determined as well. The present doctoral thesis aimed at addressing these points by:

1) Testing the effect of exogenously applied ABA on CAM induction. The pace of CAM induction
and changes to both transcriptome and metabolite levels were of interest.

2) Generating a reference transcriptome of 7. triangulare. A representative transcript collection is
desirable to avoid cross-species mapping of RNA-sequencing reads, to characterize the
diversity of transcript variants and to distinguish them from each other unambiguously. It can
also assist genome annotation.

3) Generating a draft genome assembly of 7. triangulare. Availability of a reference genome is
one of the prerequisites to establish T. triangulare as a model species for the field of CAM
research. A genome reference will enable a better characterisation of 7. triangulare (e.g. gene
copy number and regulatory elements). Together with transcriptional data, it will be a powerful
tool to identify molecular components required for CAM induction in this species. When used
in comparative analyses, it will enable identification of conserved changes in protein-coding
regions and shared regulatory sequences, thus contributing new pieces of knowledge about
CAM regulation and evolution.
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Abstract

Crassulacean acid metabolism (CAM) has evolved as a water-saving strategy, and its engineering into crops offers
an opportunity to improve their water use efficiency. This requires a comprehensive understanding of the regulation
of the CAM pathway. Here, we use the facultative CAM species Talinum triangulare as a model in which CAM can
be induced rapidly by exogenous abscisic acid. RNA sequencing and metabolite measurements were employed to
analyse the changes underlying CAM induction and identify potential CAM regulators. Non-negative matrix factoriza-
tion followed by k-means clustering identified an early CAM-specific cluster and a late one, which was specific for
the early light phase. Enrichment analysis revealed abscisic acid metabolism, WRKY-regulated transcription, sugar
and nutrient transport, and protein degradation in these clusters. Activation of the CAM pathway was supported by
up-regulation of phosphoenolpyruvate carboxylase, cytosolic and chloroplastic malic enzymes, and several transport
proteins, as well as by increased end-of-night titratable acidity and malate accumulation. The transcription factors
HSFA2, NF-YA9, and JMJ27 were identified as candidate regulators of CAM induction. With this study we promote the
model species T. triangulare, in which CAM can be induced in a controlled way, enabling further deciphering of CAM
regulation.

Keywords: Abscisic acid, crassulacean acid metabolism, metabolome, Talinum triangulare, time course, transcriptome.

Introduction

Crassulacean acid metabolism (CAM) has independently
evolved as a carbon-concentrating and water-saving strategy in
approximately 6% of vascular plants (Winter et al., 2008; Silvera
et al., 2010). CAM species rely on the temporal separation of
primary carbon assimilation and its subsequent incorporation
into carbohydrates through the Calvin—Benson—Bassham cycle
(CBBC). Stomata open towards the end of the light period,
enabling CO, uptake and its assimilation in the form of HCOj;~
by the concerted actions of phospohoenolpyruvate carboxylase

(PPC) and malate dehydrogenase (MDH). Malate is the main
organic acid stored in the vacuole, but accumulation of citrate
and isocitrate has also been observed (Liittge, 1988; Medina
et al., 1993; Herppich et al., 1995; Chen et al., 2002; Winter and
Holtum, 2014). During the light period, stomata are closed
and, depending on the type of CAM species, one of three
decarboxylating enzymes releases nocturnally fixed CO, from
malic acid, thus providing Rubisco with its substrate (Holtum
et al., 2005). The diurnal cycling of acidification and organic

Abbreviations:ABA, abscisic acid; CA, carbonic anhydrase; CAM, crassulacean acid metabolism; CBBC, Calvin-Benson-Bassham cycle; DEG, differentially ex-
pressed gene; ME, malic enzyme; NMF, non-negative matrix factorization; PEP, phosphoenolpyruvate; TCA, tricarboxylic acid; TF, transcription factor.
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acid degradation is tightly interconnected with carbohydrate
metabolism. Soluble sugars (fructose, glucose, or sucrose) or
polysaccharides [starch, (poly)fructans] are degraded in the
dark to provide carbon skeletons in the form of PEP for noc-
turnal carboxylation. The sugar/polysaccharide pool is then re-
generated in the light via gluconeogenesis (Borland and Taybi,
2004; Holtum et al., 2005; Borland et al., 2016; Taybi et al.,
2017). To mitigate futile cycling, temporal control of enzyme
activities is essential and occurs at both transcriptional and
post-transcriptional levels, including diurnally regulated ex-
pression of PHOSPHOENOLPYRUVATE CARBOXYLASE
(PPC) and PHOSPHOENOLPYRUVATE CARBOXYLASE
KINASE (PPCK) (Nimmo et al., 1999; Cushman ef al., 2008).

Despite the strict temporal regulation, CAM remains a
highly plastic adaptation that has been defined in different
modes, including obligate and facultative CAM, CAM-idling,
and CAM-cycling (Liittge, 2004). In particular, it has been pro-
posed that facultative CAM could serve as a model to allow
the identification of the minimal gene set required for a fully
functional CAM pathway and to shed light on the regulation
of these genes, thus allowing CAM engineering into C; crops
(Borland et al., 2014; Hartwell ef al., 2016). In facultative CAM
species, CAM is induced in response to environmental stresses
(e.g. drought) and abscisic acid (ABA) has been identified
as an important signal in CAM induction (Chu et al., 1990;
Dai et al., 1994; Taybi and Cushman, 2002). Characteristics of
CAM, such as nocturnal acidification, accumulation of PPC
transcript, and increased extractable activities of central CAM
enzyme, have been induced by exogenous ABA in Portulacaria
afra (Ting, 1981), Mesembryanthemum crystallinum (Holtum and
Winter, 1982; Chu et al., 1990; Dai et al., 1994), or Kalanchoé
blossfeldiana (Taybi et al., 1995). In Talinum triangulare, increased
amounts of transcripts encoding proteins of both CAM and
ABA signalling pathways were detected in response to water
withdrawal, returning to non-stress levels upon rewatering
(Brilhaus ef al., 2016).

In the plant, ABA is perceived by soluble receptors of
the PYRABACTIN RESISTANCE/PYRABACTIN
RESISTANCE-LIKE/REGULATORY COMPONENTS
OF ABA RECEPTOR group, which upon ABA binding
physically interact with clade A PP2C phosphatases (PP2CA),
preventingdephosphorylation of SNF1-RELATED PROTEIN
KINASEs 2 (SnRK2) (Park et al., 2009). Autophosphorylated
SnRK2s subsequently modulate the activity of their down-
stream targets, ranging from other kinases to anion channels
and numerous transcription factors (TFs), many of them rec-
ognizing ABA-responsive elements in the promoter sequences
of target genes (Yoshida et al., 2010; Antoni et al., 2011).

Despite detailed understanding of ABA signalling and accu-
mulating evidence of the ABA inducibility of CAM, a study
further elucidating the role of ABA in CAM induction is
lacking. We therefore conducted this study with the following
aims: (i) to discover how rapidly the CAM pathway can be
activated by exogenous ABA; (ii) to determine whether it is
possible to distinguish drought-induced and ABA-induced
facultative CAM; and (iil) to identify the CAM regulators
downstream of ABA signalling.

Materials and methods

Plant material and growth condlitions

Talinum triangulare plants used in this study originated from two sub-
sequent, controlled self-pollination events, increasing the homogeneity
of the plant material. Seeds were germinated in multiplication substrate
(Floraton 3, Floragard) and 4-week-old seedlings were transferred to pots
with D 400 soil and Cocopor (Stender). Two weeks before the treatment,
the plants were placed into a controlled-environment plant chamber
(MobyLux GroBanks, CLF Plant Climatics) with the following growth
conditions: 12 h light/12 h dark at 25 °C/23 °C. The light intensity at
the leaf level was 150-200 pmol s' m™. To avoid unintended induction
of CAM by drought, all plants were watered as needed, with the same
amount of water per pot.

Treatments and harvest of leaf material

To determine a suitable ABA concentration, a range from 10 to 600 uM
was tested (see Supplementary Fig. S1 at JXB online) prior to the work
presented here. Using 2-month-old plants, two mature and fully illumin-
ated leaves of each plant were treated either with (+/-) ABA [Sigma-
Aldrich; 200 pM solution in 0.095% (v/v) methanol] or mock solution
(0.095% (v/v) methanol). Both solutions contained 0.02% (v/v) Tween-
20 (PanReac AppliChem). The first treatment took place after 4 hours in
the light and the second treatment followed 4 hours later (Fig. 1). Treated
leaves were harvested and snap-frozen in liquid nitrogen 40, 80, 160, 320,
640, and 1280 min after the first treatment. Two biological replicates
originating from two independent plants were harvested per time point.
The treated leaves from the same plant were pooled prior to all analyses.

Titratable acidity

Approximately 30 mg of ground leaf material was incubated in 500 ul
50% (v/v) methanol at 90 °C while shaking. After centrifugation at
13,000 g for 5 min at room temperature, 450 pl of the supernatant was
collected and the remaining pellet was extracted once more. Both frac-
tions were pooled and stored at =20 °C until use. Titratable acidity was
measured using bromothymol blue (Carl Roth) as a pH indicator: 60 ul
of extract was mixed with 40 pl distilled H,O and 4 ul bromothymol
blue (1 mg/ml stock). Using the microinjector of a Synergy H1 (BioTek)
plate reader, samples were titrated with 1 mM KOH in 5 pl steps. After
each step, absorbance at 445 nm and 615 nm was recorded, and the ratio
of the absorbances at 615/445 nm was calculated. Based on the 615/445
ratio of buffer standards (pH 4.6-7.5), the pH of analysed extracts was
determined. From the volume of KOH required to titrate extracts to pH
7.0, the titratable acidity was calculated. Two extractions were performed
from each sample, and each extract was titrated in three replicates.

Protein and starch measurements

Approximately 25 mg of ground leaf material was used for extraction in
80% (v/v) ethanol with 10 mM 2-(N-morpholino)ethanesulfonic acid
(pH 6). Extraction was performed three times with 500 pl extraction
buffer while shaking for 1 hour at 90 °C. After each extraction step, sam-
ples were centrifuged at 12,000 ¢ for 10 min and the supernatant was col-
lected and pooled with previous fractions. From each sample, two extracts
were prepared and stored at —20 °C until analysed. The protein concen-
tration was measured using a Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific).

Pellets obtained during protein extraction were gelatinized with 300 pl
0.2 M NaOH at 90 °C for 40 minutes. After adjustment to pH 5-6,
200 pl hydrolysis buffer was added [20 mM acetate buffer, pH 4.8; 0.5
U a-amylase (10102814001, Roche), and 4 U amyloglucosidase (A7095,
Roche)] and the mixture was incubated overnight at 37 °C. Glucose re-
sulting from starch degradation was measured enzymatically: 10 ul of di-
gest was added to 100 mM HEPES-NaOH (pH 7.5) with 10 mM MgCl,,
1 mM NADP", 2 mM ATP, 0.1 U glucose-6-phosphate dehydrogenase
(G6PDHII-RO, Roche), and 4 U hexokinase (11426362001, Roche).
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Fig. 1. Early response of Talinum triangulare to exogenous abscisic acid. (A) Experimental design. Prior to the treatments, T. triangulare plants were
adapted to a 12 h/12 h light/dark, 25 °C/23 °C cycle. At 2 months of age, two mature leaves per plant were sprayed with 200 pM ABA or mock solution
[0.095% (v/v) methanol]. The first treatment was applied 4 hours into the light period and was followed by a second treatment 4 hours later. Treated
leaves were harvested and snap-frozen 40, 80, 160, 320, 640, and 1280 min after the first treatment. (B) Number of significantly (q<0.01) down- and
up-regulated genes (differentially expressed genes; DEGs) in ABA-treated leaves compared with mock-treated leaves at each time point.

The final reaction volume was 200 pl and the increase of absorbance at
340 nm was monitored.

Metabolite profiling

Approximately 50 mg of ground leaf material was used to obtain extracts
for metabolite profiling by gas chromatography-mass spectrometry (GC-
MS) as described by Fiehn e al. (2000). Data analysis was performed
using MassHunter Software, version B.07.00 (Agilent). For relative quan-
tification, all metabolite peak areas were normalized to the peak area of
the internal standard ribitol added prior to extraction and the amount of
leaf material. From each sample, two extracts were prepared and analysed.

Amino acids were measured by liquid chromatography-mass spec-
trometry (LC-MS). Extracts were prepared in 80% (v/v) ethanol (Fisher
Scientific) as described by Di Martino et al. (2003), and data analysis was
conducted using MassHunter Software, version B.07.00 (Agilent). From
each sample, two extracts were prepared and analysed. Metabolites ana-
lysed by both methods are listed in Supplementary Dataset S3.

Total RNA extraction, preparation of lllumina libraries, and
sequencing

Total RNA was extracted from ground leaf tissue using the Monarch®
Total RNA Miniprep Kit (New England Biolabs Inc.) following the
manufacturer’s instructions. Contaminating DNA was digested with
DNase I (New England Biolabs Inc.). The integrity of input RNA was
analysed on a 2100 Bioanalyzer (Agilent). Libraries were prepared using
the TruSeq Stranded mRNA Library Prep Kit (Illumina) following the

Mlumina TruSeq Stranded mRNA Sample Preparation Guide #15031047
Rev. E, with the following adaptations: 300 ng total RNA as the basis
for library preparation, adapter index dilution to 50% with RNase-free
water, and an additional purification step with AMPure XP (Beckman
Coulter).

The concentration of the resulting libraries was estimated using a
NanoDrop 8000 (Thermo Fisher Scientific) and quality control was
performed with a High Sensitivity NGS Fragment Analysis Kit (1
bp—6000 bp) DNF-474 (Advanced Analytical Technologies, Inc.). Based
on quantification with a Qubit dsSDNA HS Assay Kit (Thermo Fisher
Scientific), libraries were adjusted to 2 nM concentration before cluster
generation with a HiSeq 3000/4000 SR Cluster Kit (Illumina). Twelve
samples were pooled per lane and sequenced in 150 bp single-end mode
on a HiSeq 3000 platform (Illumina). On average, over 32 million reads
per library were obtained (Supplementary Table S1).

Read mapping and annotation

MNlumina reads were trimmed with Trimmomatic version 0.33 (Bolger
et al., 2014), keeping only the reads longer than 36 bases. Subsequently,
BLAT (Kent, 2002) in protein space (parameters: -t=dnax -q=dnax) was
employed to map the trimmed reads against the reference transcriptome
of Beta vulgaris, containing 28 721 transcripts in total (RefBeet-1.2.2;
Dohm et al., 2014). The best BLAT hits (the lowest e-value and the
highest bit score) were counted. On average, 70% mapping efficiency
(i.e. ! triangulare reads matching a B. vulgaris target) was achieved, and
18 657 reference transcripts with at least one count were detected
(Supplementary Table S1). Reference transcripts were annotated based
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on their homology to representative Arabidopsis peptides (Araportll,
https://www.araport.org) via BlastX (BLAST 2.6.0+ suite, parameters:
-evalue le-5 -max_target_seqs 1) (Camacho ef al. 2009). Identified hom-
ologies were also used for assignment of MapMan functional categories
(version X4_R1.0; Thimm et al., 2004) and TF families based on
PlantTFEDB (Jin ef al., 2017). Putative protein localization was predicted
with TargetP (Emanuelsson ef al., 2000) based on B. vulgaris reference
sequences. Selected transcripts were independently validated by quantita-
tive real-time PCR (Supplementary Protocol S1).

Non-negative matrix factorization

R eads normalized to reads per kilobase million were used for non-negative
matrix factorization (NMF), which was performed with altered variants
of the Lee and Seung (euclidean distance), the Brunet, and the Kullback—
Leibler (KL) algorithms (KL divergence) from the NMF package for R
(Gaujoux and Seoighe, 2010). To facilitate interpretation, the coefficient
matrix was scaled, so that the sum of all coefficients in a sample would
sum to 1 in each iteration. Factorization was carried out in 50 iterations
with random seeding and the factorization rank was determined using
the elbow within the residual sum of squares and the average regression
coefficient (R?). With all three algorithms, five factors were identified,
with the KL and Brunet algorithms having a higher average R* than the
Lee and Seung method (Supplementary Fig. S4). The final factorization
was performed 500 times and the result with the lowest residual sum of
squares was used for further analysis. The factorized data were z-scored
and clustered via the Hartigan and Wong algorithm for k-means clus-
tering (Hartigan and Wong, 1979). The enrichment of biological func-
tions was analysed using Fisher’s exact test on a set of reduced MapMan
categories (Supplementary Table S2). All P-values were adjusted for mul-
tiple hypothesis testing by Benjamini—-Hochberg correction (Benjamini
and Hochberg, 1995).

Data analysis

Downstream analyses were performed in R version 3.5.1 (https://
www.R-project.org/) and required packages. Raw counts were used for
analysis of differential gene expression with the DESeq2 package version
1.22.2 (Love et al.,2014) in the default mode, with Benjamini-Hochberg
P-value adjustment and a 0.01 significance threshold. Under- and
over-represented biochemical pathways were identified using MapMan
categorization and the Wilcoxon rank sum test with false discovery
rate adjustment according to Benjamini and Hochberg (1995) and
g-value<0.05 as a significance threshold. Reads per million were used
to identify genes with a significantly different temporal pattern between
the mock and ABA treatments using the maSigPro package (Nueda ef al.,
2014) (see Supplementary Protocol S2 for more details).

Accession numbers

The read data as well as processed files are deposited at the National
Center for Biotechnology Information Gene Expression Omnibus under
accession number GSE116590 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgitacc=GSE116590).

Results

Exogenous ABA induces rapid changes at the level of
the transcriptome

To assess the immediate response of the facultative CAM spe-
cies T triangulare to foliar application of ABA, we performed
an RNA-seq time-course experiment spanning 40—1280 min
after the treatment (Fig. 1A). DESeq analysis of transcript abun-
dances in ABA-treated compared with mock-treated leaves re-
vealed that the number of differentially expressed genes (DEGs)

generally increased with time. While the effect of ABA on the
number of DEGs was negligible after 40 min, 25% of mapped
genes were differentially expressed after 1280 min (Fig. 1B).

For a closer analysis of the observed changes and their
biological effect, the following approaches were taken. First,
analysis of steady-state transcript abundances was performed,
focusing especially on CAM genes and components of the ABA
signalling pathway. Overall patterns of transcript abundance of
all mapped genes were analysed to identify genes whose tem-
poral patterns changed in response to ABA. Combining both
analyses, genes with significantly altered steady-state transcript
abundances (g-value <0.01) and temporal pattern were iden-
tified. NMF combined with k-means clustering was applied
to identify genes and biological processes with similar time-
dependent co-expression. Finally, we aimed to select candi-
dates relevant for CAM induction by comparing ABA- and
drought-induced responses of 1. triangulare with ABA treat-
ment of the C; model plant Arabidopsis.

Altered transcript levels of CAM genes

Out of 23 core CAM genes (Supplementary Table S2;
Supplementary Dataset S1), a homologous gene for 20 of
them was found in the B. vulgaris reference, of which five were
up-regulated after 160 minandsix after 320 min, (Supplementary
Fig. S5A). Transcript levels of PHOSPHOENOLPYRUVATE
CARBOXYLASE 3 (PPC3) accumulated 2.1-fold in ABA-
treated leaves after 160 min and remained increased at the
remaining time points (5.1-fold after 1280 min). Transcripts
of the primary PPC isoform, PPC1, accumulated likewise
(Supplementary Fig. S6), but the overall abundance pattern
did not change significantly in response to ABA (maSigPro
analysis). PYRUVATE ORTHOPHOSPHATE DIKINASE
(PPDK) transcripts started to accumulate after 80 min (3.6-
fold),reachinga 12.8-fold higherlevel after 640 min.In addition,
transcript levels of genes encoding carbonic anhydrases (CAs)
were altered after ABA treatment.While ALPHA CARBONIC
ANHYDRASE 1 (ACAT1) transcript diminished after 160 min
(3.5-fold decrease) and remained reduced throughout the
remaining sampling points (5.3-fold after 1280 min), tran-
scripts of chloroplastic BETA CARBONIC ANHYDRASE 5
(BCAS5) accumulated up to 2.9-fold after 320 min (Fig. 2). To
avoid futile cycling, PPC activity is post-translationally regu-
lated by PPCK. In T. triangulare, PPCK1 transcript levels were
reduced 2.6-fold in ABA-treated leaves after the dark period
(Fig. 2). Transcripts of decarboxylating MALIC ENZYMEs
(MEs), chloroplastic NADP-ME4 and cytosolic NADP-ME1,
accumulated in response to ABA. NADP-ME4 was the faster-
responding isoform, while NADP-ME1 transcripts accumu-
lated strongly after 320 min, reaching 2.8-fold up-regulation
after 1280 min (Fig. 2).

Flow of metabolites through the CAM pathway requires
numerous known and putative transporters. The chloroplastic
pyruvate transporter BILE ACID:SODIUM SYMPORTER
FAMILY PROTEIN 2 (BASS2) was up-regulated, especially
after 640 min (5.2-fold), while transcript levels of malate-
transporting DICARBOXYLATE TRANSPORTER 1 (Di'T'1)
declinedat320and 1280 min (2.1-foldand 2.9-fold,respectively)
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Fig. 2. Exogenous ABA altered the transcript levels of core CAM genes and genes of related pathways, correlating with altered levels of selected
metabolites in Talinum triangulare. Transcript abundances and metabolite amounts are expressed as log,-fold changes of ABA-treated compared with
mock-treated leaves on blue-red and yellow—green scales, respectively (expression, n=2; metabolites, n=4). Only genes with significantly different
transcript abundances (DESeq with Benjamini-Hochberg correction, g-value <0.01) and significantly altered temporal patterns (maSigPro with Benjamini—
Hochberg correction, g-value <0.01 and R*>0.85) are shown. The significance level for metabolites was 0.05 after Benjamini-Hochberg correction.
Substrate conversions are depicted with solid lines, post-translation regulations with dashed lines, and transport processes are shown in grey. Genes
whose involvement in the depicted pathways is expected are also included. Protein subcellular localization is based on prediction from Beta vulgaris
(TargetP). 1,3-BPG, 1,3-bisphosphoglycerate; 2-PGA, 2-phosphoglycerate; 3-PGA, 3-phosphoglycerate; CBBC, Calvin-Benson-Bassham cycle; DHAP,
dihydroxyacetone phosphate; Fru-6-P, fructose-6-phosphate; Fru-1,6-bisP, fructose-1,6-bisphosphate; GAP, glyceraldehyde-3-phosphate; Glc-1-P,
glucose-1-phosphate; Glc-6-P, glucose-6-phosphate; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PGlyM, phosphoglycerate mutase
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(Fig. 2). Mitochondrial organic acid transporters were affected
by ABA as well: DICARBOXYLATE/TRICARBOXYLATE
TRANSPORTER (DTC) transcripts declined up to 8.1-fold
at 1280 min, while MITOCHONDRIAL SUCCINATE-
FUMARATE CARRIER 1 (mnSFC1) transcripts accumulated
at 160, 320, and 1280 min (2.8-, 1.8-, and 2.9-fold, respect-
ively) (Fig. 2).

Carbohydrate metabolism and transport

ABA treatment also affected the levels of transcripts encoding
enzymes of starch and sucrose metabolism. Compared with the
CAM genes, these responded later (after 640 and 1280 min)
and they were generally down-regulated (Supplementary Fig.
S5B). Of the genes encoding starch-metabolism enzymes,
transcripts of ISOAMYLASE 1 (ISA1) declined 2.2-fold after
160 min, followed by 1.6-fold depletion of DEBRANCHING
ENZYME 1 (DBET) transcripts after 320 min and finally
by 2.8-fold depletion of GRANULE BOUND STARCH
SYNTHASE 1 (GBSS1) transcripts, the depletion of which
was restricted to the early hours of the light period (Fig. 2).
In contrast, BETA-AMYLASE 1 (BAM1) transcripts accumu-
lated 2-fold in ABA-treated leaves as soon as after 40 min and
remained increased throughout the remaining sampling points.
Additionally, ISOAMYLASE 3 (AMY3) transcripts accumu-
lated 2.3-fold after 320 min (Fig. 2).

Multiple genes encoding glycolytic/CBBC enzymes were
down-regulated, including at 1280 min (i.e. early in the dark
period),among them chloroplastic PHOSPHOGLYCERATE/
BISPHOSPHOGLYCERATE MUTASE (PGM) (4.7-fold),
PHOSPHOGLUCOSE ISOMERASE 1 (PGI1) (3.2-fold),
HIGH CYCLIC ELECTRON FLOW 1 (HCEF1) (6.7-fold),
and FRUCTOSE-BISPHOSPHATE ALDOLASE 2 (FBA2)
(3.9-fold) (Fig. 2). Additionally, TRIOSE-PHOSPHATE/
PHOSPHATE TRANSLOCATOR (TPT) transcripts de-
clined 4.5-fold after 320 min and remained at a reduced level
also at the last sampling (Fig. 2).

In contrast to the pronounced down-regulation of enzyme-
coding transcripts, there was up-regulation of sugar transporters
localized in both the plasma membrane and the tonoplast.
Transcript accumulation of SUGAR TRANSPORTER
PROTEIN 7 (STP7) was found only at time points 160 and
1280 min (2.3- and 6.7-fold, respectively). Transcript levels
of HOMOLOG OF MEDICAGO TRUNCATULA MTN3
(SWEET12) accumulated 5.4-fold after 80 min, reaching an
80-fold increase late in the light period (320 min after the
treatment) (Fig. 2). Transcripts of EARLY-RESPONSIVE TO
DEHYDRATION 4 (ERD4) and VACUOLAR GLUCOSE
TRANSPORTER 2 (VGT2) accumulated in ABA-treated
leaves 2.4-fold after 80 min and 1.8-fold after 160 min, re-
spectively (Fig. 2).

Changes in metabolite levels in response to
exogenous ABA

The above-described changes in transcript levels correlated
with altered levels of several metabolites. End-of-night titrat-
able acidity increased in ABA-treated leaves to 52.7+4.1 umol

H' ¢! FW, representing a 1.6-fold increase compared with
mock-treated leaves (Fig. 2). GC-MS analysis of leaf extracts
revealed malate and citrate as the primary organic acids that
accumulated during the dark period. At the last time point
(1280 min), relative amounts of malate and citrate were 4- and
16-fold higher than levels in mock-treated leaves, respectively.
Additionally, a-ketoglutarate, succinate, and fumarate accu-
mulated 11.3-, 5.7-, and 3-fold, respectively (Supplementary
Dataset S4; Supplementary Fig. S7). Besides organic acids,
levels of several carbohydrates were affected. Maltose accumu-
lated transiently at 320 min, followed by a decline at 640 min.
At 640 min, glucose was reduced as well (Fig. 2). A reduction
of fructose levels occurred specifically after the dark period.
A trend towards a time-dependent decline in starch and su-
crose levels was observed (Supplementary Fig. S8). Total pro-
tein levels also declined up to 1.3-fold in response to ABA (at
1280 min) (Supplementary Fig. S7).

As ABA plays a major role in stress signalling, the levels of
stress-related compounds were assessed. Y-aminobutyric acid
(GABA), myo-inositol, and raffinose levels declined transiently
after 640 min, or after 320 min in the case of myo-inositol
(Supplementary Dataset S4). In contrast, levels of amino acids
were not affected by ABA treatment (Supplementary Dataset S4).

Exogenous ABA alters ABA signalling

Transcript levels of REGULATORY COMPONENT OF
ABA RECEPTOR 1 (RCAR1/PYL9) and RCAR3/PYLS8
showed altered temporal patterns in response to ABA, and
their abundance declined 5.9- and 4-fold, respectively, after
1280 min (Fig. 3). In contrast, transcripts encoding down-
stream components of the ABA signalling pathway were af-
fected more rapidly. Transcripts of the phosphatases PROTEIN
PHOSPHATASE 2CA (PP2CA), ABA INSENSITIVE
1 (ABI1), and HIGHLY ABA-INDUCED PP2C GENS3
(HAI3) accumulated 3.1- 2.9-, and 6.5-fold, respectively,
starting at 40 min, and remained up-regulated as time pro-
gressed. Transcript levels of SUCROSE NONFERMENTING
1-RELATED PROTEIN KINASEs 2 (SnRK2) were influ-
enced by ABA with similar kinetics, but the temporal patterns
of only SnRK2.5, SnRK2.6/OST1, and SnRK2.8 were al-
tered. While SnRKs 2.6 and 2.8 were up-regulated 4.5- and
2.1-fold, respectively, in response to ABA, there was 1.5-fold
down-regulation of SnRK2.5 after 160 min (Fig. 3).

The temporal patterns of numerous TFs acting down-
stream were influenced by ABA. Transcripts of ABSCISIC
ACID RESPONSIVE ELEMENT-BINDING FACTOR 2
(ABF2), ABI FIVE BINDING PROTEIN 2 (AFP2), EID1-
LIKE 3 (EDL3), HOMEOBOX PROTEIN 7 (HB7), and
RESPONSIVE TO DESICCATION (RD26) accumulated
2.5-,4.8-,28.6-,7.7-,and 12.7-fold, respectively, as soon as after
40 min,and remained increased at the remaining sampling times
(Fig. 3). Levels of several transcripts encoding ABA synthesis
and transport proteins were also affected by the ABA treatment.
Transcripts of ABA DEFICIENT 1 (ABA1) increased 1.8-
fold after 80 min, but transcripts of ABSCISIC ALDEHYDE
OXIDASE 1 (AAOT1) accumulated only after 1280 min (1.9-
fold) (Fig. 3). Transcript levels of ATP-BINDING CASETTE
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Fig. 3. Transcript levels of genes involved in ABA signalling and biosynthesis were influenced by exogenous ABA in Talinum triangulare. Transcript
abundances are expressed as log,-fold changes of ABA-treated compared with mock-treated leaves (n=2). Only genes with significantly different
transcript abundances (DESeq with Benjamini-Hochberg correction, g-value<0.01) and significantly altered temporal patterns (maSigPro with Benjamini—
Hochberg correction, g-value<0.01 and R?>0.85) are shown. The core signalling pathway comprises PYR/PYL/RCAR receptors, clade A phosphatases
PP2C, and SnRK2 kinases. In the absence of ABA, PP2C phosphatases bind SnRK2s and prevent them from phosphorylating downstream targets.
Upon binding of ABA to the receptors, they capture PP2Cs, releasing phosphorylated SnRK2s. Targets of SnRK2s include transcription factors in
particular, many of which regulate gene expression through binding to ABA-responsive element (ABRE) motifs in promoter sequences of target genes.
OST1 is involved in the control of stomatal movement. P, phosphorylation.
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G25 (ABCG25),an ABA exporter from the site of synthesis, ac-
cumulated 2.9-fold starting 80 min after the treatment (Fig. 3).
In contrast, ABA-IMPORTING TRANSPORTER 1 (AIT1/
NRT1:2) was 5.2-, 25.2-, and 45.9-fold down-regulated after
160, 320, and 1280 min.

Factorization and k-means clustering of temporal
transcript patterns

NMEF was performed to obtain insights into time-dependent
abundance patterns. Based on the transcriptional contributions
of the mapped genes, five factors were identified (Fig. 4A). In
factor 1, most of the transcriptional contribution occurred at
320 and 640 min in the mock treatment. Similarly, factor 2
was most pronounced at 320 and 640 min, but was specific to
the ABA treatment. Factor 3 was characterized by basal tran-
scriptional contribution over time with major expression in
the ABA treatment specifically after 1280 min. In factor 4, the
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contribution declined with time until 640 min, followed by
a pronounced contribution only in the mock treatment after
1280 min.The transcriptional contribution in factor 5 changed
over time but did not differ between treatments (Fig. 4A).
Based on these factors, subsequent k-means clustering identified
nine clusters, three of them comprising significant contributions
of either of the ABA-specific factors. The early ABA factor con-
tributed to clusters 6 and 7, while the late ABA factor was present
in cluster 5 (Fig. 4B). Enrichment analysis of MapMan categories
identified ABA metabolism, WRKY TFs, phosphate transport,
and ubiquitin-mediated protein degradation as over-represented
in the early cluster 6. In the early cluster 7, vesicle transport, pro-
tein glycosylation, and reductive-oxidative thioredoxin reactions
were over-represented. The late cluster 5 was enriched for sugar
and nutrient signalling, ABC transporters, and glutathione S-
transferases, but also heat stress response, gibberellin metabolism,
and raffinose and phenylpropanoid metabolism pathways (Fig.
4B). Besides their specific enrichments, all three clusters shared
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Fig. 4. Non-negative matrix factorization and k-means clustering of the Talinum triangulare transcriptome. (A) Five factors were identified based on time-
dependent expression of individual genes (for details, see Materials and Methods). (B) Based on the transcriptional contribution of each factor, mapped
genes were assigned to nine clusters (for details, see Materials and Methods). Enrichment of MapMan categories in each cluster is shown in green
(over-represented categories) and red (under-represented categories). deg, Degradation; FA, fatty acids; GA, gibberellic acid; JA, jasmonic acid; met,
metabolism; min. CHO, minor carbohydrate; misc, miscellaneous; PPR, pentatricopeptide repeat; PS, photosynthesis; sec. met., secondary metabolism.
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under-representation of protein synthesis, and clusters 6 and 7
both had under-representation of photosynthesis.

Due to the large proportion of factor 5 in cluster 3, this
cluster could explain time-dependent changes to the transcrip-
tome in both treatments. This cluster was enriched for CBBC,
light photosynthetic reactions, and AP2-EREBPTFs (Fig. 4B).
Opver-representation of photosynthetic processes was shared by
clusters 1, 2, and 9, which comprised large contributions of
mock-treatment-specific factors 1 and 4, as well as early ABA
factor 2 in cluster 1 (Fig. 4B).

Candidate regulators of CAM induction

ABA-induced changes in both the transcriptome and the
metabolome hinted at activation of the CAM pathway. This
prompted the question of which gene products can translate
the exogenous ABA signal into CAM induction.To answer this
question, we performed a DESeq analysis, comparing a pool of
all ABA-treated samples against a pool of mock-treated sam-
ples, thus reducing the changes in transcript abundance down
to the direction and degree of the changes. In this way, 773
DEGs were obtained (Supplementary Dataset S3).

For further filtering, temporal transcript abundances were
considered, limiting the search only to clusters 5,6,and 7 (i.e.the
clusters of major ABA responsiveness; Fig. 4B). Additionally, to
be considered a CAM regulator, a gene had to show an altered
temporal pattern in the maSigPro analysis (Supplementary
Dataset S2). Finally, the transcript abundance of such a gene
had to be altered with progressing time during drought in-
duction of CAM and reversible to non-stress levels 2 days after
rewatering in the same experiment (Brilhaus er al., 2016). As
we searched for genes responsive to ABA specifically in the
facultative CAM species T triangulare, we compared the DEGs
identified here to ABA-responsive genes in Arabidopsis (Song
et al., 2016). Genes responsive in both species were not con-
sidered to be CAM regulators. When all these filtering criteria
were applied, 32 candidate genes were identified; among them
were nine transcription factors, six genes of amino acid me-
tabolism, and five transporters (Table 1). Among the genes dif-
ferentially expressed between ABA- and mock-treated leaves,
there were 36 genes without a known Arabidopsis homolog
(Supplementary Dataset S3) but only five of them also showed
an altered temporal pattern of transcript abundance (Table 2).

Discussion

In this study, we applied ABA to induce CAM in a controlled
manner in our facultative CAM model T triangulare. To the best
of our knowledge, this is the first study to describe the earliest
changes in both the transcriptome and the metabolome during
the induction phase. By following transcript abundances in
ABA-treated and mock-treated leaves in parallel, we aimed to
reduce the effect of circadian regulation when identifying DEGs.
However, it should be noted that most pronounced changes (Fig.
1A) were observed after the dark period, suggesting a combined
effect of ABA and darkness on transcript abundances. At the
same time, it seems unlikely that these changes were caused by
alterations to circadian clock genes. Out of 34 genes involved

in circadian regulation (according to MapMan), nine showed a
significantly altered temporal pattern of transcript abundances,
but only LATE ELONGATED HYPOCOTYL (LHY) and
ELF4-LIKE 4 (ELF4-L4) were assigned to ABA-specific clus-
ters 5 and 7, respectively (Supplementary Table S3), suggesting
that (i) the central circadian clock was not affected by the ABA
treatment and (ii) the detected and further discussed changes in
transcript abundances are a response to ABA or ABA and dark-
ness, but not the diel cycle alone.

ABA induced changes in transcript abundance of
CAM core and related genes as well as nocturnal
acidification

Amounts of transcripts encoding central CAM enzymes were
influenced by exogenous ABA.These transcripts included PPC1
(Supplementary Fig. S6) and PPC3 (Fig. 2), in agreement with
ABA-induced transcript accumulation (Taybi and Cushman,
1999) and increased measurable PPC activity in M. crystallinum
(Dai ef al., 1994). While PPC1 was the most abundant isoform
(Supplementary Dataset S1), only the temporal pattern of PPC3
was significantly altered by ABA (Supplemental Dataset S2). In
contrast, exogenous ABA induced the depletion of PPC3 tran-
scripts in Arabidopsis (Song et al. 2016), indicating different
transcriptional responses to ABA between a Cj species and a
facultative CAM species. It might therefore be of interest to fur-
ther investigate the contribution of different PPC isoforms to
CAM induction. Transcript abundance of PPCK1, which post-
translationally regulates PPC activity, has been reported to be
under circadian control (Nimmo ef al., 1999;Taybi ef al., 2000;
Boxall er al., 2017); here, the amount of PPCK1 transcript in
ABA-treated leaves declined after 1280 min (i.e. shortly after
the onset of light).

Assuming a requirement for active CA together with PPC,
co-expression of their genes could be expected. This was ob-
served for chloroplastic BCA5 only, transcripts of which
started to accumulate after 160 min (Fig. 2). In a comparison
of four CAM species, CA activity was detected in chloroplasts
of ME species, while activity in the cytosol was detected in
phosphoenolpyruvate carboxykinase species (Tsuzuki et al.,
1982). As T triangulare relies on ME (Brilhaus er al., 2016),
we hypothesize that BCAS5 is the CAM-specific isoform.
In this context, it will be of interest to investigate the role
of CAs in the CAM pathway, their localization, and their
regulatory mechanism(s). Transcript levels of both cytosolic
and chloroplastic isoforms of NADP-ME were responsive
to exogenous ABA. Transcript accumulation of chloroplastic
NADP-ME4 was restricted to 160 and 1280 min, while tran-
script levels of cytosolic NADP-ME1 were increased from
320 to 1280 min (Fig. 2), further indicating adjustment of the
CAM enzymatic toolkit.

Increased transcript levels of carboxylating enzymes cor-
related with the nocturnal increase in titratable acidity and
organic acid content (Fig. 2). Nocturnal titratable acidity of
T triangulare was previously reported to reach 10-30 pmol
H" ¢! FW with progressing drought (Brilhaus et al., 2016)
and 40—-60 umol H* g”' FW in salt-induced recycling CAM
(Montero et al.,2018). Here, during the first dark period after
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Table 1. Genes identified as possible CAM regulators in Talinum triangulare

Transcript ID AGI Name TF family log,.FC pool (ABA/mock) Cluster (NMF)
Transcriptional activators KMTO03072 AT5G 19650 OFP8 -1.30 2
KMT14500 AT3G20910 NF-YA9 NF-YA 1.38 5
KMT02260 AT4G14540 NF-YB3 NF-YB 0.71 6
KMT18169 AT3G11090 LBD21 LBD -1.88 2
KMTO7141 AT3G01470 HB-1 HD-zZIP 1.02 6
KMS96841 AT2G26150 HSFA2 HSF 2.58 5
KMS95225 AT1G25440 BBX15 CO-like -1.80 2
KMS99638 AT1G19850 MP ARF 1.23 6
KMT11833 AT2G44730 Trihelix 0.41 6
KMT10399 AT4G00990 0.62 7
KMT03067 AT3G24520 HSFC1 HSF 1.63 7
Amino acid metabolism KMTO00186 AT1G29900 CARB 1.06 5
KMT12470 AT1G64660 MGL 2.67 5
KMT14300 AT1G55510 BCDH BETA1 1.50 6
KMT10213 AT1G03090 MCCA 1.57 6
KMT12470 AT1G64660 MGL 2.67 5
KMS98028 AT1G08630 THA1 1.49 5
Solute transport KMT02985 AT2G26900 BASS2 1.05 6
KMT13799 AT1G08960 CAX11 1.02 6
KMT03912 AT1G30360 ERD4 1.60 5
KMT03911 AT1G30360 ERD4 1.50 5
KMS95179 AT1G19910 AVA-P2 0.45 6
Carbohydrate metabolism KMT07128 AT1G69830 AMY3 1.08 6
Chromatin organisation KMT10399 AT4G00990 0.62 7
Lipid metabolism KMT19551 AT1G43620 UGT80B1 0.48 6
Nucleotide metabolism KMT00186 AT1G29900 CARB 1.06 5
Protein degradation KMT12139 AT3G61180 1.28 5
Protein modification KMT01924 AT1G28480 GRX480 2.88 5
Secondary metabolism KMS96359 AT2G20340 AAS 415 5
KMT17647 AT2G07050 CAS1 1.03 6
Vesicle trafficking KMT15610 AT2G44140 0.46 6

These genes were identified based on their differential expression between mock treatment and ABA treatment, time-dependent pattern of transcript
abundance (NMF analysis), altered temporal pattern of transcript abundance (maSigPro analysis), differential transcript accumulation in drought-induced
CAM in T. triangulare (Brilhaus et al., 2016), and lack of ABA responsiveness in C; Arabidopsis (Song et al., 2016). Log,-FC pool (ABA/mock) is based on
DESeq analysis of all ABA-treated samples against all mock-treated samples, i.e. across all time points. All shown log,-FC are significant at the 0.01 level.
AGlI, Arabidopsis Genome Initiative; TF, transcription factor.

Table 2. ABA-responsive genes in Talinum triangulare without a known Arabidopsis homolog

Transcript ID log,.FC pool (ABA/mock) qg-value NMF cluster Domain Description
KMT11995 -1.36 4.30E-04 2 IPR0O05079 Peptidase C45
KMT13506 1.32 3.24E-08 6 n.d. n.d.
KMT00528 1.561 2.85E-04 6 n.d. n.d.
KMT09356 2.59 5.72E-08 5 n.d. n.d.
KMS99845 3.31 2.46E-05 6 n.d. n.d.

Analysis of differential expression between mock and ABA treatments, considering only genes with altered temporal patterns of transcript abundance
(maSigPro analysis). Log,-FC pool (ABA/mock) is based on DESeq analysis of all ABA-treated samples against all mock-treated samples, i.e. across all
time points. Protein domains were determined using InterProScan. n.d., Not determined.

the ABA treatment, end-of-night titratable acidity reached
52.7+4.1 pmol H" g FW, and the difference in titratable
acidity between the early hours of the dark period and the
subsequent morning was comparable to that observed by
Herrera et al. (1991) in sun-exposed leaves after 4 days of water
withdrawal. It has been shown in both obligate and faculta-
tive CAM species that the major storage acid is malate (Chen
and Nose, 2004; Abraham e al., 2016; Rainha et al., 2016).

However, diel citrate fluctuations during early phases of CAM
(e.g.in M. crystallinum and Clusia minor) (Herppich et al., 1995;
Borland et al., 1998) and a contribution of succinate to noc-
turnal acidification [e.g. in Ananas comosus (pineapple) and
Agave americana] have also been reported (Medina et al., 1993;
Abraham et al., 2016; Rainha et al., 2016). In ABA-induced
CAM in T triangulare, the increase in succinate levels was also
accompanied by a-ketoglutarate accumulation (Fig. 2).
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Transcript levels of several transport proteins were af-
fected by exogenous ABA, as observed in CAM-performing
M. crystallinum (Cushman et al., 2008). The reduced tran-
script levels of the chloroplast malate transporter DiT1 in
ABA-treated leaves after 320 and 1280 min (Fig. 2) could
indicate reduced flow of malate into the chloroplast towards
the end of the light period and in the dark period, suggesting
increased flow into the vacuole. However, transcripts of
ALUMINIUM-ACTIVATED MALATE TRANSPORTERs
did not accumulate significantly upon ABA treatment and
were of low abundance (Supplementary Dataset S1), an ob-
servation also made in drought-induced CAM (Brilhaus et al.,
2016). In contrast, BASS2 transcripts accumulated promptly
(starting at 320 min, Fig. 2; cluster 6, Supplementary Dataset
S1), suggesting adjustment for increased transport of pyruvate
originating from malate decarboxylation to the chloroplast.

Storage of malate in the vacuole requires a proton gradient
to fuel its transport (Liittge, 1987). Indeed, VACUOLAR-
TYPE H" ATPASE C2 (AVA-P2) (cluster 6) was slightly but
significantly up-regulated in response to ABA. In addition,
transcripts of a putative AT Pase activator AT5G58110 (cluster
5) accumulated (Supplementary Dataset S1). Although it is not
clear whether V-ATPase activity is controlled at the level of
transcript abundance, ABA-induced activity of V-ATPase was
observed in M. crystallinum (Barkla et al., 1999).

Ultilization of carbohydrate reserves

Reprogramming of carbohydrate metabolism ensures the flow
of carbon skeletons between storage carbohydrates and the
PEP pool. Genes involved in starch metabolism were down-
regulated in ABA-treated leaves, especially at the final two time
points (Supplementary Fig. S5B). Transcript levels of ISA1
(after 160 min), DBE1 (320 min),and GBBS1 (1280 min) were
depleted (Fig. 2). Glycolytic genes were also down-regulated
(Supplementary Fig. S5B), including early-responsive PGI1
(after 160 min) and FBA2, which showed the strongest tran-
script depletion after 1280 min (Fig. 2). While the time-course
experiment presented here covered a period of time too short
to follow full diel cycling of transcript abundances, these
early changes suggest ABA- and time-dependent adjustment
of glycolysis, as observed in M. crystallinum for FRUCTOSE-
BISPHOSPHATE ALDOLASE 1 and GLUCOSE-6-
PHOSPHATE ISOMERASE 1 (Cushman et al., 2008) and by
fluctuating mid-day and mid-night transcript levels of glyco-
lytic genes in drought-induced CAM in 1. triangulare (Brilhaus
et al.,2016).

Starch breakdown products enter the cytosolic glyco-
lytic pathway and, while GLUCOSE-6-PHOSPHATE
TRANSPORTER (GPT2) transcripts accumulated (after 640
and 1280 min; Supplementary Dataset S1), the overall pat-
tern of abundance did not differ significantly between the
treatments. The nocturnal accumulation of GPT?2 transcripts
agrees with observations in pineapple (Borland et al.,2016) and
M. crystallinum (Neuhaus and Schulte, 1996; Hiusler ef al.,2000).
PPDK transcripts accumulated rapidly (after 320 and 640 min;
Fig. 2), suggesting production of the PEP pool, which correl-
ates with the trend towards declining amounts of starch, also

starting after 320 min (Supplementary Fig. S8), and accumu-
lating transcripts of starch-degrading enzymes such as BAM1
and AMY3 (Fig. 2). Besides starch, sucrose levels also showed a
declining trend with progressing time (Supplementary Fig. S8),
suggesting the utilization of sucrose as an additional source of
carbon backbones. Alternatively, carbohydrate reserves could
be used in respiration to provide energy for synthesis and ne-
cessary transcriptional and translational adjustment during the
induction phase of CAM.

Transcripts of the vacuolar hexose transporters 'GT2 and
ERD4 accumulated in ABA-treated leaves (Fig. 2), indicating
increased sugar flow between the cytosol and wvacuole.
Depending on current demands, glucose stored in the vacuole
either supports PEP regeneration or provides energy for main-
tenance processes and growth (Borland ef al.,2016).In addition,
exogenous ABA induced accumulation of transcripts of plasma
membrane-localized STP7 and SWEET12 (Fig. 2). While diel
cycling between synthesis and degradation of storage carbohy-
drates is well described (Borland and Taybi, 2004; Taybi et al.,
2017), transcriptional responsiveness of numerous transporters
suggests the requirement for proper partitioning of sugar re-
sources between compartments and possibly cells or tissues. In
addition, sugars could also play a signalling role during CAM
induction, as supported by the enrichment of sugar signalling
in cluster 5 (Fig. 4B).

Transcript accumulation of components of ABA
biosynthetic and signalling pathways

Exogenous ABA affected the abundance patterns of several
transcripts encoding components of ABA signalling, ABA-
synthesizing enzymes, and ABA transporters. Transcript levels
of the ABA receptors RCAR1/PYL9 and RCAR3/PYLS de-
clined in response to ABA after 640 and 1280 min, respect-
ively. PYL4, PYR1, and PYR4 were also down-regulated at
least at one time point (Supplementary Dataset S1), but the
overall expression pattern did not differ significantly between
the treatments. While depletion of ABA receptor transcripts is
a common response to both ABA and abiotic stress, occurring
in a wide range of species such as Arabidopsis (Chan, 2012;
Gonzalez-Guzman et al., 2012; Song et al., 2016), cotton
(Zhang et al.,2017), and maize (Fan et al.,2016; Li et al., 2017),
diverse responses have been observed. For example, reversed
expression patterns between maize roots and shoots (Fan
et al.,2016) and time-dependent expression patterns in cotton
(Zhang et al.,2017) were described. Given the spatiotemporal
expression of ABA receptors observed in other species, it is
intriguing to hypothesize that differentiation between the
stress response and CAM induction could occur at the level of
ABA interaction partners.

In contrast to the transcript levels of genes encoding ABA
receptors, transcript levels of downstream components changed
more promptly and were generally up-regulated; among them
were the PP2CA phosphatases ABI1, HAI3,and PP2CA,as well
as their target kinases StRK2.6/0O8T1 SnRK2.8. In contrast,
SnRK2.5 transcripts diminished upon ABA treatment (Fig. 3).
This finding is not necessarily contradictory, as only selected
SnRK2s were shown to act in an ABA-dependent manner
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under hyperosmotic conditions in Arabidopsis (Boudsocq
et al., 2004) and differentiation in SnRK2 transcriptional re-
sponsiveness depending on the type of stress was observed in
Zea mays (Huai et al., 2008).

Transcripts of several genes encoding ABA-synthesizing
enzymes accumulated in response to ABA (Supplementary
Dataset S1), but only ABA1 and AAO1 showed altered tem-
poral patterns (Fig. 3). These changes were accompanied by
transcript accumulation of ABCG25, which encodes an ABA
exporter from the site of synthesis (Kuromori et al., 2010).
Induction of AAO3 and NCED3 expression by exogenous
ABA has been observed in Arabidopsis, even though the latter
was detected only in the Landsberg erecta background (Xiong
and Zhu, 2003). Exogenous ABA led to increased endogenous
ABA levels in M. crystallinum (Taybi and Cushman, 2002), sug-
gesting that ABA-induced ABA biosynthesis is conserved be-
tween species.

Protein degradation during CAM induction

Previous studies have revealed the importance of de novo pro-
tein synthesis in the adjustment of enzymatic machinery and
in signalling during CAM induction in M. crystallinum (Hofner
et al., 1987; Thomas et al., 1992; Taybi and Cushman, 2002).
In the present study, the total protein amount declined after
320 min in response to ABA treatment, which correlated with
the observed transcriptional changes. Transcripts encoding
protein-degrading enzymes accumulated in ABA-treated leaves,
starting at 40 min and peaking after 1280 min (Supplementary
Fig. S7). Besides up-regulation of protein degradation, the
enrichment analysis revealed down-regulation of protein-
synthesis enzymes (Supplementary Fig. S5). These findings are
consistent with NME which identified under-representation
of protein biosynthesis in all three clusters composed of ABA-
specific factors (clusters 5—7; Fig. 4B).

Protein degradation could serve multiple purposes. First,
protein breakdown would release amino acids for the synthesis
of new proteins, including CAM-specific enzymes. Rapid util-
ization of released amino acids is supported by the lack of ac-
cumulation of free amino acids (Supplementary Dataset S3).
Second, protein degradation may contribute to adjustment of
the enzymatic machinery by degrading competing C; enzymes
or proteins with diurnally fluctuating amounts, such as PPCK
(Nimmo, 2003). For completeness, turnover of components of
the ABA signalling pathway should be mentioned (Wu et al.,
20165 Li et al., 2017). Finally, degraded proteins might provide
energy to fuel synthesis and transport processes. Nocturnal
accumulation of TCA intermediates in ABA-treated leaves
suggest increased flow through this pathway, as proposed by
flux-balance analysis by Cheung ef al. (2014). Under condi-
tions of rapid CAM induction, this might enable preferential
use of carbohydrate reserves for PEP synthesis.

Short-term ABA treatment did not induce a general
stress response

Given the altered transcript levels of ABA signalling com-
ponents, the next question was whether the metabolome of

ABA-treated leaves showed a general stress response, manifested
through the accumulation of sugars, sugar alcohols, or amino
acids (Papageorgiou and Murata, 1995; Bohnert and Jensen,
1996; Hare et al., 1998). In Arabidopsis, increased salinity as
well as exogenous ABA reduced sucrose and starch content,
while maltose content increased (Kempa et al., 2008). This re-
sult agrees with the response observed in ABA-treated leaves of
T triangulare. However, given the nocturnal increase in titrat-
able acidity (Fig. 2), it is likely that starch degradation primarily
served PEP generation. Raffinose levels remained largely un-
changed in ABA-treated leaves of T triangulare (Supplementary
Dataset S4B), indicating that raffinose accumulation after water
withdrawal reported in the same species (Brilhaus et al., 2016)
was (i) independent of ABA and (ii) unrelated to CAM induc-
tion. The former agrees with observations made in Arabidopsis,
where raffinose accumulation is also independent of ABA
(Kempa ef al., 2008; Urano et al., 2009). Amounts of the sugar
alcohols glycerol, mannitol, myo-inositol, and sorbitol did not
increase after ABA treatment (Supplementary Dataset S4B).This
is not surprising at least in the case of myo-inositol, as its bio-
synthesis was shown to be independent of ABA in Arabidopsis
(Urano et al., 2009). GABA accumulates in response to various
stresses, possibly having a signalling role (Bouché and Fromm,
2004), but no increase in GABA levels was observed in ABA-
treated T triangulare leaves. In fact, GABA levels even decreased
transiently, an observation also made in Arabidopsis (Kempa
et al., 2008; Urano et al., 2010). In Arabidopsis, stress-induced
accumulation of amino acids was observed within 15-18 hours
(Nambara ef al., 1998; Urano ef al., 2009). While the accumu-
lation of branched-chain amino acids, tyrosine, and histidine
depends on ABA, dehydration-induced accumulation of pro-
line can also occur independently of ABA (Kempa et al., 2008;
Urano et al., 2009, 2010). In T. triangulare, no significant accu-
mulation of amino acids was observed either under drought
stress (Brilhaus ef al., 2016) or in response to exogenous ABA
(Supplementary Dataset S4B).

In summary, among the stress-related metabolites, those
most affected by ABA application were starch and sucrose, but
we attribute their reduced levels to the PEP regeneration typ-
ical of CAM and energy provision to fuel the adjustment of
metabolism. The lack of stress response may be due to the use
of exogenous ABA as the only stimulus. It has been proposed
that stress (e.g. drought) is sensed by multiple sensors, which
induce a variety of secondary signals (Xiong et al., 2002).
Besides ABA, stress signalling also relies on Ca>" and reactive
oxygen species, and it is possible that the sole application of
ABA was not enough to induce a stress response as rapidly as it
induced the CAM pathway. Measurements of photosynthetic
yield, which is sensitive to environmental and other stresses
(Maxwell and Johnson, 2000), did not reveal any damage to
photosystem II (Supplementary Protocol S3), in agreement
with the metabolome analysis.

Candidate regulators of CAM induction

The currently available transcriptome data with ~25% ABA-
responsive genes (this study) and ~39% drought-responsive
genes (Brilhaus ef al., 2016) in T triangulare represent a rich
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source for the identification of regulators downstream of the
two, partially overlapping, signalling networks. Based on the
DESeq analysis and additional filtering criteria, seven can-
didate transcriptional regulators were identified (Table 1).
HEAT SHOCK TRANSCRIPTION FACTOR A2 (HSFA2),
the dominant HSF involved in thermotolerance of both
Arabidopsis and tomato (Charng ef al., 2007; Chan-Schaminet
et al., 2009), also contributes to salt and osmotic stress toler-
ance (Ogawa ef al.,2007). Since CAM can be induced by both
drought and salinity, a TF responsive to various environmental
stresses in an ABA-dependent manner would be a meaningful
CAM inducer. HSFC1 was also up-regulated. In Arabidopsis,
HSFC1 has been shown to be heat- and drought-responsive
(Rizhsky et al., 2004).

NUCLEAR FACTOR'Y (NF-Y) SUBUNITS A9 and B3
were up-regulated in ABA-treated leaves (Table 1). NF-Ys act
as heterodimers and heterotrimers of NF-YA, NF-YB, and
NF-YC subunits and form complexes with other proteins,
including bZIP-family TFs and components of phytochrome,
gibberellic acid, and ABA signalling. NF-Y TFs regulate plant
growth, development, and stress responses (Zhao et al., 2017).
This is also true for NF-YB3, which is part of the complex
binding to the DREB2A promoter motif, thus regulating the
heat stress response (Sato et al.,2014). Over-expression of poplar
NF-YA?Y in Arabidopsis revealed its role in promoting stomatal
closure in an ABA-dependent manner (Lian ef al., 2018). While
NF-YB3 up-regulation might suggest a developing stress re-
sponse, it could also connect CAM induction with the neces-
sary adjustment of stomatal behaviour.

JmjC DOMAIN-CONTAINING PROTEIN 27 (JM]27)
acts as a demethylase targeting histone H3 at lysine 9 (H3K9)
and plays a role in both pathogen response and flowering time
regulation in Arabidopsis. In the defence response, JMJ27 acts
as a suppressor of WRKY TF expression (Dutta ef al., 2017).
Transcriptabundances of several WRKYs were affected in ABA-
treated leaves, but these were primarily up-regulated, including
WRKY33 (Supplementary Dataset S1). MONOPTEROS/
AUXIN RESPONSE FACTOR 5 (MP/ARF5) regulates de-
velopment in an auxin-dependent manner (Hardtke ef al., 1998;
Krogan ef al., 2012). Since phytohormone signalling pathways
frequently overlap (Jaillais and Chory, 2010), the involvement
of MP in the ABA response, at least under some circumstances,
cannot be excluded. TFs identified as putative CAM regulators
share their involvement in responses to stressors, including heat,
a biological function that was over-represented in the late ABA
cluster 5 (Fig. 4B). In addition, numerous identified TFs are
related to development and response to other phytohormones.

The abundances of transcripts encoding transport proteins
and enzymes of amino acid metabolism were affected by ex-
ogenous ABA as well, but it can only be speculated whether
transcription of any of these genes is regulated by either of the
abovementioned TFs. The altered flow of metabolites could
directly contribute to their flow through the CAM pathway,
as in the case of BASS2 (Table 1), transcripts of which are
highly abundant in the C, species Flaveria, which employs a
type of photosynthesis that shares many similarities with CAM
(Furumoto ef al., 2011). Alternatively, transporters may con-
tribute to signalling, which might be the role of CATION

EXCHANGER 11 (CAX11), even though its role in Ca**
signalling under stress conditions has been described only in
Arabidopsis roots so far (Wang ef al., 2016).

The number of ABA-responsive transcripts encoding en-
zymes of amino acid metabolism could contribute to protein
synthesis. For example, METHIONINE GAMMA-LYASE
(MGL) has been shown to catalyse conversion of methio-
nine to cysteine (Goyer ef al., 2007) and isoleucine synthesis
(Joshi and Jander, 2009). Moreover, amino acid metabolism
could play a more global role in the adjustment of metabolism.
Mitochondrial MCCA, encoding methylcrotonyl-CoA carb-
oxylase alpha chain, is involved in the catabolism of leucine
and branched-chain amino acids, thus providing a respiratory
substrate to satisfy energy demands. Besides MCCA, THA1
was up-regulated in response to both ABA and drought (Table
1). In Arabidopsis, both MCCA and THAT1 are targets of bZIP
TFs (Doidy et al., 2016), leading to the hypothesis that both
genes could be co-regulated in 1. triangulare as well.

Based on Arabidopsis coexpression network analysis, a hier-
archical structure of catabolism genes was suggested in which
smaller pathways, such as single amino acid degradation, form
a part of larger biochemical modules, meaning that specialized
genes also possesses a broader metabolic function (Mentzen
et al., 2008). However, whether such regulation could also
contribute to CAM induction (e.g. via amino acid catabolism
genes) has not been investigated yet.

Conclusions

Based on the observed transcriptional changes and increased
nocturnal acidification, foliar application of 200 uM ABA
was sufficient to induce CAM in the facultative CAM spe-
cies T triangulare within 24 hours. CAM induction by ex-
ogenous ABA has been reported previously (Ting, 1981; Chu
et al., 1990; Dai et al., 1994; Taybi et al., 1995; Minardi et al.,
2014) but we are not aware of any other work showing the
rapid pace of adjustment of the carbon assimilation strategy.
Establishing ABA-inducible CAM models could boost re-
search in the field and expand our knowledge about this
pathway, including but not limited to functional confirm-
ation of proposed ‘CAM switches’, gas exchange studies and
labelling experiments to disentangle carbon flow during the
induction phase of CAM.

Supplementary data

Supplementary data are available at JXB online.

Dataset S1. Quantitative information and annotation for
all Talinum triangulare reads mapped on to the reference tran-
scriptome of Beta vulgaris.

Dataset S2. Genes with significantly altered temporal pat-
tern of transcript abundances upon ABA treatment of Talinum
triangulare; analysis with maSigPro package for R.

Dataset S3. A complete list of significantly differentially
expressed genes based on comparison of the pool of ABA-
treated leaves of Talinum triangulare with the pool of mock-
treated leaves.
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Dataset S4. Relative metabolite amounts in Talinum
triangulare leaves as determined by GC-MS, and amino acid
amounts in Talinum triangulare leaves as determined by LC-MS.

Fig. S1. Titratable acidity in mature Talinum triangulare
leaves at the end of the light and dark phases upon daily treat-
ments with 10-600 pM ABA.

Fig. S2. Principal component analysis of Talinum triangulare
RNA-seq data.

Fig. S3. Principal component analysis of metabolite
amounts detected in leaves of Talinum triangulare harvested 40,
80, 160, 320, 640, and 1280 min after the first ABA treatment.

Fig. S4. Comparison of performance of Lee and Seung,
Brunet, and KL algorithms on the transcriptome dataset of
Talinum triangulare.

Fig. S5. Over-representation of differentially expressed
genes for biological functions in Talinum triangulare at indi-
vidual sampling time points.

Fig. S6. Transcript abundance of three detected isoforms of’
PPC in Talinum triangulare.

Fig. S7. ABA-induced changes in abundances of tran-
scripts encoding components of protein degradation/synthesis
and amino acid degradation/synthesis pathways in Talinum
triangulare.

Fig. S8. Diurnal pattern of sucrose and starch abundance in
ABA- and mock-treated leaves of Talinum triangulare.

Protocol S1. Validation of transcript levels determined by
RNA-seq.

Protocol S2. Time series RNA-seq analysis.

Protocol S3. Pulse-amplitude modulated (PAM) fluores-
cence measurements.

Table S1. Sequencing statistics of the RINA-seq experi-
ment in Talinum triangulare.

Table S2. Gene assignment to MapMan and to homemade
reduced categories with expanded Photosynthesis. CAM/C4
photosynthesis category.

Table S3. Genes involved in clock regulation and analysis
of time-dependent abundances of their transcript levels in
Talinum triangulare.
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Supplementary figures

Figure S1. Titratable acidity in mature Talinum triangulare leaves at the end of the light and dark phases
upon daily treatments with 10 to 600 uM ABA

Figure S2. Principle component analysis of Talinum triangulare RNA-seq data

Figure S3. Principle component analysis of metabolite amounts detected in leaves of Talinum triangulare
harvested 40, 80, 160, 320, 640 and 1280 min after the first ABA treatment

Figure S4. Comparison of performance of Lee and Seung Brunet, and KL algorithms on the transcriptome
dataset of Talinum triangulare

Figure S5. Over-representation of differentially expressed genes for biological functions in Talinum
triangulare at individual sampling time points

Figure S6. Transcript abundance of three detected isoforms of PPC in Talinum triangulare

Figure S7. ABA-induced changes in abundances of transcripts encoding components of protein
degradation/synthesis and amino acid degradation/synthesis pathways in Talinum triangulare

Figure S8. Diurnal pattern of sucrose and starch abundance in ABA- and mock-treated of Talinum
triangulare
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Figure S1. End of day (ED) and end of night (EN) titratable acidity in mature leaves of Talinum triangulare; two
independent treatments, (A) and (B), with ABA solutions of the given concentration or mock solution (1.86% (v/v)
methanol, 0.02% (v/v) Tween-20) applied as foliar spray within the first hour of the light. Plants were grown in 12/12 L/D
regime. Paired leaves were treated with mock or ABA solution, nontreated controls were included as well. Leaves were
harvested and shock frozen after daily treatments for five consecutive days. Approximately 0.5 g leaf material (fresh
weight) was boiled in 40 ml 50% (v/v) methanol until the volume halved. Upon refilling to 40 ml with water, leaves were
boiled further until the volume halved again. Finally, extract volume was refilled back to 40 ml one final time with water.
After cooling to room temperature, obtained extracts were titrated with 5mM KOH to pH = 7.0, using a pH meter to
monitor the change in pH.
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Figure S2. Principle component analysis of RNA-seq data for mock- (blue) and ABA-treated (orange) leaves of

Talinum triangulare harvested 40, 80, 160, 320, 640 and 1280 min after the first ABA treatment.
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80, 160, 320, 640 and 1280 min after the first ABA treatment (mock in blue and ABA in orange). The shown PCA is

based on metabolite amounts measured with GC-MS and LC-MS.
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Figure S4. Comparison of performance of Lee and Seung (blue), Brunet (red), and KL (green) algorithms in terms of
(A) residual sum of squares and (B) average regression coefficient (R?). The algorithms were tested prior to running

nonnegative matrix factorization (NMF) on the transcriptome data set obtained for Talinum triangulare. All three
algorithms identified five factors.
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Figure S5. Over-representation of biological functions at individual sampling time points. (A) MapMan categories in the
first bin. (B) Selected MapMan categories at the level of second bin. Talinum triangulare reads were mapped against
Beta vulgaris reference and after mapping, only transcripts with a known homolog in Arabidopsis were used in the
enrichment analysis. Up- and down-regulation of individual transcripts was based on DESeq analysis (g-value 0 0.01
after false discovery rate correction according to Benjamini & Hochberg). Enrichments are based on Wilcoxon test with
false discovery rate correction according to Benjamini & Hochberg and significance level of 0.05. When multiple Beta
vulgaris targets mapped against a single Arabidopsis gene, all hits were counted. Numbers in brackets stand for total
number of mapped genes in each category. In red is number of up-regulated and in blue number of down-regulated
genes The complete list of gene assignments to MapMan bins, incuding manually expanded CAM/C, photosynthesis, is
available as Supplemental Table 2.
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Figure S6. Transcript abundance of three detected isoforms of PPC in Talinum triangulare leaves. (A) Absolute
transcript levels [rpkm]. (B) Differential expression in ABA-treated compared to mock-treated leaves (DESeq analysis).
In the DESeq analysis, only significantly different (g-value 0 0.01) changes are shown.
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Figure S7. ABA-induced changes in abundances of transcripts encoding components of protein degradation/synthesis and amino acid
degradation/synthesis pathways in Talinum triangulare. Transcript abundances are expressed as log,-fold changes of ABA- compared to
mock-treated leaves (n = 2). Only genes with significantly different transcript abundance (DESeq with Benjamini & Hochberg correction, g-
value < 0.01) and altered temporal pattern (maSigPro with Benjamini & Hochberg correction, g-value < 0.01 and R? > 0.8) are shown. In
response to ABA, primarily protein and amino acid degradation pathways are up-regulated, with up-regulation of amino acid-degrading
enzymes preceeding that of enzymes of protein degradation. Degraded amino acids provide carbon backbones in the form of pyruvate or
TCA intermediates. Pyruvate could be subsequently phosphorylated by PPDK to produce PEP, a substrate for nocturnal carbon
assimilation. Generated organic acids can enter the TCA cycle and thus support energy production required e.g. to fuel synthesis and
transmembrane transport processes. Additionally, CO, originating both from respiration and amino acid degradation could be potentially
captured by PPC besides ambient CO,. MPC, mitochondrial pyruvate carrier; OAA, oxaloacetate; PEP, phosphoenolpyruvate; TCA,
tricarboxylic acid cycle.
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Figure S8. Diurnal pattern of sucrose and starch abundances in mock- (blue) and ABA-treated (orange) leaves of
Talinum triangulare. While the observed changes are not significant (g-value 0 0.05), there seems to be a trend towards

nocturnal depletion of both carbon sources already during the first dark period after the ABA treatment.
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Supplementary tables
Table S1. Sequencing statistics of the RNA-seq experiment in Talinum triangulare

Table S2. Gene assignment to MapMan and to homemade reduced categories with expanded
Photosynthesis. CAM/C4 photosynthesis category (available as a supplementary material at the
publisher’s website only)

https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz189

Table S3. Genes involved in clock regulation and analysis of time-dependent abundances of their
transcript levels in Talinum triangulare
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Table S3. Genes involved in clock regulation and analysis of time-dependent abundances of their transcript levels in Talinum
triangulare

atarget_id, transcript identifier of Beta vulgaris reference (RefBeet-1.2.2)

PAGI, Arabidopsis gene identifier for the closest hit to the Beta vulgaris transcript (based on BlastX)

°Araport11 annotation, gene product annotation based on Arabidopsis

9log2-FC pool(ABA/mock), log2-FC of transcript abundances in all ABA-treated leaves (pool of all samplings) compared to transcript
abundances in all mock-treated leaves

¢g-value, Benjamini-Hochberg corrected p-value of DESeq2 analysis of differential expression (column d); only DEGs with g < 0.01
are included

fchanged temporal pattern, result of time-series analysis (maSigPro analysis as described in Supplemental Note 3)

9Cluster, Assignment to a cluster based on transcriptional contribution of the five identifed factors to expression pattern of a gene
(see Materials and Methods for details)

target Id* AGPP annotation® :7\932:;3;3", g-value® ::ftr;?::j tempogz cluster (NMF)?
KMT10771 AT5G61380 TOC1 n.d. nd. yes 1
KMTO07824 AT1G12910 ATAN11 n.d. n.d. yes 1
KMT16167 AT5G52660 AT5G52660 n.d. n.d. yes 1
KMT05202 AT5G59570 BOA n.d. nd. yes 2
KMT18207 AT2G40080 ELF4 n.d. n.d. n.s. 2
KMS99319 AT5G02810 PRR7 n.d. n.d. n.s. 3
KMT07412 AT3G27010 TCP20 1.51 0.006 n.s. 4
KMT17957 AT2G25930 ELF3 n.d. n.d. yes 4
KMS95263 AT3G22380 TIC n.d. n.d. yes 4
KMT01429 AT2G21070 FIO1 n.d. n.d. n.s. 4
KMT01453 AT2G21150 XCT n.d. n.d. yes 4
KMT20192 AT1G01060 LHY n.d. n.d. yes 5
KMT01479 AT5G64170 AT5G64170 n.d. n.d. n.s. 5
KMS97011 AT3G09600 RVES8 n.d. n.d. n.s. 5
KMS94973 AT1G17455 ELF4-L4 n.d. nd. yes 7
KMT16488 AT5G24470 PRR5 n.d. n.d. n.s. 8
KMT20206 AT2G46790 PRR9 n.d. n.d. n.s. 9
KMT17076 AT3G54500 AT3G54500 n.d. n.d. n.s. 9
nd. AT2G46830 CCA1 n.d. n.d. ns. n.d.
nd. AT5G60100 PRR3 n.d. n.d. n.s. n.d.
nd. AT3G26640 LWD2 n.d. n.d. n.s. n.d.
KMT06287 AT5G08330 TCP11 n.d. n.d. n.s. n.d.
KMT02583 AT5G23280 AT5G23280 n.d. n.d. n.s. n.d.
nd. AT5G43630 TZP n.d. n.d. n.s. n.d.
nd. AT1G01520 ASG4 n.d. n.d. n.s. n.d.
nd. AT4G01280 AT4G01280 n.d. n.d. n.s. n.d.
nd. AT5G02840 LCL1 n.d. n.d. n.s. n.d.
KMT00177 AT3G46640 PCL1 n.d. n.d. n.s. n.d.
KMT01722 AT3G21320 AT3G21320 n.d. n.d. n.s. n.d.
nd. AT1G72630 ELF4-L2 n.d. n.d. n.s. n.d.
nd. AT2G06255 ELF4-L3 n.d. n.d. n.s. n.d.
nd. AT2G29950 ELF4-L1 n.d. n.d. n.s. n.d.
nd. AT3G63180 TKL n.d. n.d. n.s. n.d.
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Supplementary protocols
Protocol S1. Validation of transcript levels determined by RNA-seq
Protocol S2. Time series RNA-seq analysis

Protocol S3. Pulse-amplitude modulated (PAM) fluorescence measurement
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Supplementary Protocol S1: Validation of transcript levels determined by RNA-seq

Quantitative real-time PCR (qPCR) was used to quantify transcript levels of selected targets,
and thus validate the accuracy of RNA-sequencing. In total, four targets, encoding for

components of both CAM pathway and ABA signalling, were analysed.

For gPCR confirmation, the same RNA samples of Talinum triangulare were used as for the
RNA-sequencing. Synthesis of complementary DNA (cDNA) was carried out using
SuperScript™ 11 Reverse Transcriptase (Thermo Fisher Scientific) according to the
manufacturer’s instructions. All primer pairs were designed using Primer-BLAST (Ye et al.,
2012) and targeting at contigs of currently available assembly of Talinum triangulare
transcriptome (Brilhaus ef al., 2016). Contigs of the transcriptome assembly were annotated

based on their homology to Arabidopsis transcripts (Tab. 1)

Luna® Universal gPCR Master Mix (New England Biolabs Inc.) chemistry was used for qPCR
and the amplification was monitored in StepOne™ Red-Time PCR System (Applied
Biosystems™). The reaction composition was scaled down for atotal volume of 10 ul and each
reaction contained 1.5 ul cDNA, which was previously diluted 1:10. The PCR cycling
conditions were: 95 °C for 60 s, 40 cydes of 95 °C for 15 sand 60 °C for 30 s. The melting
curve was measured after 40 cycles to verify primer specificity. For each sample and primer
pair, analysis was performed in three technical replicates and average Cr values were used to
calculate mean normalized expression (MNE) as described by Simon (2003). Transcript levels
of ATPase, FO/V0 complex, subunit C protein (AGIl: AT2G25610, Talinum triangulare contig

Tt50206_2) were used for normalization.

To evaluate correlation between RNA-seq and qPCR, RNA-seq reads were additionally
quantified against the reference transcriptome using Kallisto (Bray et al., 2016) and the degree
of correlation between MNE and transcripts per million (tpm) was evaluated by Pearson’s

correlation.

65



Manuscript |

mean normalized expression

15

50

Table 1. Primer sequences used to amplify selected targets in Talinum triangulare by qPCR and

annotation of the targets. A7Pase, F'0/V0 complex, subunit C was used as a house-keeping gene.

Arabidopsis gene T. triangulare contig Forward primer (5°-3”)
Reverse primer (5°-3”)
ABF2 TAGGGATGGAGTCGTTGGGT
(AGI: AT1G45249) 12370 CATTCCTCCACCTGGCAACA
ATPase, FO/V0
) GTGTCCCATCGTCCCAAGTT
f:"g; :le:’TZZ:Zli) Tt50206_2 CGCAGACAAGGTTGGCAAAA
PPCI 63271 TTGGCAACTCTACAAGGCCC
(AGIL: AT1G53310) TTCACCCCGAATTGCTTGGA
PYL9 T02302 CTACCAGCACGGAGAGGCTA
(AGI: AT1G01360) AGGGACACGACGGAAGAGTA
SnRK2.2 AGGCGATGAATCGGGAACAG
Tt31423_2

(AGI: AT3G50500)

TGTCGTGCATGATCGGCATA

Results

gPCR was performed and mean normalized expression (MNE) was calculated and correlated

with quantification of respective contigs based on RNA-sequencing. For PPCI, PYL9 and

SNRK?2.2, the correlation coefficient was 0.998, 0.705 and 0.91, respectively. In all three cases,

the correlation was significant at the 0.01 significance level. For 4ABF2, the correlation

coefficient was 0.615 with p-value of 0.03 (Fig. 1).

ABF2 PPC1 PYL9 SnRK2.2
R=0615 R=0008 ©(0.008] R-091
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Figure 1. Correlation between mean normalized expression and transcript abundance [tpm] in leave tissue of

0 500 1000 1500 2000

20 25 30 3% 40 40 50 &0

transcripts per million

Talinum triangulare. p indicates p-value. R stands for correlation coefficient.
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References for Supplementary Protocol 1
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triangulare. Plant Physiology 170, 102-122.
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to design target-specific primers for polymerase chain reaction. BMC Bioinformatics 13, 134-145.
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Supplementary Protocol S2: Time series RNA-seq analysis

The maSigPro package (version 1.54; Nueda et al., 2014) for R was used to identify genes with
significantly different temporal patterns between mock and ABA treatments. Obtained results
were used to further support the analysis of differential genes expression at individual time

points.

Talinum triangulare reads mapped against Beta vulgaris reference transcriptome RefBeet-1.2.2
(Dohm et al., 2014) were normalized to reads per million (rpm) and low abundant genes were
filtered prior to the time-course analysis. Different temporal patterns were detected by
generalized linear model (GLM) with the following settings: 8 = 10 (default), false discovery
rate Q = 0.01 and BH adjustment for multiple testing. Profiling of significant differences
between the experimental groups was done using “two.ways.backward” step method.
Additional parameters of the t.fit() function included the minimum of 10 true numerical
observation per gene and a = 0.05. To select temporally differentially expressed genes, the
results of the second regression model were filtered using the “group” comparison

(get.siggenes() function) and setting the R? cut-off value to 0.85 for the regression model.

Subsequently, hierarchical clustering (hclust) was performed to group temporally
differentially expressed genes based on similarity in their transcript abundance profiles. The
number of required clusters was set to six, which was determined as an optimum by within-
cluster sum of squares. Finally, genes within each cluster were tested for enrichment of
biological functions based on MapMan categorisation (Thimm ez al., 2004). For the enrichment
analysis, only transcripts with known Arabidopsis homologs were considered and Arabidopsis-
based functional annotations were used. Genes, whose temporal pattern did not differ
significantly between mock and ABA, were considered as a separate cluster in the enrichment
analysis. Fisher’s exact test with p-value adjustment according to Benjamini-Hochberg

(Benjamini and Hochberg, 1995) was used to find significant enrichments.
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Results

With the above specified parameters, temporal patterns significantly different between mock
and ABA treatments were discovered for 4,765 genes. The complete list of all genes with

significantly altered temporal pattern is available as Supplemental Dataset 2.

References for Supplementary Protocol 2
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Gabaldon T, Lehrach H, Weisshaar B, Himmelbauer H. 2014. The genome of the recently
domesticated crop plant sugar beet (Beta vulgaris). Nature 505, 546-549.

Kent WJ. 2002. BLAT—The BLAST-Like Alignment Tool. Genome Research 12, 656—664.

Nueda MJ, Tarazona S, Conesa A. 2014. Next maSigPro: Updating maSigPro bioconductor package
for RNA-seq time series. Bioinformatics 30, 2598-2602.
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Supplementary Protocol S3: Pulse-amplitude modulated (PAM) fluorescence

measurements

To investigate whether exogenous ABA induced stress response in Talinum triangulare at a
physiological level, chlorophyll fluorescence was analysed. Chlorophyll fluorescence ratio
Fy/Fum is a robust indicator of the maximum quantum yield of photosystem II. Under stress
conditions, the capacity to repair photosystem II is reduced, which translates in the irreversible
inhibition of photosystem II, detectable as reduced F./Fi (Baker 2008; Murchie and Lawson,
2013).

Two independent experiments were performed, one to investigate a long-term effect of
exogenous ABA on photosynthetic performance/stress in 7. triangulare, and another one to
accompany the RNA-seq experiment and focusing on the early response to exogenous ABA. In

both experiments, plants were grown under 12 h light/ 12 h dark and 25 °C/ 23°C conditions.

In the long-term experiment, mature leaves of 7. triangulare were treated daily with 10 pM,
50 uM, 200 uM ABA or mock solution in four biological replicates; non-treated controls were
included as well. All treatments were done on a daily basis within the first hour of the light
period. F\/Fin was measured within the last 30 minutes of dark (i.e., in dark-adapted state) using
a JUNIOR PAM (Heinz Walz GmbH) device. The same leaves were used during the whole

experiment.

For the early response experiment, plants independent of the RNA-seq experiment were used
but originating from the same seed batch and grown under identical conditions, and
experimental design as used in the RNA-seq experiment (Fig. 1 of the main text). For each time
point and treatment, two biological replicates were used and four leaf-discs originating from
the treated leaves were analysed per plant. Immediately after cutting, leaf discs were placed in
water and incubated in dark for 15 minutes prior to the measurement with an IMAGING-PAM

M-Series (MAXI version) connected to an IMAG-K6 camera (Heinz Walz GmbH).

Results

Daily ABA treatments (concentration range 10-200 pM) of mature leaves of 7. triangulare for
up to six days did not have any adverse effect on the photosynthetic performance of the treated
leaves (Fig. 1). Beginning on day 11, statistically significant decline of F./Fn occurred but it
could also be a result of growth conditions, as a decline was observed also in mock-treated

leaves (day 11, 50 uM ABA).
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Consistent with the findings of the long-term experiment, exogenous ABA did not induce
damage to photosystem IT within 1280 min after the treatment (Fig. 2). The drop of Fv/Fm to
Cilledd S SYER) &R M IO and ABA-treated leaves at 640 min, respectively,
is likely a result of diurnal changes to the photosystem and not caused by the treatment (Fig. 2).
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Figure 1. Effect of daily ABA treatments on F./Fy, of mature leaves of Talinum triangulare. Non-treated, mock-
and ABA-treated leaves were analysed (n = 4). Treatments were done daily within the first hour of the light. F\/F,
measurements were done shortly before dawn, while the plants were still dark-adapted. The horizontal line depicts
a reference F\/F,, value (0.835), which is based on measurements of all leaves chosen for this experiment prior to
the first treatment. Asterlsks mdlcate dlfference compared to the reference F,/F, value. One sample #-test,

b
0.84
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Figure 2. Short-term effect of exogenous ABA on Fy/Fy, of mature Talinum triangulare leaves. The treatment and
harvest schemes were the same as in the RNA-seq experiment (see Materials and Methods). Two biological
replicates were used and four leaf-discs per plant were obtained and analysed. After cuttmg, leaf dlSCS were kept
in Water and dark adapted prior to the measurement. Two sample /- $h®SEEEA CH& 1T EeAlia
*[0
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The genome of Talinum triangulare provides insights into regulation of crassulacean acid
metabolism

Eva Maleckova', Dominik Brilhaus!, Andreas P. M. Weber!

! Institute of Plant Biochemistry, Cluster of Excellence on Plant Sciences (CEPLAS), Heinrich Heine
University, Universitétsstraie 1, 40225 Diisseldorf, Germany

Abstract

Crassulacean acid metabolism (CAM) has evolved as the most water-use efficient mode of
photosynthesis. CAM engineering was therefore proposed as one strategy to improve drought resilience in
crops. This requires a detailed understanding of the genetic blueprints enabling CAM emergence and
proper regulation of the underlying protein activities. To identify such CAM-enabling signatures, we
generated genome and transcriptome assemblies of the facultative CAM species Talinum triangulare.
Promoter analysis of genes showing altered expression pattern during abscisic acid-mediated CAM
induction revealed enrichment of transcription factor binding sites among genes with similar expression
profiles. These included a clock-associated motif, a motif bound by transcription factors responsive to
abscisic acid and several predicted motifs of TEOSINTE BRANCHED 1, CYCLOIDEA AND PCF
TRANSCRIPTION FACTOR (TCP) family. Majority of enriched motifs were identified in genes down-
regulated in response to abscisic acid, suggesting importance of down-regulation during CAM induction.
Interspecies comparison of promoter sequences identified motifs enriched in 7. triangulare promoters of
core CAM genes including ~ PHOSPHOENOLPYRUVATE CARBOXYLASE (PPC),
PHOSPHOENOLPYRUVATE CARBOXYLASE KINASE and MALATE DEHYDROGENASE as well as
genes encoding several transporters and enzymes of glycolysis and starch metabolism. Protein-coding
sequences were analysed as well, focusing on amino acid substitutions associated with C4 and CAM
PHOSPHOENOLPYRUVATE CARBOXYLASE (PEPC) isoforms. A high degree of diversification
among Talinum triangulare isoforms as well as across plant lineages and photosynthesis modes was
revealed.

Keywords: cis-elements, cis regulation, crassulacean acid metabolism, genome, Talinum triangulare,
transcriptome

Abbreviations: CAM, crassulacean acid metabolism; CRE, cis-regulatory element; DEG, differentially
expressed gene; InRNAs, long non-coding RNAs; ORF, open reading frame; PEPC/PPC,
phosphoenolpyruvate carboxylase; TF, transcription factor; TFBS, transcription factor binding site(s)
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Introduction

Crassulacean acid metabolism (CAM) has evolved as one of the carbon-concentrating mechanisms
in terrestrial plants and also the most water-use efficient photosynthetic strategy — some CAM species
require as little as one sixth of the water budget of Cs species (Yang et al., 2015a). The key towards the
reduced water demands as compared to C; and Cy4 species is the rescheduling of stomatal opening to the
dark, when transpiration rates are low, and temporal separation of primary and secondary carbon
assimilation. In brief, the CAM cycle operates in four phases. In the dark, stomata open and atmospheric
CO; is fixed in form of HCO; by PHOSPHOENOLPYRUVATE CARBOXYLASE (PEPC) to
oxaloacetate, which is immediately reduced to malate by MALATE DEHYDROGENASE (MDH) and
stored in the vacuole as malic acid (Phase I). During the light, stomata close and nocturnally accumulated
malate is decarboxylated enzymatically to provide CO, for the secondary fixation catalysed by
RIBULOSE-1,5-BISPHOSPHATE CARBOXYLASE/OXIDASE (RuBisCO) (Phase III). At dawn and
dusk, two transitory phases occur. At the dark/light transition, stomata can open widely when switching
from PEPC- to RuBisCO-mediated carbon fixation (Phase II). Under favourable conditions, stomata may
re-open already towards the end of the light period to enable CO, assimilation by RuBisCO as malate
reserves get depleted (Phase 1V) (Osmond, 1978; Liittge, 2002; Borland ez al., 2009).

CAM is a highly plastic adaptation with only few species relying exclusively on carbon assimilation
via the CAM pathway. One example of this plasticity is presented by facultative CAM plants, which
mostly rely on C; assimilation and only upon exposure to stress switch to the CAM mode. Unlike
ontogenetically pre-programmed Cs; to CAM transition (e.g. Ananas comosus pineapple, Phalaenopsis
equestris and Kalanchoé fedtschenkoi), facultative CAM is reversible upon stress removal (Winter and
Holtum, 2014; Wai et al., 2019; Winter, 2019). Mesembryanthemum crystallinum has been used as a
model species for a long time, but more cases of facultative CAM have been described with more of the
plant diversity being explored. Other facultative CAM species include Talinum triangulare and several
C4-CAM Portulaca species. Facultative CAM also evolved in monocots (e.g. orchid Dendrobium
catenatum) and in a fern Vittaria lineata (Minardi et al., 2014; Zhang et al., 2016).

The flexibility between fast growth and inducible stress resilience, makes facultative CAM optimal
for introduction into crop plants. Successful CAM engineering efforts however require detailed
understanding of the regulatory mechanisms controlling CAM induction and how re-programming of
carbon assimilation is synchronized with other metabolic processes (Borland et al., 2014; Yang ef al.,
2015a; Liu et al., 2018). Besides offering a promising CAM biodesign strategy, facultative CAM species
are an excellent system to identify i) novel genes associated with the CAM pathway and ii) CAM-related
genetic changes in the case of genes orthologous to C; and Cs isogenes (Yang ef al., 2019). The genetic
changes leading to CAM are expected to be of two kinds: i) amino acid substitutions affecting kinetic,
regulatory and binding properties of target proteins, and ii) altered timing of gene expression, possibly
accompanied by changed maximal abundance (Cushman and Bohnert, 1999; Cushman et al., 2008;
Silvera et al., 2010).

Due to the limited number of genomic resources, the knowledge about exact CAM-enabling
changes has been limited. This is however changing at rapid pace and more available genome sequences

75



Manuscript 11

covering the CAM diversity will facilitate the study of convergent CAM evolution. For example, the role
of whole genome and tandem gene duplications followed by neofunctionalization in CAM evolution
remains to be clarified. In pineapple, the hypothesis of gene duplications contributing to CAM evolution
was rejected, while analysis of the K. fedtschenkoi genome provided strong evidence for whole genome
duplications and identified several CAM genes with high copy numbers (e.g. PPC and MDH) (Ming et al.,
2015; Yang et al., 2017).

Evidence of CAM-enabling adjustment of gene expression was obtained at the level of both cis- and
trans-regulation. Promoters of genes expressed diurnally in green leaf tissue, including core CAM genes,
contain clock-associated cis-regulatory elements (CREs) at frequencies differing from their random
occurrence in the genome (Ming et al., 2015, 2016). Further, the altered frequency of these elements was
confirmed in a comparison to C; and C4 orthologs (Ming et al., 2016). Increased expression of several
CAM genes, including PPC was attributed to both loss of repressors and gain of activators in pineapple
(Ming et al., 2015). In K. fedtschenkoi, Moseley et al. (2019) identified candidate genes extending the
transcriptional feedback loops of the circadian oscillator as known in Arabidopsis. Similar approaches
need to be applied on facultative CAM species to identify whether trans-acting “CAM switches” evolved
that drive the metabolic re-programming.

Long non-coding RNAs (IncRNAs) and short regulatory RNAs such as microRNAs (miRNAs)
provide an additional layer of transcriptional control both in plants and animals (Nelson et al., 2003; Lee,
2012; Heo et al., 2013). In pineapple, both IncRNAs and miRNAs with strong diurnal expression pattern
were identified as well as their putative targets, including CAM genes (Wai et al., 2017; Bai et al., 2019).
M. crystallinum is currently the only facultative CAM species, for which a collection of miRNAs was
generated but studied in the context of resistance to high salinity only (Chiang et al., 2016). It remains to
be researched, whether RNA-mediated gene expression is crucial for effective CAM expression or
whether non-coding RNAs provide an additional layer for fine-tuning the gene expression.

T. triangulare, together with M. crystallinum and Portulaca spp., belongs to the order of
Caryophyllales, which is a true hotspot of multiple independent CAM origins, including obligate CAM
Cactaceae and Crassulaceae. Besides that, more than 20 independent origins of C4 photosynthesis were
identified within Caryophyllales (Silvera et al., 2010; Sage et al., 2011; Christin et al, 2014).
T. triangulare is the experimental model of our choice because of fast and reversible CAM induction in
response to stress (Brilhaus ef al., 2016; Montero ef al., 2018). In addition, exogenous abscisic acid
(ABA) can be used to induce the CAM pathway in a controlled and very rapid way (Maleckova et al.,
2019). The aim of our work was to expand the genomic resources available for 7. triangulare and to
identify CAM-enabling signatures in this species. Besides the first 7Talinum genome assembly, we
generated an improved transcriptome assembly, including putative IncRNAs. Analysis of promoter
sequences of genes differentially expressed during ABA-mediated CAM induction revealed transcription
factor binding sites (TFBS) associated with certain expression profiles.
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Materials and Methods
Plant material and growth conditions

Seeds of Talinum triangulare obtained after five subsequent, controlled self-pollination events were
germinated in D 400 soil with Cocopor (Stender) and grown in a controlled-environment plant chamber
(MobyLux GroBanks, CLF Plant Climatics) under the following conditions: 12 h light/12 h dark at
25 °C/23 °C. The light intensity at the leaf level was 150-200 pmol s™! m™. In parallel, a batch of the
same seed stock was sterilised by washing twice in 70% ethanol for 15 min followed by two washes with
sterile water (15 min each) and germinated on %2 Murashige and Skoog (MS) medium with 3% sucrose.

For PacBio transcriptome sequencing, the following samples were harvested by snap-freezing
respective tissues in liquid nitrogen: seedlings grown on soil harvested 6 to 12 after sowing, roots of plants
grown in soil in which case roots were washed in water and rinsed with 70 % ethanol prior to freezing,
roots of plants grown in vitro on %> MS medium (25 days after sowing), young leaves grown under control
conditions (21 days after sowing), mature leaves harvested 160 min and 640 min after foliar application of
200 uM abscisic acid (ABA) for presence of ABA-inducible transcripts (Maleckova et al., 2019) (40 days
after sowing), whole leaves harvested at the end of day and at the end of night after water withdrawal for
seven days for presence of drought-responsive and/or CAM-related transcripts (Brilhaus et al., 2016) (40
days after sowing), and whole flowers harvested continuously (53 to 70 days after sowing).

For genomic DNA extraction, seeds from the same batch as for transcriptome sequencing were
germinated on soil and grown under the same conditions as described above. At the age of 25 days, plants
were kept at constant darkness for 36 hours to remove starch. Afterwards, whole shoots were harvested,
snap-frozen in liquid nitrogen immediately and stored at - 80 °C.

Genome size estimation

The genome size was measured by flow cytometry. Leaf tissue of approximately two-month old
T. triangulare was chopped together with young leaves of Solanum lycopersicum L. ‘Stupické polni rané’
(obtained from Institute of Experimental Botany, Centre of the Region Hana for Biotechnological and
Agricultural Research, Olomouc, Czech Republic) which was used as an internal standard. 7. triangulare
was used in excess (approximately 3:1) as determined before measurements. Galbraith’s buffer (Galbraith
et al., 1983; Dolezel et al., 2007) with addition of 15 mM B-mercaptoethanol and 1 % (w/v) PVP-40 was
used for nuclei extraction. Nuclei were released free by chopping both leaf tissues in the isolation buffer,
obtained nuclei suspension was filtered via miracloth and RNase A treatment followed for 30 min at 37 °C
using 5 pl [10 mg/ml] RNase A. Shortly before the measurement, 50 pl propidium iodide [1 mg/ml] were
added per 1 ml of sample. Nuclei suspensions prepared in triplicates were measured on two different days
using CyAn™ ADP Analyzer (Beckman Coulter) up to a total of 5,000 particles at each measurement.
Summit v 4.3.04 software was used for selection of measured events and peak evaluation. The amount of
nuclear DNA in T. triangulare tissue was calculated based on G; peaks using the following formula:
Sample 2C DNA content = [(sample G; peak mean) / (standard G; peak mean)] x standard 2C DNA
content [pg DNA] (Dolezel and Bartos, 2005). For genome size in nucleotides, the formula published by
Dolezel et al. (2003) was used.
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Genomic DNA extraction and Nanopore sequencing

Approximately 10 g frozen shoots were ground in liquid nitrogen to fine powder which was
transferred to 200 ml homogenization buffer (HB) (10 mM Tris-CI pH 9.5, 80 mM KCI, 100 mM EDTA,
1 mM spermidine, 1 mM spermine, 17.1 % (w/v) sucrose). B-mercaptoethanol was added to a final
concentration of 0.15 % (v/v) and the sample was stirred for 10 min on ice. Subsequently, it was filtered
through two layers of cheesecloth and one layer of miracloth, 5 ml 20 % Triton X-100 (in HB) were added
to the filtrate and stirred gently for additional 20 min on ice. Obtained lysate was centrifuged at 2,500 g
for 20 min at 4 °C, the pellet was resuspended in 30 ml HB and filtered through two layers of miracloth.
Afterwards, two more washing steps without any further filtering were performed.

Purified pelleted nuclei were resuspended in 2 ml G2 buffer (800 mM guanidine hydrochloride, 30
mM EDTA, 30 mM Tris base, 5 % (v/v) Tween 20, 0.5 % (v/v) Triton X-100), 4 ul RNase A [10 mg/ml]
were added and incubated at 37 °C for 30 min. Afterwards, 45 pul proteinase K [20 mg/ml] were added and
incubated at 50 °C for two hours, while occasionally inverting the tube. After spinning down at 5,000 g for
10 min at 4 °C, the supernatant was loaded on equilibrated Genomic-tip 20/G column (QIAGEN) and
washed and eluted according to manufacturer’s instructions. DNA was precipitated with 0.7 volume of
isopropanol and spinned down at 5,000 g for 15 min at 4 °C. The pellet was washed two times in 500 pl
cold 70 % ethanol, each time followed by centrifugation at 5,000 g for 10 min at 4 °C. Upon discarding
ethanol from the last washing step, the DNA pellet was air dried, 50 ul 10 mM Tris pH 8.5 were added
and DNA was allowed to resuspend by shaking overnight at 300 rpm at 4 °C.

gDNA size and integrity was examined with Fragment Analyzer™ (Advanced Analytical
Technologies GmbH) and quantified with dsDNA HS Qubit assay, in both cases following the
manufacturer’s protocols. Libraries were prepared from 1.5 pg gDNA with SQK-LSK109 1D Ligation
Sequencing Kit (Oxford Nanopore Technologies) according to the manufacturer’s instructions and
sequenced on the GridlON™ platform. On-instrument base-calling was performed with Guppy v3.0.6
(Oxford Nanopore Technologies).

Total RNA extraction, library preparation and isoform sequencing (Iso-Seq, PacBio)

Total RNA was extracted from various tissues of 7. triangulare using GeneMATRIX Universal
RNA Purification Kit v3.0 (EURx Ltd.) according to the manufacturer’s instruction with the following
modifications: for soil-grown roots, leaf and flower samples, volumes of buffers added to the ground
material were increased to 400 pl LG and 200 ul RL buffer in step 1 and homogenization column
activation was omitted for leaf and flower samples.

To eliminate any contaminating gDNA, 1 pg total RNA was treated with 1 U DNase I (New
England Biolabs Inc.) at room temperature for 5 minutes, scaling reaction volumes as needed.
Subsequently, individual samples were pooled at equal amounts and to satisfy the minimal concentration
requirements for SMRTbell™ library preparation, the pooled sample was concentrated up by
lyophilisation at -23 °C until the sample volume reduced down to a fifteenth of its initial volume
(approximately 1.5 hrs with Alpha 1-2 LDplus (Christ) freeze-dryer). RNA integrity was analysed with a
2100 Bioanalyzer (Agilent) throughout the sample preparation.
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Prior to library preparation, input RNA was purified with 1.3 X volume AMPure XP beads
(Beckman Coulter) and 900 ng purified total RNA was used as input. First cDNA strand was synthesized
with Clontech SMARTer® cDNA kit (TaKaRa) and amplified for 11 cycles with PrimeSTAR® GXL DNA
polymerase (TaKaRa). Subsequently, size selection was performed with BluePippin (Sage Science) to
enrich for fragments 5-10 kbp in size and libraries for individual fractions were prepared using
SMRTbell™ Template Prep Kit 1.0 (Pacific Biosciences) according to the manufacturer’s instructions.
Prepared libraries were loaded on four SMRT cells (Sequel™ SMRT® Cells LR 3.0, Pacific Biosciences).
Total yield as well as zero mode waveguide (ZMW) productivity are summarized in Tab. S4.

Draft genome assembly and quality assessment

In total, 6,168,032 Nanopore raw reads were (Tab. S1) used for de novo genome assembly with the
Flye v2.7 (Kolmogorov et al., 2019). Draft genome assembly was improved with a subset of RNA-seq
reads of T. triangulare obtained earlier (Maleckova et al., 2019) using Pilon v1.23 (Fig. le; Walker et al.,
2014). Afterwards, the assembly was scanned for the presence of contaminating sequences with
BLAST+v2.9.0 (Kent, 2002) against non-redundant nucleotide NCBI database (downloaded on
19.8.2019).

Basic parameters of the genome assembly were obtained with QUAST v5.0.2 (Tab. S2). Assembly
completeness was verified by mapping RNA-seq reads (Maleckova et al., 2019) with HISAT2 v2.1.0
(Kim et al., 2015; Tab. S3). Gene-set completeness was determined using Benchmarking Universal
Single-Copy Orthologs (BUSCO) v3.0.1 (Simdo et al, 2015a) with embryophyte_odb10 database of
single-copy orthologs.

Reconstruction of full-length unique transcripts

First, raw PacBio reads were used to generate circular consensus sequences (CCS) using ccs v3.4.1
(available as bioconda package pbccs) with the parameters: --noPolish --minLength=50 --
maxLength=15000 --minPasses=1 --minPredictedAccuracy=0.8. Obtained CCS were trimmed with
lima v1.9.0 (available as bioconda package lima) and full-length non-chimeric reads (FLNCs) were
obtained by trimming poly(A) regions from the CCS sequences. FLNCs from individual flow cells were
merged at this point using dataset create command (dataset v0.2.4; available as package pbcoretools).
Running isoseq3 v3.1.2 clustering and polish algorithms, FLNCs were clustered based on sequence
similarity and subsequently, polished using all the initial subreads to obtain high quality (HQ) transcripts
with predicted accuracy of > 99 % (Fig. 1a-d). HQ transcripts were subsequently examined for presence of
contaminating sequences by running BLAST+ v2.9.0 (Kent, 2002) against non-redundant NCBI
nucleotide database (downloaded on 19.8.2019) and the results were visualized in MEGAN v6.18.5
(Huson et al., 2016). Significant sequence similarities with other than Viridiplantae hits were examined
manually to exclude significant hits with potential contaminants.

Subsequently, minimap2 v2.12 was used to map HQ transcripts against the draft genome of
T. triangulare and the resulting sorted SAM file served as an input for the
collapse_isoforms_by sam.py script (included with cDNA Cupcake;
https://github.com/Magdoll/cDNA_Cupcake) collapsing redundant HQ transcripts to unique isoforms

(Fig. 1f). Finally, filter_by_count.py (Cupcake) was applied to keep isoforms with at least two full-
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length counts and potentially 5’-degraded isoforms were removed with filter_away_subset.py (cDNA
Cupcake).

Functional annotation of coding sequences

Protein  coding  sequences  were  predicted using ANGEL  (available  from
https://github.com/PacificBiosciences/ ANGEL), following the provided tutorial. ORF prediction with the
trained ANGEL classifier was done alongside with dumb prediction using the following arguments: and

returning only the longest predicted ORF as specified by use of: --min_angel _aa_length 100 --
max_angel secondORF_distance 10 --min_dumb_aa_length 100 -output_mode=best.

Obtained ORFs were subjected to nucleotide BLAST search (BLAST+ v2.9.0) against
nonredundant NCBI nucleotide database and coding sequences (CDS) of the Ensembl Plants database
release 46 (Yates et al., 2020) and protein BLAST search against the Swiss-Prot database downloaded on
27.2.2020 (Consortium, 2019). Completeness of predicted ORFs was characterized using BUSCO v3.0.1
(Simao et al., 2015a) in the proteome mode with embryophyte_odb10 database of single-copy orthologs.

OrthoFinder (Emms and Kelly, 2019) was used to compare all predicted ORFs were subsequently
to protein sequences of 80 species selected to represent the plant diversity and with focus on sequenced
Caryophyllales and CAM species (see Tab. S1 for a complete species list and sequence sources). For
Phytozome (v12) assemblies, only sequences based on primary transcripts were used and for shotgun
transcriptome sequencing projects, entire sequence sets were used. The majority of those was obtained
from the 1 KP transcriptomes initiative (Carpenter et al., 2019). Agave deserti and A. tequilana (Gross et
al., 2013), Mesembryanthemum crystallinum (Tsukagoshi et al., 2015) and Erycina pusilla (Chou et al.,
2013) publicly available transcriptome assemblies were first processed with TransDecoder v5.4.0 to
predict coding sequences, while incorporating blastp search against the UniProt database as described in
the user’s instructions. The same procedure was also applied to the M. crystallinum sequences obtained
from the RNA-seq experiment performed by Tsukagoshi et al. (2015). OrthoFinder v2.3.3 (Emms and
Kelly, 2019) with default tools at the individual analysis steps (i.e. gene tree inference with dendroblast,
sequence search with diamond, mafft for multiple sequence alignment and fasttree as tree inference
method) was used for coding sequence comparison. Biological functions of predicted proteins were
inferred based on the presence of Arabidopsis orthologs in the same orthogroups, using Araportll
annotation (https://www.araport.org). In the case of proteins without any Arabidopsis orthologs, searches

against InterPro signature and Pfam domain databases were performed, using InterProScan v5.36-75.0
(Jones et al., 2014) and hmmscan with HMMER v3.1b2 (http://hmmer.org/), respectively.
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Figure 1. Pipeline leading to transcriptome assembly (Iso-Seq, Pacbio) with the supported
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Figure 1. (Continued.)

raw reads into high-quality (HQ) transcripts (a-d). Upon their alignment to the draft genome assembly,
these were collapsed to unique isoforms (f), which were a basis for identification of open reading frames
with ANGEL (g-h). Obtained protein-coding sequences were annotated based on their Arabidopsis
orthologs and presence of known protein domains (Pfam, InterProScan). The downstream analyses
included identification of orthologs specific to CAM species (OrthoFinder) and amino sequence
comparison of selected CAM genes. Besides protein-coding sequences, candidate long non-coding RNAs
were identified. Enrichment of cis-regulatory elements in promoters of ABA-responsive genes and
interspecies comparison of promoter sequences were performed to identify cis-regulatory elements
associated with CAM induction. CCS, circular consensus sequence; FLNC, full-length non-chimeric; HQ
transcripts, high-quality transcripts; INncRNA, long non-coding RNA; ORF, open reading frame.

Orphan genes and their annotation

Predicted protein sequences of 7. triangulare with no orthologs in any species included in the
OrthoFinder analysis and with no similar sequence in public databases were considered orphan genes,
possibly unique to the Talinum lineage. HMMER v2.3.2 (available from http://hmmer.org/) search in the

Pfam database and InterProScan v5.36-75.0 (Jones et al., 2014) were used to identify known domains in
these proteins.

Identification of long non-coding RNAs (IncRNAs)

Isoforms obtained after collapsing HQ transcripts with cDNA Cupcake which were not predicted to
contain an ORF according to ANGEL were assessed for their coding potential using Coding-Non-Coding
Index (CNCI; Sun et al., 2013), Coding Potential Calculator 2 (CPC2; Kang et al., 2017) and LGC (Wang
et al., 2019c). Transcripts predicted as non-coding in all three independent analyses were considered
candidate IncRNAs and their sequences were screened for homology to CDS and UTR sequences of
T. triangulare. Both sequence types were obtained with ANGEL.

Transcript abundance and abundance pattern analysis

The effect of exogenous ABA on transcript abundance was considered as an additional criterion
during coding sequence comparisons as well as while identifying regulatory motifs in upstream sequences.
For this purpose, RNA-seq reads generated previously (Maleckova et al., 2019) were mapped with
Kallisto v45.1 against the CDS and IncRNA sequences of the reference transcriptome generated in this
work using Kallisto v45.1. The R package sleuth (Pimentel ef al., 2017) was used with R v3.6.3 to collect
transcript abundances. Temporal patterns of transcript abundance were analysed using the R package
Imms (Straube et al., 2015) to identify differentially expressed genes (DEGs). Transcript abundances
(transcripts per million) were z-scored and clustered based on pattern similarity using k-means clustering.
The optimal number of clusters was seven as determined with the clValid package (Brock et al., 2008)
using the Dunn index.

Time-ordered gene co-expression network

Co-expression was analysed via TO-GCN (Chang et al., 2019) according to the authors’
instructions. As an input, DEGs (both TFs and structural genes) as identified with Imms were used. In
cases, when multiple transcripts were different splice variants encoded by the same gene, only the most
abundant (determined as the sum of abundances at individual time points) transcript was retained.
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Transcription factors (TFs) for the analysis were identified based on orthology to Arabidopsis TFs collated
in the PlantTFDB (Jin et al., 2017).

Motif analysis in promoter sequences

For genes with multiple splice variants present in the transcriptome assembly, the earliest starting
ORF was considered to identify the start codon. Sequences 500 bp upstream of the predicted start codon
were extracted for motif analyses. Enriched motifs were identified using Discriminative Regular
Expression Motif Elicitation (DREME; Bailey, 2011). Subsequently, Tomtom (Gupta et al., 2007) was
employed to compare the enriched motifs to known transcription factor binding sites (TFBS) collated in
the Plant Cistrome Database (O’Malley et al., 2016). Both DREME and Tomtom were used as a part of
the MEME Suite v5.1.1 (https://www.meme-suite.org; Timothy L. Bailey and William Noble, Copyright
1994-2019 The Regents of the University of California).

When analysing promoters of genes clustered based on similar expression patterns, random 1,590
T. triangulare promoter sequences (500 bp upstream of the predicted start codon) were used to estimate
motif background frequencies in a set of size comparable to the size of individual clusters. In interspecies
comparison, orthologs were identified with OrthoFinder and sequences 500 bp upstream of predicted stop
codons were analysed in 7. triangulare and the following species: Arabidopsis, Befa vulgaris, Spinacia
oleracea, Hordeum vulgare, Zea mays, Ananas comosus, Phalaenopsis equestris, Kalanchoé fedtschenkoi,
K. laxiflora, and Dendrobium catenatum..

Amino acid sequence comparison

Orthologous sequences of species employing diverse carbon assimilation strategies (Tab. S1) were
aligned via CLUSTAL W implemented in the msa package for R (Thompson et al., 1994; Bodenhofer et
al., 2015). In PEPC and PPDK protein sequence comparison, sites homologous to sites subjected to post-
translational regulation and associated with C4 enzymatic properties were examined in predicted ORFs of
T. triangulare. Translated PEP1 (CAA33317) and PPDK1 (CAA33054) sequences of Zea mays were used
to localize such sites.

In the above-described way, multiple alignments of all predicted components of the CAM pathway
were created and used for metric multidimensional scaling (MDS) analysis available in the bios2mds
package for R (Pelé et al, 2012). The resulting primary component matrices (first and second
components) served as a basis to visualize sequence similarity of orthologous proteins.

Results

We previously demonstrated CAM inducibility in 7. triangulare by foliar application of ABA. The
reproducibility and fast responsiveness to the ABA stimulus are major advantages for the study of
facultative CAM. To identify the changes in transcript abundance relevant for CAM induction, we decided
to generate genome and transcriptome assemblies for this species. With these resources, it will be possible
not only to gain a deeper understanding in genetic blueprints of 7. triangulare and how their expression is
regulated but it will also be possible to perform comparative studies. Besides generating assemblies and
transcriptome annotation, we therefore performed first analyses addressing transcriptional regulation of
CAM induction as well as comparative analyses.
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Genome and transcriptome assemblies and transcriptome annotation
Genome assembly

Working with a non-model species, its genome size was estimated by flow cytometry prior to
proceeding with whole-genome sequencing. Using Solanum lycopersicum L. ‘Stupické polni rané’ as an
internal standard, 2C DNA content of 7. friangulare was estimated to be 3.97 = 0.02 pg (Fig. S1A). This
corresponds to 3.89 Gbp as calculated after Dolezel and Bartos (2005). Approximately 2.3 ug HMW
gDNA were used for library preparation. The libraries were sequenced on five GridlON™ flow cells
yielding 6,168,032 reads passing the quality criteria (Tab. S2). In total, these reads represented
64,783,646,828 bases and their average Nso reached 30,317 bp (Tab. S2).

Raw reads were assembled with Flye assembler (Kolmogorov ef al., 2019). In combination with a
subset of previously generated RNA-seq reads of the same species (Maleckova et al, 2019), the
assembled contigs were subsequently improved with Pilon (Walker et al., 2014; Fig. le) to better resolve
homopolymeric regions in the coding regions. The final assembly of 608.5 Mbp consisted of 234 contigs,
with the largest one being over 47.7 kbp (Fig. 2A) and with Nso of 21.6 Mbp (Fig. 2B). The average
coverage depth reached 111x, with 0.03 N bases per 100 kbp as assessed with QUAST (Gurevich et al.,
2013; Tab. S3).
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Figure 2. Quality and completeness assessment of the draft genome assembly. (A) The total size of a
haploid genome assembly was 608 Mbp and could be reached with the longest 50 contigs. The assembly
comprised 234 contigs in total. (B) The assembly was characterized by Nso of 21.6 Mbp.
(C) Completeness assessment with BUSCO analysis revealed presence of 96.9% of Embryophyta single-
copy orthologs, with vast majority of them being present in a single copy (91.8% of all identified orthologs).

The assembly’s completeness was evaluated by two independent measures. Firstly, RNA-seq reads
from our previous work were aligned to the genome assembly with HISAT (Kim et al., 2015), revealing a
mean alignment rate of 98.38% (Tab. S4). Secondly, BUSCO analysis (Simao et al., 2015b) with 1,614
single-copy orthologs of Embryophyta was performed. It indicated presence of 96.9% of the conserved
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genes in the assembly, with the vast majority of 91.8% being present as single copies (Fig. 2C). The
proportion of fragmented genes remained below 1% and 2.2% of Embryophyta orthologs were missing in
the genome assembly (Fig. 2C).

Transcriptome assembly

To generate a representative collection of 7. triangulare transcripts, total RNA was extracted from
roots, young leaf tissue, ABA-treated leaves, leaf samples upon water withdrawal and from flower tissue
(see Materials and methods for more details). cDNA libraries prepared for PacBio sequencing had an
average insert size of 4,144 bp and were sequenced on four flow cells. On average, 716,872 reads were
obtained per flow cell and the mean N5y polymerase read length reached 80.68 kbp (Tab. S5).

The initial processing steps included trimming of adapter and 3’-poly(A) sequences, merging of
FLNC sequences from individual flow cells, clustering of similar transcripts, polishing and examination
for contaminating sequences. Following the isoseq3 pipeline, the raw reads were first processed into
2,142,660 circular consensus sequences (CCS) (Tab. S4), ranging from 50 to 14,999 bp in length (Fig. 1a).
After adapter trimming, 1,594,167 full-length non-chimeric reads (FLNC) were obtained (Tab. S5), 50 to
40,602 bp long (Fig. 1b). At this point, FLNCs from individual flow cells were merged and clustered,
resulting in 127,350 high quality (HQ) transcripts (Fig. 1d), 82 to 10,178 bp in length (Fig. 1c). Next, HQ
transcripts were examined for presence of contaminating sequences by running BLAST search against
non-redundant NCBI nucleotide database. The vast majority of HQ transcripts (99.999%) showed
significant similarity to Viridiplantae sequences, while there were no bacterial hits and 17 HQ transcripts
aligned to eukaryote entries, primarily Opisthokonta. In those cases, the aligning regions did not exceed
30 nucleotides and were therefore not considered as contaminants (Tab. S6).

Obtaining non-redundant transcripts

Subsequently, the HQ transcripts could be aligned to the draft genome with the aim to make the
resulting transcriptome non-redundant as well as to identify distinct splice variants present among the HQ
transcripts and genes they originated from. After the mapping, cDNA Cupcake was used to collapse HQ
transcripts, yielding 66,728 unique isoforms. All of them were supported by at least two FLNC sequences
and the default filtering by count support did not result in any losses. However, 10,985 (16.5%) isoforms
were potentially 5’-degraded transcripts and were removed to avoid artifacts. The remaining 55,743
isoforms retained in the transcriptome assembly were predicted to result from 19,997 distinct loci
(Fig. 1d). Thus, each locus coded for 2.8 transcripts on average (Fig. 1f).

Protein coding transcripts in the transcriptome assembly

As a next step, coding loci and open reading frames they encode for were identified with ANGEL
classifier. After training on a non-redundant subset of HQ isoforms, it was run on the entire set of HQ
isoforms. Of the 19,997 identified loci, 18,757 (93.8%) were classified as protein-coding. The protein-
coding loci were predicted to encode 50,015 distinct transcripts and 54,107 ORFs were predicted for them
(Fig. 1d). In other words, each predicted gene gave rise to 2.88 ORFs on average, with a range of amino
acid length from 100 to 3,184 (Fig. 2g).
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The first measure of the assembly’s quality was provided directly by ANGEL, which classifies
ORFs based on their confidence and completeness. Of all predicted ORFs, 52.9% were predicted to be
complete and originated either from prediction with the trained classifier (tagged as confident; 73% of all
complete ORFs) or were a result of “dumb prediction” (i.e. the longest ORF in the cases when ANGEL
classifier failed to find one) (Fig. 2h). Approximately 20% of predicted ORFs were classified as likely (i.e.
cases where multiple ORFs were predicted but only the likely one exceeded the minimal length of 100
amino acids) and the remaining 13.8% were suspicious (i.e. multiple ORFs exceeding the minimal length
were identified within a single transcript) ORFs (Fig. 2h). Since removal of suspicious ORFs resulted in a
loss of detectable BUSCO orthologs (Fig. S2), these were retained in the transcriptome assembly as well.
ORFs were classified as complete, 5’ partial, 3’ partial and internal. With nearly 53%, complete ORFs
comprised the largest proportion but for over a third of ORFs, the completeness could not be estimated
(tagged as NA) (Fig. 2h). Clearly degraded ORFs made up for approximately 1.2% and 11.3% for 3° and
5’ degradation, respectively (Fig. 2h).
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Figure 3. Completeness assessment of the transcriptome assembly. (A) BUSCO analysis identified
86.5% of the expected Embryophyta single-copy orthologs, with half of them being duplicated. The
proportion of missing and fragmented orthologs was 3.8% and 9.7%, respectively. (B) Predicted open
reading frames were used in BLAST search against the protein Swiss-Prot database and nucleotide NCBI
and Ensembl-Plants databases. A sequence homologous to 83.2% of predicted open reading frames of
Talinum triangulare was present in at least one database.

Quality and completeness of the transcriptome assembly were further assessed with i) BUSCO
analysis, i1) mapping of previously generated RNA-seq reads, and iii) search in public databases. BUSCO
analysis with the Embryophyta set of single-copy orthologs revealed presence of 86.5% of conserved
genes in the transcriptome assembly of 7. triangulare, with 43% of all detected genes being present in a
duplicated form. Less than 4% of examined genes were classified as fragmented and 9.7% were missing in
the transcriptome assembly (Fig. 3A). RNA-seq reads aligned to the predicted CDS sequences with an
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average efficiency of 69.1%, but only about 17% mapped uniquely (Tab. S7). Nucleotide BLAST search
was performed against nonredundant NCBI nucleotide database and CDS sequences of the Ensembl Plants
database with a cut-off E-value < 1e', Protein BLAST search was performed against the Swiss-Prot
database with a cut-off E-value < 1¢7!°. Most of the coding sequences (44,990; 83.2%) showed significant
homology to an entry in at least one database, but only 20,450 CDS sequences (37.8%) returned a
significant hit in all three databases (Fig. 3B).

Functional annotation of coding sequences of the transcriptome assembly

To assign the likely function to each identified ORF of T. triangulare, translated CDS sequences
were compared to proteomes of species representing the diversity of photosynthesizing organisms
(OrthoFinder analysis; Tab. S1) and screened for presence of known protein signatures in the Pfam
InterPro databases. OrthoFinder accepts proteome sequences and identifies orthogroups based on
sequences similarity, thus enabling not only to draw conclusions about likely function of proteins derived
from de novo assemblies, but also enables evolutionary investigations (Emms and Kelly, 2019). In our
case, the primary purpose of OrthoFinder analysis was i) sequence annotation and ii) identification of
orthologs for comparison of amino acid sequences. 7. triangulare ORF sequences were compared to
proteomes of 80 species, which included sequences derived from reference genome assemblies, such as of
Arabidopsis, Zea mays or Kalanchoe fedtschenkoi (in which case only the main isoforms were included),
as well as translated sequences based on publicly available de novo shotgun transcriptome assemblies,
which were the source for the majority of analysed CAM and Caryophyllales species (Tab. S1).

Reliable inference about orthology relationships depends on adequate species sampling. In the case
of T. triangulare, 37,132 (95.2%) of the analysed sequences were assigned to orthogroups. Of these, 1,883
translated sequences (3.5% of all predicted ORFs of T. triangulare) belonged to 1,282 orthogroups
specific to T. triangulare among the species analysed (Fig. S3A). The remaining 1,884 sequences (4.8%)
were not assigned to any orthogroup (Fig. S3A). This was comparable to results for other proteomes,
based both on genome assemblies (Fig. S23-C) and shotgun transcriptome sequencing (Fig. S2A-C).
Another quality measure of the OrthoFinder analysis is the resulting species tree. By default, sequence
similarity for individual loci (STAG algorithm) is used to infer a species tree and with this approach,
T. triangulare was placed as a sister species to Portulaca spp. within the so called “ACPT” clade of
Caryophyllales (Fig. 4A).

Based on protein sequence similarity, 26,010 distinct orthogroups were identified, 9,710 (34%) of
them with at least one T. triangulare ortholog. This was comparable to orthogroup occupancy of majority
of other species included in the analysis (Fig. S3F). Closely related Cs species B. vulgaris and S. oleracea
shared 7,990 (82.3% of all orthogroups with 7. triangulare orthologs) and 7,876 (81.1%) orthogroups with
T. triangulare, respectively (Fig. 4B). In the case of well-annotated but less related Arabidopsis, 7,735
orthogroups (79.7%) were shared by the two species (Fig. 4B). The likely function of 49,746 predicted
T. triangulare proteins orthologous to Arabidopsis could thus be concluded based on Araportll
annotation (91.9% of all predicted ORFs; Fig. 3C). The remaining 4,361 7. triangulare CDS without an
Arabidopsis ortholog, were subjected to BLAST search in NCBI nucleotide and UniProt databases and
searched for known protein domains collated in Pfam and InterPro databases. Combination of approaches
led to annotation of 97% of the transcriptome (Fig. 3C).
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Figure 4. Phylogenetic tree based on proteome-wide sequence comparison, and the proportion of
orthogroups shared between Talinum triangulare and selected Cs species (OrthoFinder analysis). (A) The
resulting tree is based on single-locus gene trees, with STAG bootstrap values shown. T. triangulare was
placed as a sister group to Portulaca spp. within the “ACPT” clade of Caryophyllales.The tree also shows
distribution of CAM species among numerous plant families of both dicots and monocots.
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Figure 4. (Continued.)

(B) T. triangulare shared 79.7% of its orthogroups with the Cs model species Arabidopsis, and 82.3% and
81.1% of orthogroups with more closely related Cs species Beta vulgaris and Spinacia oleracea,
respectively.

Identification of long non-coding RNAs in the transcriptome assembly

Besides coding sequences, the transcriptome assembly is also a source of non-coding transcripts
with possibly regulatory functions. Here, we identified long non-coding RNAs (IncRNAs) based on
coding potential analysis and number of exons. First, all protein-coding transcripts as determined by
ANGEL were filtered from the assembly, leaving 3,473 HQ isoforms (6.4% of all HQ isoforms) for
coding potential assessment. This was achieved by three independent tools: Coding-Non-Coding Index
(CNCI) (Sun et al., 2013), Coding Potential Calculator 2 (CPC2) (Kang et al., 2017) and LGC (Wang et
al., 2019¢). CNCI, relying on profiling of adjoin nucleotide triplets to distinguish protein-coding and non-
coding sequences, detected 3,356 non-coding transcripts. CPC2 relies on evaluation of sequence intrinsic
features (e.g. length or pl of putative ORFs) and identified 4,050 non-coding transcripts in the analysed
set. Finally, LGC assesses the length of putative ORFs in combination with their GC content and it
identified 3,875 non-coding transcripts. Across all the tools, there were 3,184 transcripts classified as non-
coding. For a transcript to be considered a IncRNA, additional filtering criteria were employed: minimal
length of 200 nucleotides and presence of at least two exons (Tian ef al., 2019). In the end, 1,401 putative
IncRNAs were retained, which were further characterized in terms of their homology to identified CDS
and UTR sequences (both obtained with ANGEL). The vast majority of putative IncRNAs (638; 45.5%)
showed significant homology to both CDS and UTR (either 5’ or 3*) (Fig. 5B). Besides IncRNA
homologous to multiple coding regions, there were 101 (7.2%) and 198 (14.1%) IncRNAs specific only to
CDS or UTRs, respectively (Fig. 5B).

CNCI

LGC Il cos [ vrr [l cosandutr [] not mapped

Figure 5. Putative long non-coding RNAs (IncRNA) in the transcriptome of Talinum triangulare. (A)
Isoforms for which ANGEL did not predict any open reading frames were assessed for their coding
potential with Coding-Non-Coding Index (CNCI), Coding Potential Calculator (CPC) and LGC. Of 4,102
transcripts analysed, 3,184 (77.6 %) were predicted as non-coding by all three tools and were used for
subsequent filtering based on sequence length and number of exons. (B) Candidate IncRNAs were those
non-coding transcripts, which were at least 200 bases long and contained at least two exons. Their
sequences were aligned to CDS and UTR sequences of T. triangulare, revealing significant homology of
the majority (45.5%) of the candidate IncRNAs to both CDS and UTR (either 5’ or 3’) sequences. IncRNA
sequences which could not be aligned (32.9%) were likely derived from non-coding regions of the
genome.
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Transcriptional regulation of CAM induction

Our previous work revealed the rapid pace of CAM induction in response to exogenous ABA in
T. triangulare, which was accompanied by extensive changes in transcript abundance (Maleckova et al.,
2019). We exploited the additional genomic resources of 7. triangulare generated here to investigate the
regulation governing the observed transcriptional changes. i) With a collection of mainly full-length,
annotated transcript sequences of 7. triangulare, we could re-quantify RNA-seq reads from the ABA
time-course experiment (Maleckova et al., 2019) against the reference of the same species (see Materials
and methods for more detail), thus avoiding cross-species mapping. Besides increased mapping efficiency,
we were able to quantify candidate IncRNAs. ii) The knowledge of genomic context of ABA-responsive
loci enabled us to explore their promoter regions for presence of TFBS and compare them to motifs in
promoters of other species relying on various photosynthesis modes.

Motif enrichment in promoters of differentially expressed genes

Motifs enriched in promoters of ABA-responsive genes, we relied on RNA-seq reads obtained
previously in a time-course experiment (Fig. 1A in Maleckova ef al., 2019). In brief, RNA-sequencing
was performed on individual mature leaves of 7. triangulare after spraying with 200 uM ABA or a mock
solution. The treated leaves were sampled after 40, 80, 160, 320, 640 and 1280 min. Sampling at 640 min
after the treatment took place 160 min into the dark phase and the last sampling took place in 80 minutes
into the subsequent light phase. After re-mapping, the Imms package (Straube et al., 2015) was used to
identify transcript with significantly (¢ < 0.01) altered temporal profiles. There were 11,107 such
transcripts, which were grouped into seven distinct clusters based on similar patterns of transcript
abundance (Fig. 6).

The question arises, whether genes, the transcripts of which share similar expression profiles, also
share common TFBS in their promoter regions. To address it, genes of all transcripts with altered
abundance patterns were identified in the draft genome assembly and sequences 500 bp upstream of the
predicted transcript’s beginning were analysed for TFBS enrichment using Discriminative Regular
Expression Motif Elicitation (DREME; Bailey, 2011) implemented in the MEME Suite. TFBS frequency
in individual clusters was compared to a set of randomly sampled promoter sequences, size of which
corresponded to average size of DEG clusters. With this approach, 23 motifs frequent in promoters of
ABA-responsive genes were identified (Fig. 6) and compared to TFBS in the Plant Cistrome Database
using Tomtom (Gupta et al., 2007), part of the MEME Suite.

The majority of identified motifs was present in clusters 1 and 4 showing transcript depletion in
response to ABA. TFBS enriched in cluster 1 were associated especially with WRKY, TEOSINTE
BRANCHED 1, CYCLOIDEA AND PCF TRANSCRIPTION FACTOR (TCP) and AP2/EREB TFs
(Fig. 6A). WRKY and TCP binding sites were frequent in cluster 4 as well, alongside with TFBS of G2-
LIKE TFs (Fig. 6D). Candidate TFs recognizing WRKY -associated binding sites included WRKY 18 and
WRKY40 (Tab. S8), both involved in ABA signalling. Promoters of up-regulated and early ABA-
responsive genes (cluster 3) were enriched for MYB-RELATED TFs of the circadian oscillator (Fig. 6C,
Tab. S8). Genes in clusters 5 and 7 also showed transcript accumulation in response to ABA and their
promoters frequently contained motifs resembling TFBS of MYB TFs and GeBP/MYB-REALTED TFs,
respectively (Fig. 6E, G). Both clusters also contained a motif which does not resemble any known TFBS.
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Figure 6. Promoter sequences of genes showing similar abundance profiles share common transcription
factor binding sites. RNA-seq reads were aligned to the transcriptome assembly of Talinum triangulare
and transcripts with altered temporal pattern were identified with Imms package (g < 0.01) followed by
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Figure 6. (Continued.)

k-means clustering. Normalized transcript abundance is shown to the left, with duration of the dark phase
marked with the grey background. Sequences 500 bp upstream of predicted start codons of differentially
expressed genes were compared to a random set of Talinum triangulare promoters to identify motifs
associated with each cluster (DREME and Tomtom, with and Plant Cistrome Database, with default
parameters). Families of transcription factors predicted to bind the identified motifs are shown, complete
results are available in Tab. S8.

Genes of the CAM pathway and carbohydrate metabolism are co-expressed with selected transcription
factors of ABA signalling

Nearly 21% of the mapped transcripts showed significantly altered temporal pattern of transcript
abundance in response to exogenous ABA (Fig. 6). To analyse the connection between ABA signalling
and CAM induction from another point of view, time-ordered gene co-expression network (TO-GCN)
analysis (Chang et al., 2019), enabling identification of co-expressed gene pairs, was performed. TFs of
T. triangulare were identified based on orthology to Arabidopsis TFs collated in the PlantTFDB (Jin ef al.,
2017). However, it was not always possible to identify orthology between T. triangulare and Arabidopsis
sequences, which were moreover rarely in 1:1 relationship. To reduce the size of the resulting network,
only transcripts (both TFs and target genes) with altered temporal pattern as identified by the Imms
package (more details in Materials and methods) were considered in the analysis. When a single gene
encoded multiple transcripts (i.e. splice variants), only the most abundant transcript was retained, leaving
342 transcripts encoding TFs and 6,164 transcripts of structural genes to be analysed.

The resulting network consisted of 26,971 nodes. In the exploratory phase, seven TFs known to
play a role in ABA signalling and a TF homologous to MYB-RELATED TFs of the circadian oscillator
were selected for inspection of their most immediate interactions (i.e. “first neighbour”). The analysed
portion of the network included several components of ABA signalling, such as a SUCROSE
NONFERMENTING 1-RELATED PROTEIN KINASE 2 (SnRK2), a PYRABACTIN RESISTANCE 1-LIKE
(PYL), and an ortholog of HIGHLY ABA-INDUCED PP2C GENE (HAI) and ABSCISIC ACID
INSENSITIVE (4BI) (Fig. 7).

Moreover, several transcripts encoding CAM enzymes, enzymes of carbohydrate turnover and
transport proteins were co-expressed with the considered TFs. The core CAM enzymes included
PHOSPHOENOLPYRUVATE CARBOXYLASE (PPC), NADP-MALIC ENZYME (NADP-ME), MDH and
PYRUVATE ORTHOPHOSPHATE DIKINASE (Fig. 7). Co-expressed transcripts associated with enzymes
of carbohydrate metabolism included STARCH SYNTHASE (SS), BETA-AMYLASE (BAM1 or CT-BMY)
and BMY3 (aka BAMY) encoding for enzymes of starch metabolism, and a glycolytic
PHOSPHOFRUKTOKINASE (PFK) (Fig. 7). Sugar transports included in the network were a SUGARS
WILL EVENTUALLY BE EXPORTED TRANSPORTER (SWEET), a SUGAR TRASNPORTER (STP), a
GLUCOSE 6-PHOSPHATE/PHOSPHATE TRANSLOCATOR (GPT) and a VACUOLAR GLUCOSE
TRANSPORTER 1 (VGTI) (Fig. 7). lon transporters co-expressed with ABA-responsive TFs included a
NA+/H+ EXCHANGER (NHX) and a POTASSIUM CHANNEL IN ARABIDOPSIS THALIANA (KAT)
orthologs (Fig. 7).
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Figure 7. A subset of co-expressed gene pairs identified using the TO-GCN algorithm to obtain time-
ordered gene co-expression network. Only differentially expressed transcripts and only the most abundant
splice variants (if multiple ones were differentially expressed) were included in the analysis. The depicted
nodes are limited to interactions at the “first neighbour” level and to transcripts coding for orthologs of
ABA/stress-responsive transcription factors, a transcription factor of the circadian oscillator (bottom right),
CAM enzymes, enzymes of carbohydrate metabolism and transporters. When (an) Arabidopsis ortholog(s)
could be identified unambiguously for a given Talinum triangulare transcript, the respective gene name is
given, otherwise a description of the entire orthogroups is used. Transcription factors are marked with a
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Figure 7. (Continued.)

ABCB, ATP binding cassette B; ABI, ABA-insensitive; ANAC, NAC domain containing protein; ARF, auxin
responsive factor; ARR, Arabidopsis response regulator; AIN-InvB, plant neutral invertase family protein;
BAM1, B-amylase 1; BCA, B-carbonic anhydrase; BMY3, B-amylase 3; CAT, cationic amino acid
transporter; CCA1, circadian clock associated 1, CT-BMY, chloroplast B-amylase; EIR1, ethylene
insensitive root 1; ELIP, early light-induced protein; EPR1, early phytochrome responsive 1; FAR1, far-red
impaired response; FHY3, far-red elongated hypocotyl 3; FRS, FAR1 related sequences; GBF4, G-box
binding factor 4; GPT, glucose-6-phosphatelphosphate translocator; HAI, highly ABA-induced PP2C gene;
HSF, heat shock factor; iPGAM, 2,3-biphosphoglycerate-independent phosphoglycerate mutase; KAT,
potassium channel in Arabidopsis thaliana; LHY, late elongated hypocotyl; MDH, malate dehydrogenase;
NADP-ME, NADP-dependent malic enzyme; NF-YB5, nuclear factor Y, subunit B5; NF-YC, nuclear factor
Y, subunit C; NHX, Na*/H* exchanger; NRT, nitrate transporter; PDH E1 ALPHA, pyruvate dehydrogenase
E1 alpha subunit; PFK, phosphofructokinase; PPC, phosphoenolpyruvate carboxylase; PPDK, pyruvate
orthophosphate dikinase; PTR, nitrate transporter; PYL, PYR-like; RVE, reveille; SnRK2, SNF1-related
protein kinase; SS, starch synthase; STP, sugar transporter protein; SWEET, sugars will eventually be
exported transporter; TAP46, 2A phosphatase associated protein of 46 kD; VGT1, vacuolar glucose
transporter 1; WRKY, WRKY DNA-binding protein.

Interspecies comparison revealed enrichment of motifs associated with MYB-RELATED, HB and other
TFs in promoters of Talinum triangulare

Motif analysis (DREME) of promoters of genes differentially expressed in response to ABA as well
as TO-GCN analysis point at the possibility that CAM induction is at least in part regulated at the
transcriptional level via the action of TFs of ABA signalling and or the circadian oscillator. To investigate
whether genes of T. triangulare acquired new TFBS, promoters of genes contained in the analysed portion
of TO-GCN (Fig. 7) were compared to promoters of orthologous genes in species employing a variety of
carbon assimilation strategies. These included Cs species Arabidopsis, B. vulgaris and S. oleracea and
Hordeum vulgare, Cy4 species Z. mays, obligate CAM species A. comosus and Phalaenopsis equestris,
K. fedtschenkoi and K. laxiflora, and facultative CAM species D. catenatum. DREME analysis followed
by Tomtom was used to identify and annotate enriched motifs.

Among the core CAM genes, enriched motifs were identified in promoters of MDH, PPC and
PPCK orthogroups of T. triangulare, in other words enzymes contributing to nocturnal CO, assimilation
into malic acid. Especially promoters within the PPC orthogroups, with four distinct motifs identified,
showed a high level of enrichment. The predicted TFs binding to these sites included C2H2 TFs and
MYB-RELATED TFs of the circadian oscillator (Fig. 8A).

The CAM cycle is tightly connected to carbohydrate metabolism and enriched motifs were
identified in several orthogroups coding for enzymes of glycolysis and starch turnover. These included
promoters of ENOLASE (ENO), FRUCTOSE-BISPHOSPHATE ALDOLASE (FBA) and PFK genes. There
was no overlap among TFs that were predicted to bind to these motifs. For example, putative TFBS of
FAR1-RELATED SEQUENCE 9 (FRS9) were associated with FBA promoters and putative TFBS of
MYB TFs with PFK promoters (Fig.8B). T. triangulare promoters of ADP-GLUCOSE
PYROPHOSPHORYLASE (APL) were enriched for a motif that was predicted to bind HBs and a motif
without similarity to TFBS of Arabidopsis was present in BAM promoters of 7. triangulare (Fig. 8C)

Several motifs were frequently associated with multiple orthogroups of 7. triangulare encoding
transport proteins. In ABCB promoters, four distinct motifs were enriched, including TATCTT(T/C)A
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resembling TFBS of MYB-RELATED TFs of the circadian oscillator. Another candidate binding to
ABCB promoters was NUCLEAR FACTOR Y, SUBUNIT B4 (NF-YB4) (Fig. 8D). SWEET promoters of
T. triangulare were predicted to contain TFBS of TFs of the circadian oscillator more frequently than
other species included in the analysis (Fig. 8D).

TO-GCN (Fig. 7) revealed many connections to an AUXIN RESPONSIVE FACTOR (ARF)
transcript and seven motifs were frequently identified in 7. triangulare promoters of ARF' genes (Tab. S9).
These included putative TFBS of HEAT SHOCK FACTORS (HSF), FRS9, HB TFs and MYB-
RELATED TFs of the circadian oscillator (Fig. 8E).

Figure 8. Motif enrichment in promoters of genes in selected orthogroups. Based on TO-GCN analysis
and identified genes with altered temporal patterns, targets for interspecies comparison of promoter
sequences were selected. Due to a limited resolution of individual orthologs, the comparison was
performed at the level of entire orthogroups. Promoters (500 bp upstream of predicted start codon) of
T. triangulare were compared to promoter sequences of the following species: Arabidopsis, Beta vulgaris,
Spinacia oleracea, Hordeum vulgare, Zea mays, Ananas comosus, Phalaenopsis equestris,
Kalanchoé fedtschenkoi, K. laxiflora, and Dendrobium catenatum. Motif enrichment and subsequent
annotation were performed with DREME and Tomtom (and Plant Cistrome Database) with default
parameters. The number of promoters with a hit for a given motif out of the total number of sequences
analysed is shown next to each motif both for promoters of Talinum triangulare and in the control group
containing all other species analysed. Full summary of transcription factors predicted to bind the enriched
motifs in Table S9. Genes of (A) the CAM pathway, (B) glycolysis, (C) starch metabolism, (D) several
transporters and an orthogroup of (E) an AUXIN RESPONSIVE FACTORs. ABCB, ATP binding cassette
B; APL, ADP-glucose pyrophosphorylase; ARF, auxin responsive factor; BAM, 3-amylase; ENO, enolase;
FBA, fructose-bisphosphate aldolase; MDH, malate dehydrogenase; NHX, Na*/H® exchanger; PFK,
phosphofructokinase; PPC, phosphoenolpyruvate carboxylase; PPCK, phosphoenolpyruvate carboxylase
kinase; SWEET, sugars will eventually be exported transporter.
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IncRNAs are co-expressed with protein-coding transcripts

Besides TFs, non-coding RNA also act as regulators of
gene expression and choosing a long-read sequencing
technology for transcriptome sequencing enabled us to obtain
their sequences for the first time in a facultative CAM species.
Transcripts of IncRNAs were quantified and analysed together
with protein-coding transcripts, including Imms analysis. It
identified 329 IncRNAs (23.5% of all mapped candidate
IncRNAs) with altered temporal patterns. This is comparable to
the proportion of protein-coding transcripts (21%) responsive
to exogenous ABA. Subsequent k-means clustering yielded
seven clusters with expression profiles of IncRNAs (Fig. 9)
highly similar to those of coding transcripts (Fig. 6). The
largest clusters were cluster 1 (106 IncRNAs) and cluster 7 (78
IncRNAs), down- and up-regulated in response to ABA,
respectively. Cluster 3, showing very early responsiveness to
ABA, contained 15 IncRNAs (Fig. 9).
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Figure 9. Transcript abundance patterns of candidate long
non-coding RNAs (IncRNAs). Candidate IncRNAs were
identified based on lack of confident open reading frames and
minimum of two exons. Predicted IncRNAs were retained in the
transcriptome assembly of T. triangulare together with protein-
coding sequences for mapping of RNA-seq reads. Differentially
expressed IncRNAs were identified with the Imms package
(g =0.01), which was followed by k-means clustering to group
IncRNAs with similar abundance profiles.
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Changes in protein-coding sequences associated with facultative CAM

Besides investigations of mechanisms of transcriptional regulation of CAM induction in
T. triangulare, new genomic resources provide an opportunity to investigate changes in coding sequences
with regard to evolution of (facultative) CAM. To limit sequences of 7. triangulare to unique ORFs only,
translated CDS sequences were grouped with cDNA Cupcake to form ORF groups based on identical
amino acid sequences (i.e. originating from highly similar CDS), which resulted in 39,016 unique
“representative” ORFs (Fig. 1d) used for an OrthoFinder analysis. Of the 17,896 identified orthogroups,
8,782 (49%) were present in at least one obligate CAM species, at least one facultative CAM species and
at least one species with any other type of photosynthesis (i.e. Cs;, C4 and C;-Cy4 intermediate species)
(Fig. 10A).

Firstly, we compared translated transcriptome sequences of several species representing the
diversity of carbon assimilation strategies (Tab. S1) to identify proteins possibly associated with ability of
CAM induction. Secondly, amino acid conservation at sites important for altered kinetic properties or
regulation of protein activity was examined in 7. triangulare sequences of PEPC and PPDK, both well
studied enzymes involved both in CAM and C4 pathways.

Orthogroups  shared by facultative CAM  species and transcriptional responsiveness in
Talinum triangulare to exogenous ABA

We examined whether facultative CAM is associated with emergence of new genes, which could
act as “CAM switches” connecting stress-related ABA signalling with metabolic re-programming specific
of the CAM. Firstly, we compared entire proteomes at the protein level across a number of species to
identify such candidates. Secondly, we identified T. triangulare orthologs showing altered temporal
patterns of transcript abundance during ABA-mediated CAM induction. Of the 2,100 orthogroups specific
to facultative CAM species included in the analysis, 1,538 (15.8% of all orthogroups of 7. triangulare)
were shared by 7. triangulare and at least one additional facultative CAM species (Fig. 10B). In these
orthogroups, there were 2,439 predicted ORFs of T. triangulare and their sequences were screened for
conserved protein domains (InterProScan). The five most frequently occurring protein domains (based on
gene count) are listed in Tab. 1. Besides leucine-rich domains, protein kinases and TF domains, several
predicted proteins carry an EF-hand and two genes code for a protein product containing pyruvate-kinase-
like domain. One instance of ABA/WDS (water deficit stress) induced protein and three transport proteins
were detected as well (Tab. 1).

facultative CAM Talinum triangulare

A others  obligate CAM B

&A
facultative CAM

obligate CAM

Figure 10. Proportions of shared orthogroups in a proteome-wide comparison (OrthoFinder) of species
employing various carbon assimilation strategies. For this purpose, species included in the analysis
(Tab. S1) were classified as facultative CAM, obligate CAM and others.

99



Manuscript 11

Figure 10. (Continued.)

(A) Of 26,010 orthogroups identified, 8,782 (33.8 %) were present in at least one species of each
category, while 931 orthogroups contained proteins specific to facultative and obligate CAM species. (B)
For a selection of ABA-responsive candidates specific to facultative CAM species, orthogroups shared
exclusively between T. triangulare and at least one more facultative CAM species were identified. There
were 1,538 such orthogroups.

Of the 2,439 predicted ORFs of T. triangulare with an ortholog in at least one additional
facultative CAM species, 377 (encoded by 249 distinct genes) showed altered temporal pattern in response
to exogenous ABA. These were particularly abundant in nocturnally down-regulated cluster 1 and
nocturnally up-regulated cluster 7 (Imms analysis; Fig. 6A), comprising 120 and 147 transcripts (encoded
by 72 and 97 genes), respectively (Tab. S10). Cluster 3, showing rapid transcript accumulation in response
to ABA, included only six DEGs possibly connected to CAM induction (Tab. S10), but the ABA/WDS
induced protein from Tab. 1 as well as one of the protein kinases were among them.

Table 1. InterProScan results of T. triangulare proteins belonging to orthogroups specific to facultative
CAM species. The shown categories were selected to represent the most frequently occurring domains
and transport processes.

InterPro annotation Gene count ORF count
Leucine-rich repeat (domain) 12 19
Zinc finger (all types) 8 10
Protein kinase (domain) 6 7
Ubiquitin domain and ubiquitin-conjugating enzyme 4 5
Transcription factor (any domain) 4 17
EF-hand domain 3 4
Pyruvate kinase-like domain superfamily 2 3
ABA/WDS induced protein 1 1
ABC transporter type 1, transmembrane domain superfamily 1 2
Amino acid transporter, transmembrane domain 1 1
lon transport domain 1 1

Variability of protein coding sequences of core CAM enzymes

PEPC and PPDK are two examples of C4/CAM enzymes with detailed understanding of their
activity, amino acid substitutions differentiating C; and C4/CAM isoforms and sites of post-translation
modifications (Westhoff and Gowik, 2004; Yang et al., 2017). Predicted PEPC and PPDK protein
sequences of 7. triangulare were therefore compared to a C4 ortholog of Z. mays and a CAM ortholog
K. fedtchenkoi to identify T. triangulare with potentially altered post-translational regulation and/or
kinetic properties.

In the case of PEPC, six distinct genes were identified with the pipeline currently in use: two
orthologous to Arabidopsis PEPC2 (PB.6486 and PB.6488) and four orthologous to at least two
Arabidopsis PEPCs (Fig. 11A). A multiple sequence alignment of PEPC protein sequences revealed the
diversity among the proteins encoded by individual PEPC orthologs as well as their numerous splice
variants (Fig. 11B). There was no protein variant containing all signatures of a typical C4 PEPC as for
example PEP1 of Z. mays, but four full-length PEPC proteins of 7. triangulare possessed some of them in
various combinations. Ser15, Ser136 and Thr138 (numbering based on translation of Z. mays CAA33317)
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Arabidopsis Talinum Talinum splice variants
gene gene
PB.5633 ORFgroup_PB.5633_3, ORFgroup_PB.5633_2
PPC1 PB.6485 ORFgroup_PB.6485_4, ORFgroup_PB.6485_9, ORFgroup_PB.6485_8
(AT1G53310)

PB.6487 ORFgroup_PB.6487_6, ORFgroup_PB.6487_8

PB.7729 ORFgroup_PB.7729_5, ORFgroup_PB.7729_11, ORFgroup_PB.7729_3,
ORFgroup_PB.7729_7
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Figure 11. PHOSPHOENOLPYRUVATE CARBOXYLASE-coding sequences of Talinum triangulare. (A)
Orthologs of Arabidopsis PEPC1, PEPC2 and PEPC3 could be identified unambiguously among
translated CDS sequences od T. triangulare, yet with a high degree of similarity. (B) A schematic depiction
of amino acid variability at sites associated with a C4 PEPC of Zea mays and a predicted CAM isoform of
Kalanchoé fedtschenkoi. Amino acid numbering is based on translation of CAA33317 of Z. mays, except
for Dsog in the sequence of K. fedtschenkoi which is a true position in the K. fedtschenkoi protein. Total
lengths of predicted protein sequences are shown at the right. For T. triangulare sequences, confidence of
the open reading frame prediction is shown in brackets.
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are targets of phosphorylation (Lu ef al., 2011) and homologous sites with phosphorylation potential were
preserved in several orthologs of T. triangulare but frequently with Ser/Thr exchange at position 15
(Fig. 11B). Gly890 is associated with reduced inhibition by malate (Wedding et al, 1990), but
surprisingly, it was not preserved in any PEPC of T. triangulare. Numerous predicted proteins of
T. triangulare were truncated prior to this site and all full-length proteins contained a conserved Arg at the
homologous site (Fig. 11B). Up to date, there was only a single site proposed that possibly underwent
convergent amino acid substitution in CAM species — Asp at position 509 of K. fedtschenkoi PEPC2
(corresponds to His519 of Z. mays PEP1) (Yang et al., 2017). All full-length proteins of T. triangulare
contained the ancestral variants and so did for example pineapple, P. oleracea and M. crystallinum
(Fig. S4).

Two PPDK orthologs were identified in T. triangulare (Fig. 12A). PPDK is regulated post-
translationally by phosphorylation at Thr309, Ser506, Thr527 and Ser528 (numbering based on translation
of Z. mays CAA33054), with Gly525 contributing to phosphorylation of Thr527 and Ser528, which is
mediated by PPDK REGULATORY PROTEINs RP1 and RP2 (Astley et al, 2011). All known
phosphorylated sites were preserved in full-length PPDK proteins of 7. triangulare, but due to alternative
splicing, both genes also gave rise to variants lacking the target sites of RP (Fig. 12B).
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Arabidopsis Talinum Talinum splice variants
gene gene
PB.1546 ORFgroup_PB.1546_3, ORFgroup_PB.1546_2, ORFgroup_PB.1546_11,
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Figure 12. PYRUVATE, PHOSPHATE DIKINASE-coding sequences of Talinum triangulare. (A) Two
orthologs of a single-copy Arabidopsis gene were identified in the transcriptome of T. triangulare. (B) Both
gene copies gave rise to proteins predicted to carry all known signatures of a C4 isoforms, such as that of
Zea mays, as well as alternatively spliced variants lacking the sites associated with C4 isoforms. Amino
acid numbering is based on translation of CAA33054 of Z mays, total lengths of predicted protein
sequences are shown at the right. For T. triangulare sequences, confidence of the open reading frame
prediction is shown in brackets. (C) Transcript abundance of several isoforms of T. triangulare in response
to ABA.
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Discussion

To expand the available genomic resources of our facultative CAM model species 7. triangulare,
we assembled a (draft) genome and transcriptome. Using long-read sequencing technologies, we identified
transcribed loci of 7. triangulare and estimated the diversity of splice variants. Moreover, we captured
non-coding transcripts, making identification of putative IncRNAs and their quantification during CAM
induction possible for the first time in this species. Secondly, we identified genes co-expressed with
transcription factors involved in ABA/stress signalling. Finally, we used both assemblies for interspecies
comparison of CREs and protein-coding sequences to identify changes associated with facultative CAM.

The Talinum triangulare genome and transcriptome
Genome assembly and indications of whole-genome duplication

Nanopore reads were assembled with Flye and polished with a subset of RNA-seq reads into 234
contigs with a total size of 608.5 Mbp (Tab. S3). This is in strong contrast to the expected genome size of
3.89 Gbp (i.e. approximately 1.9 Gb for a haploid assembly) as estimated by flow cytometry (Fig.S2A).
This contradiction might occur through 1) an erroneous assembly (e.g. due to a choice of parameter and/or
assembler), i1) a recent whole-genome duplication event in the evolutionary history of 7. triangulare or iii)
endoreduplication. Based on flow cytometry measurements, endoreduplication seems the most likely
explanation, but experimental confirmation is required for a finite conclusion.

Large plant genomes are known to contain a substantial proportion of repetitive sequences (Flavell,
1980; Schnable et al., 2009; Ming et al., 2015), which are problematic to resolve during the assembly
process. However, raw reads with an Nsy of approximately 30 kbp (Tab. S2) should be long enough to
span even long repeats. Additionally, another assembly with highly comparable statistics was obtained in
an entirely independent approach using the SMARTdenovo assembler
(https://github.com/ruanjue/smartdenovo; Tab. S11), the results of BUSCO analysis with 91.8% of
complete Embryophyta orthologs identified in the genome assembly (Fig. 2C) as well as a mean alignment
rate of 98.38% when mapping RNA-seq reads to the genome assembly with HISAT (Tab. S4) strongly
refute the possibility of losses in protein-coding regions during the assembly process.

Both polyploidisation and endoreduplication lead to increased content of nuclear DNA.
Polyploidisation events occurred frequently and at different times throughout the evolution of
Caryophyllales, including the Portulacineae clade, which Talinum spp. belong to (Yang et al., 2015b,
2018). Not only are tetraploid populations of 7. calycinum and T. calcaricum known (Harris et al., 1993),
but chromosome counts of both 2n = 24 and 2n = 48 were reported for 7. triangulare (Baquar, 1986;
Nyananyo and Olowokudejo, 1986), leaving the possibility that our population of 7. triangulare is of
mixed ploidy as reported for example for Acacia senegal (Odee et al., 2015).

During endoreduplication, chromosomal DNA content replicates without an intervening cell
division, increasing the ploidy level. It occurs frequently at different stages of development both in plants
and animals (Sugimoto-Shirasu and Roberts, 2003; Lee et al., 2009). Endoreduplication can have the same
impact on morphology of affected cells as stable and heritable polyploidisation, but unlike during
polyploidisation, the proportion of cells with different ploidy levels would vary between plant organs and
within a single organ throughout its development. Endoreduplication was confirmed among several
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succulent species, including the facultative CAM species M. crystallinum (De Rocher et al., 1990).
Occurrence of endoreduplication in (leaf) tissue of 7. triangulare appears a likely explanation of the
discrepancy between the estimated genome size and the assembly size. Firstly, flow cytometry revealed
the presence of an additional population of T. friangulare nuclei with DNA content smaller than both G1-
and G2-phase nuclei of both 7. triangulare and S. lycopersicum. Secondly, its proportion seemed to
change with plant age, being most highly abundant in leaf tissue of five-week-old plants but absent in
leaves of plants more than two months old (Fig. S1B, C). Since measurements with older plants were used
for genome size estimation but material of one-month-old plants was used for whole-genome sequencing,
it is likely that predominantly diploid nuclei were used for gDNA extraction. Even when
endoreduplication was already ongoing at this age, it would not be detectable in the assembly since
endoreduplication is a whole-genome duplication.

Increased ploidy — even through developmentally regulated endoreduplication — might be
advantageous for CAM species. It was shown for C, species that increased gene dosage can lead to
increased gene expression (Bianconi ef al., 2018). From a CAM perspective, the effect of increased
nuclear DNA content on cell morphology is an intriguing possibility. Higher content of nuclear DNA was
shown to correlate with increased cell size, largely mediated by expansion of vacuole size (Sugimoto-
Shirasu and Roberts, 2003), which is critical for sufficient storage capacity of nocturnally accumulating
organic acids. Harris ef al. (1993) observed higher day/night fluctuations of malic acid in tetraploid
Talinum spp. compared to diploid ones. Beside the effect on cell size, higher DNA content was connected
with increased guard cell length but lower stomatal density (Sugimoto-Shirasu and Roberts, 2003;
Beaulieu et al., 2008) and even increased leaf thickness and drought tolerance in the CAM species Sedum
pulchellum (Harriet, 1946). It should be further explored whether large genome (e.g. some Aloe spp.;
Zonneveld, 2002) or endoreduplication of small genomes are adaptation enabling CAM evolution and
whether increased nuclear DNA content contributes to higher gene expression and/or storage capacity of
malic acid.

Transcriptome assembly, annotation, and identification of orphan genes

Assembling transcriptomes de novo is widely used when annotated reference genomes are not
available (e.g. Simon et al., 2009; Martin and Wang, 2011). At the same time, de novo assembled
transcriptome are a valuable source for genome annotation (Venturini ez al., 2018). We assembled the first
genome of 7. triangulare with current gene model predictions based solely on identified unique isoforms
(HQ transcripts obtained with the isoseq3 pipeline were aligned to the draft genome and collapsed to
unique isoforms with cDNA Cupcake) and prediction of ORFs with ANGEL (Fig. 1). Iso-Seq reads were
processed using the isoseq3 pipeline and collapsed with cDNA Cupcake to 19,997 loci encoding for
50,015 transcripts (Fig. 1d). ANGEL classified 18,757 (93.8%) loci as protein-coding and predicted
54,107 distinct ORFs (Fig. 1d). BUSCO analysis determined 86.5% completeness of the transcriptome
assembly but discovered over 40% duplicated BUSCOs (Fig. 3A). Duplicated BUSCOs probably resulted
from multiple transcripts encoded by individual loci. On average, each gene gave rise to 2.66 isoforms and
2.88 ORFs, which is comparable to 2.4 transcripts per gene in Arabidopsis (Zhang et al., 2017). The
higher number of ORFs over the detected transcripts suggests that occasionally multiple ORFs per
transcript were predicted. Alternative promoter usage has just started to be explored in plants (Hernandez-
Garcia and Finer, 2014; Gregory, 2018). Given this phenomenon is more frequent at least in some species
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this would increase the number of predicted ORFs. The fact that (at least some) ORFs tagged as
suspicious are not artifacts is supported by increased proportion of missing BUSCO orthologs upon their
removal from the transcriptome assembly (Fig. S2). Therefore, suspicious ORFs were retained in the
transcriptome assembly and further confirmation of predicted ORFs will be done in the future. Combining
several approaches, 97% of protein sequences were annotated based on their homology to other proteins
or recognized protein domains (Fig. 3C). It must be confirmed whether the unannotated proteins are
specific to Talinum (and possibly closely related) species or whether these also include erroneously
predicted ORFs (e.g. by alternative assessment of their coding potential or de novo gene prediction in the
polished genome assembly).

Besides protein-coding transcripts, we analysed non-coding transcripts in the present assembly. We
particularly focused on IncRNAs as they were shown to play regulatory roles in a variety of processes,
including development, stress response and plant immunity (Mach, 2017; Wang ef al., 2017; Rai et al.,
2019). Based on the coding potential estimation as well as minimum transcript length and number of
exons, 3,184 putative IncRNAs were identified (Fig. 5). Their sequences were aligned to CDS as well as
to UTR sequences. The majority (45.5%) showed homology to regions contained both CDS and UTR
sequences, while 32.9% of them did not align. These likely originate from intergenic or intronic regions
(Ma et al., 2013; Rai et al., 2019).

Evidence of transcriptional control of CAM induction via CREs and IncRNAs

We previously reported the pace and extent at which transcript levels change in 7. triangulare
during CAM induction but were limited by cross-species quantification (Maleckova et al., 2019). The
long-read sequencing-based transcriptome assembly now facilitates differentiation among individual
splice variants and quantification of protein-coding sequences not present in Arabidopsis or B. vulgaris as
well as quantification of IncRNAs. Transcriptional analyses conducted up to date indicate that CAM
activities must be co-ordinately regulated (Cushman et al., 2008; Abraham et al., 2016; Borland et al.,
2016; Brilhaus et al., 2016; Yang et al., 2017; Heyduk et al., 2019). To test the hypothesis that co-
ordinated regulation is achieved at the transcriptional level via shared regulatory motifs in promoter
sequences of the target genes, we performed TO-GCN and motif enrichment analyses.

Gene expression profiles correlate with common promoter motifs

For motif enrichment, DREME was used to compare promoter regions of genes in each temporal
cluster to their expected frequencies based on a random sample of T. triangulare promoters. Common
motifs were identified for each promoter set except for genes in cluster 2 (Fig. 6B). As expected, TFBS
recognized by ABA signalling TFs occurred with an increased frequency in promoters of DEGs:
GCCAC(A/G) and GG(T/C)AGTCA motifs in cluster 4 and ATTGATT(G/C) in cluster 6, transcripts of
both clusters showing depletion in ABA-treated leaves (Fig. 6D, F; Tab. S8), illustrating the importance of
down-regulation during CAM induction alongside with accumulation of specific transcripts.

The GCCAC(A/G) motif found in promoters of cluster 4 genes is similar to the TFBS of GBF3 and
ABI5, ABA-RESPONSIVE ELEMENT BINDING PROTEIN 3 (AREB3) and ABSCISIC ACID
RESPONSIVE ELEMENTS-BINDING FACTOR 2 (ABF2/AREBI1) (Tab. S8). Even though closely
related and involved in ABA-mediated stress responses, functional differentiation exists between these
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TFs. In Arabidopsis, GBF3 transcripts were shown to accumulate in response to ABA and its impact on
increased tolerance to multiple abiotic stresses was demonstrated (Lu et al, 1996; Ramegowda et al.,
2017). AREB3 contributes to initiation of long-term ABA-induced changes in gene expression (Uno et
al., 2000). AREB3 might thus be an interesting candidate in the context of CAM regulation once the
pathway was induced. A connection between CAM and ABA signalling was proposed for obligate CAM
species, for example in stomatal regulation (Abraham et al., 2016; Heyduk et al., 2019). Overexpression
of ABF?2 increased Arabidopsis tolerance to several abiotic stresses including drought and heat, but at the
same time led to downregulation of RIBULOSE BISPHOSPHATE CARBOXYLASE SMALL CHAIN
(RBCS), HXK1 and HXK?2, thus connecting ABA signalling to both photosynthesis and sugar metabolism
(Kim et al., 2004). This signalling crosstalk could be further adjusted during CAM evolution. However
TFs of the same family share binding sites (Song et al, 2016; Kurihara et al., 2020). Thus, to
unambiguously confirm binding of the identified TFs to their putative targets, experimental confirmation
is needed. Additional bZIP candidates, not necessarily connected to ABA signalling but potentially
recognizing the enriched motif, include bZIP16, bZIP42 or bZIP28 (Tab. S8).

Motifs recognized by the WRKY — another ABA-associated TF family — were abundant in
promoters of genes in clusters 4 and 6 (Fig. 6D, F). Two motifs were identified as possible binding sites of
WRKY18 and WRKY40, which through a joint action with WRKY60 regulate expression of other
components of ABA signalling, including ABF2, ABF4, ABI5 and ABI4 TFs (Liu et al., 2012). Additional
TF candidates connected to ABA response/CAM induction include ATHBS, ATHB6 and HAT22, all
potentially recognizing ATTGATT(G/C) enriched in down-regulated genes of cluster 6 (Fig. 6F, Tab. S8).
Here, it was not possible to unambiguously identify ABA-responsive TFs binding the enriched motifs, but
we could provide evidence that coordinated down-regulation of gene expression during CAM induction is
at least in part due to direct action of ABA-responsive TFs. This is consistent with the role of WRKY TFs
and HB6 as negative regulators of ABA signalling in Arabidopsis (Himmelbach et al., 2002; Shang et al.,
2010; Liu et al., 2012; Song et al., 2016). Further investigations should focus on differentiation of ABA-
induced down-regulation between C; and facultative CAM species.

TCP TFs may also act as negative regulators during CAM induction, as the respective TFBS were
predicted in genes belonging to clusters 1 and 4 (Fig. 6A, D). In Arabidopsis, the role of TCP TFs has
been studied in connection to regulation of growth and early development (rewieved by Li, 2015). In Vitis
vinifera, expression of many TCPs is inhibited by stimuli as different as drought and waterlogging (Jiu et
al., 2019). Candidate TCPs recognising motifs in promoter sequences of genes in cluster 1 and 4 included
TCP15, TCP20 and TCP22 (Tab. S8). In Arabidopsis, TCP20 and TCP22 contribute to regulation of
expression of the clock gene CIRCADIAN CLOCK ASSOCIATED 1 (CCAI) (Wu et al., 2016a), and
TCP14 and TCP15 regulate cytokinin responses (Steiner et al., 2012). Besides that, 7CP15 expression
fluctuates over the diel cycle and protein-protein interaction assays revealed its physical interaction with
two clock components, LATE ELONGATED HYPOCOTYL1 (LHY1) and PSEUDO RESPONSE
REGULATORS (PRRS5) (Giraud et al., 2010). Furthermore, TCP15 is a regulator of diurnally regulated
protein biosynthesis in organelles, including enzymes of the TCA cycle (Giraud et al., 2010), which might
also be relevant for CAM regulation. Several CAM enzymes localize not only to the cytosol but also to
mitochondria (e.g. NADP-ME) and we observed accumulation of transcripts of several enzymes of the
TCA cycle and amino acid degradation during CAM induction (Maleckova et al., 2019). Additionally, a
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recent analysis of TCP TFs in grapevine genome revealed that their promoters are rich for cis-acting
elements (Jiu et al., 2019). This makes them good candidates to integrate various signals and translate
external stimuli into a concerted transcriptional regulation of the circadian oscillator together with other
genes containing TCP binding sites during CAM induction.

Besides the motif in cluster 3 associated with MYB-RELATED TFs of the circadian oscillator,
other motifs associated with genes up-regulated in response to ABA included two motifs in cluster 5 as
well as two motifs frequent among genes of cluster 7. The AC(C/G)ATTAC motif abundant in cluster 5
resembles TFBS of MYB TFs, among them MYB77, MYB81, MYB118 and MYB119 (Fig. 6E, Tab. S8).
MYB TFs have been studied in connection to auxin signalling, but based on findings in Arabidopsis,
MYB77 seems like a good candidate for regulation of gene expression in response to environmental
changes. MYB77 interacts with ABA receptor PYLS, which in turn enhances the binding of MYB77 to its
target motif (Zhao et al., 2014). AUXIN RESPONSE FACTORs (ARF) are other interaction partners of
MYB?77 at the protein level (Shin et al., 2007) and ARF2 ortholog was co-expressed with ANAC and HSF
orthologs in ABA-treated leaves (Fig. 7). Such interaction can have an effect both on binding of MYB77
to promoter sequences of the target genes and on binding of ARFs to other interaction partners. The
AA(G/C)ATGGT motif frequent in cluster 7 was predicted to bind several GeBP and MYB-RELATED
TFs, including MYB67, was enriched in cluster 7 (Fig. 6G, Tab. S8). MYB67 could also play a role in
mediating the coordination between different signalling pathways both at transcriptional and post-
translation level. It was shown to bind G-BOX BINDING FACTOR 1 (GBF1), a TF of cryptochrome
signalling and to act as a negative regulator of one of the RIBULOSE BISPHOSPHATE CARBOXYLASE
SMALL CHAIN (RBCS) subunits (Mallappa ef al., 2006; Nozawa et al., 2009).

Surprisingly, several motifs associated with ABA-responsive genes did not show significant
similarity to any TFBS of Arabidopsis (Fig. 6A, D, E, G). Enriched but unannotated motifs could be
present in Arabidopsis but were not identified yet, for example due to low occupancy or TF binding under
very specific conditions. Alternatively, they could have evolved as TFBS in certain plants lineages only
and in that case, it will be of interest to identify the TFs binding to them. Finally, these sites may act as
binding sites for other types of transcriptional regulators, such as non-coding RNAs. Contribution of
miRNAs to post-transcriptional regulation of the CAM pathway was confirmed in the obligate CAM
species pineapple (Wai et al., 2017). Numerous diurnally fluctuating IncRNAs have been identified in the
same species (Bai et al., 2019) and several ABA-responsive IncRNAs have been identified in the
transcriptome of 7. triangulare (Fig. 9).

With an increased number of CAM species sequenced, more thorough comparisons will be
possible, but already a simple comparison between the obligate CAM species pineapple (Wai et al., 2017)
and the facultative CAM T. triangulare identified shared over-represented TFBS. In both cases, motif
enrichment analysis was preceded by clustering based on common expression patterns — green vs non-
photosynthesizing tissue in pineapple and mock- vs ABA-treated leaves in 7. triangulare. One of the
clusters of genes showing circadian fluctuation in transcript abundance specifically in the green pineapple
tissue (cluster 1, Wai et al., 2017) was enriched for CCA1 and TCP15 TFBS. In the case of 7. triangulare,
a clock-associated motif was enriched in ABA up-regulated cluster 3 (Fig. 6C, Tab. S8) and motifs
resembling TCP TFBS were frequent in clusters 1 and 4, both showing transcript depletion in response to
ABA (Fig. 6D, Tab. S8). These are promising CAM-enabling cis-regulatory sequences for future
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investigations. TFs binding to these sites and their target genes should be identified unambiguously in
both species. The effect of loss and increased frequency of these TFBS on strength of the CAM phenotype
should be investigated.

Co-expression of ABA-responsive TFs, CAM genes and genes of carbohydrate metabolism

To further decipher the transcriptional regulation of CAM, TO-GCN analysis was performed. TO-
GCN was developed specifically for time-series data to identify co-expressed pairs of a TF and target
genes (encoding either another TF or a structural gene). The resulting network for ABA treatment in
T. triangulare comprised 26,971 nodes. We explored a subset of the network at the “first neighbour” level
focusing on ABA/stress response TFs and an unresolved (i.e. without a 1:1 relationship between
Arabidopsis and 7. triangulare) ortholog of MYB-RELATED TFs regulating the circadian oscillator.
Components of ABA signalling known from Arabidopsis were part of the network as expected for ABA
response. These included a SnRK2, a PP2C transcript (orthologous to HAI and ABI proteins) and a PYL
transcript (Fig. 7; Leung et al., 1997; Fujita et al., 2009; Antoni ef al., 2011). Several genes encoding
components of the CAM pathway and carbohydrate metabolism as well as transporters were co-expressed
with these TFs (Fig. 7).

In Arabidopsis, HB6 transcript level increases in response to both exogenous ABA and water
limitation and acts as a negative regulator of ABA signalling (Séderman et al., 1999; Himmelbach et al.,
2002). HB6 was shown to interact physically with ABI1, a PP2C in Arabidopsis (Himmelbach et al.,
2002), transcripts of accumulate in response to ABA in Arabidopsis (Goda et al., 2008). Similarly, ABA
induced rapid accumulation of several HBG transcripts, ABII as well as other PP2C transcripts in
T. triangulare (Fig. S5A, E, F). Assuming that (some) molecular aspects of ABA signalling are conserved
between Arabidopsis and 7. triangulare, we speculate that recruitment of additional protein-protein and/or
DNA-protein interactions resulted in differentiation between stress signalling and a signalling cascade
leading to CAM induction, both mediated by ABA. In this scenario, an imaginable evolutionary path
towards differentiation of ABA signalling between stress response and CAM induction in a facultative
CAM species is via acquisition of respective TFBS in promoters of CAM genes and/or regulators of CAM
induction (“CAM switches”). Based on the TO-GCN, HB6 could regulate expression of BCA, PPC,
PPDK and NADP-ME (Fig. 7), enzymes involved both in carboxylation and decarboxylation part of the
CAM pathway as well as in PEP regeneration.

In Arabidopsis, physical interaction between HB6 and MATH-BTB DOMAIN PROTEINS BPM3
and BPM6 was confirmed. Both BPM proteins act as substrate-specific adapters of an E3 ubiquitin-protein
ligase complex, thus regulating proteasome-mediated protein degradation, including degradation of PP2Cs
(Julian et al., 2019). Orthologs of E3 UBIQUITIN PROTEIN LIGASEs were present in the analysed part
of the co-expression network (Fig. 7), which agrees with regulated protein degradation occurring during
ABA response proposed before (Wu et al., 2016b). We hypothesize that protein degradation also plays an
important regulatory function during CAM induction to rapidly prevent competing C; protein activities
and co-expression of £3 UBIQUITIN PROTEIN LIGASEs with several TFs is an encouraging finding for
further investigations.

HSFs form a large TF family involved in response to variety of stress stimuli with a considerable
crosstalk between them (Swindell ez al., 2007). ABA-induced transcript accumulation of several members
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was observed both in Arabidopsis and willow Salix suchowensis (Goda et al., 2008; Zhang et al., 2015).
ABA-responsive HSF transcripts of T. triangulare were orthologous to HSFAS5, HSFBI or HSFCI, the
latter identified together with HSFA2, NF-YA9 and NF-YB3 as a possible transcriptional regulator of CAM
induction in our previous work based solely on extent of transcript accumulation in response to ABA
(Maleckova et al., 2019). In the TO-GCN, HSF orthologs showed connections to GPT and VGTI sugar
transporters (Fig. 7). GPT mediates export of glucose-6-phosphate resulting from starch degradation from
chloroplast and its transcript levels as well as activity change diurnally in M. crystallinum (Hausler et al.,
2000). Since transporters play an essential role in maintaining metabolite flow through the CAM cycle, it
is imaginable that sugar transporters are among the early responders during CAM induction and possibly
controlled directly via ABA-responsive TFs. In hexose-storing CAM species, the vacuole serves as a
transitory storage site of soluble sugars besides accumulating malic acid at night (Holtum et al., 2005).
This is not the case for the starch-storing species 7. triangulare, but VGT1 is important for turgor
maintenance (Aluri and Biittner, 2007). Flexibility in sugar usage was demonstrated for CAM species
Aechmea 'Maya' and M. crystallinum (Ceusters et al., 2009; Taybi et al., 2017), which is also imaginable
during rapid CAM induction when sufficient PEP pool has to be generated first.

Transcripts encoding enzymes of starch turnover were co-expressed with stress/ABA-responsive
TFs (Fig. 7). Transcripts of STARCH SYNTHASE accumulated, especially overnight (Fig. SSH), while
transcripts of a starch degrading BMY were depleted (Fig. S5I). Not only starch metabolism but also
glycolysis are subjected to diurnal regulation both in C; and CAM species (Geiger and Servaites, 1994;
Holtum et al., 2005; Borland et al., 2016), and thus enzymes of both pathways are putative targets for
regulation during CAM induction. The only glycolytic enzyme present in the analysed portion of the TO-
GCN was PFK (Fig. 7). Besides supporting carbon flow via the CAM pathway, carbohydrate metabolism
is central to maintenance, growth and reproduction of all living organisms (Kooke and Keurentjes, 2012;
Borland et al., 2016; Zakhartsev et al., 2016; Sakr et al., 2018). Due to its central role in primary
metabolism, it is bidirectionally regulated with other metabolic pathways, which include the circadian
clock, responsiveness to stressors, and phytohormone signalling (Leén and Sheen, 2003; Satake et al.,
2015; Zanella et al, 2016). For example, starch degradation provides carbon backbones for proline
synthesis under osmotic stress conditions (Zanella ez al., 2016) and BAM1 mediates starch degradation in
an ABA-dependent manner during infection with Plectosphaerella cucumerina (Gamir et al., 2018). For a
successful engineering of inducible CAM, it is therefore required to further dissect the metabolic aspects
of general stress response and events specific for CAM induction.

Taken together, motif analysis of promoter sequences of DEGs provided evidence that the
coordinated transcriptional regulation during CAM induction might be achieved through the presence of
certain TFBS in promoters of target genes. Independently, TO-GCN suggested that even a limited number
of TFs might be sufficient to target components of diverse metabolic pathways including core CAM
enzymes and enzymes and transporters of carbohydrate metabolism.

Promoters of several CAM genes, genes of carbohydrate metabolism and transporters are enrviched for
motifs specific to T. triangulare

TFBS enriched in promoters of genes with similar expression patterns could be identified in
T. triangulare and TO-GCN revealed co-expression of ABA/stress-responsive TFs with several
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components of CAM and carbohydrate metabolism. It was thus interesting to investigate, whether some
aspects of the observed transcriptional responsiveness to exogenous ABA evolved specifically in the
facultative CAM species 7. triangulare. In addressing this point, we compared TFBS present in gene
promoters of species utilizing various carbon assimilation strategies. However, two constraints arose:
often unclear orthology relationships among proteins belonging to the same orthogroup and limited
number of (facultative) CAM species with genome assemblies available. For these reasons, promoters of
all orthologs in a given orthogroup were analysed and the comparison of 7. triangulare promoters was
restricted to the following species: C3 model species Arabidopsis, more closely related Cs species B.
vulgaris and S. oleracea, Cs monocot H. vulgare, C4species Z. mays, obligate CAM monocots 4. comosus
and P. equestris, obligate CAM dicots K. fedtschenkoi and K. laxiflora, and facultative CAM monocot
D. catenatum.

Analysed orthogroups included those present in the depicted portion of the TO-GCN (Fig. 7) and
those expected to play a role in the core CAM cycle or related reactions (i.e. carbohydrate metabolism and
transporters). TFBS frequent in promoters of 7. triangulare but not in promoters of orthologous genes of
the other species were indeed found frequently and moreover, several cases were identified, where a single
TF or a group of closely related TFs could possibly regulate expression of several target genes. This was
the case for motifs recognized by FRS9, which were frequent in MDH, FBA and ARF promoters (Fig. 8A,
B, E). FRS9 was identified as a negative regulator of PHYTOCHROME B (phyB) signalling in
Arabidopsis (Lin and Wang, 2004). In obligate CAM species K. fedtschenkoi (Bryophyllum) phytochrome
was identified as the major photoreceptor in entrainment of rhythmic CO, uptake (Harris and Wilkins,
1978). Given that phyB signalling plays a similar role also in 7. triangulare, FRS9 might serve as a hub to
coordinate complex metabolic re-programming during CAM induction by contributing to regulation of
CO; uptake and at the same time targeting CAM cycle itself, tightly connected glycolysis and even ARF-
dependent signalling.

NF-Y TFs act as trimers of NF-YA, NF-YB and NF-YC subunits. Several of them regulate
flowering and other developmental processes, NF-YA and NF-YB TFs also play a role in drought
tolerance as shown also for the NF-YA2-NF-YB2/5/6-NF-YC10 complex (Nelson et al., 2007; Li et al.,
2008; Siefers et al., 2009; Zhao et al., 2017; Lian et al., 2018). Transcript accumulation of NF-YB and NF-
YC orthologs in ABA-treated leaves (Fig. S5C, D), co-expression of an NF-YC ortholog with numerous
other transcripts in response to ABA (Fig. 7), and an enrichment of likely NF-YB4 binding sites in PPC
and ABCB promoters in 7. triangulare (Fig. 8A, D; Tab. S9) all point at the role of NF-Y TFs in the early
response to ABA and it should be investigated whether and how they also contribute to CAM induction.
Several ABCB transporters mediate cellular transport of auxin in Arabidopsis (Cho and Cho, 2013; Xu et
al., 2014b). Even though 2.4-dichlorophenoxyacetic acid treatment did not induce CAM in
M. crystallinum (Dai et al., 1994) and significant contribution of auxin to CAM induction upon water
withdrawal in 7. triangulare was excluded (Brilhaus et al., 2016), ARF2, ABCB and auxin efflux carrier
ETHYLENE INSENSITIVE ROOT 1 (EIRI) orthologs were integrated in the TO-GCN (Fig. 7). Besides
that, MONOPTEROS/AUXIN RESPONSE FACTOR 5 (MP/ARFS5) was identified as a candidate “CAM
switch” based on a degree of ABA-induced change in transcript abundance (Maleckova et al., 2019). In
the work by Abraham et al. (2016) comparing expression profiles between Arabidopsis and Agave
americana, ARF4 was identified as a candidate TF regulating largely inversed gene expression between
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the two species. It cannot be excluded that ABA signalling interacts with some components of auxin
signalling cascade — as also suggested by enrichment of HSF TFBS in ARF promoters (Fig. 8E) — but
whether such crosstalk is essential for CAM induction remains to be answered. It remains a speculation at
the current state of our knowledge but the involvement of ABCB14, a malate importer localized in the
guard cells, during CAM induction is an imaginable scenario. Regulation of stomatal behaviour in Cs
plants is understood in detail, revealing the importance of light signals. In contrast, regulation underlying
inversed stomatal behaviour of CAM species remains elusive (Tallman et al., 1997; Grams and Thiel,
2002). One possibility is control of stomatal aperture by metabolite levels upon initial input from the
circadian clock and malate is a promising signalling molecule in this scenario as it can act as a sensor of
internal CO; concentration (Lee, 2010; Borland ez al., 2014).

Evidence for the role of circadian clock in CAM induction

Thanks to the endogenous circadian clock, metabolic processes can be regulated relative to the
anticipated light/dark cycle, including for example leaf movement, hypocotyl elongation, diurnal patterns
of transcript abundance of stress-responsive genes, and light/dark cycle of starch turnover. In CAM
species, the clock is crucial for synchronization of carboxylating and decarboxylating reactions to avoid
futile cycling (Wilkins, 1992; Eriksson and Millar, 2003; Hartwell, 2005; Weise et al., 2011). In the
context of CAM induction, two possibly competing scenarios are imaginable. TFs of the circadian
oscillator could have acquired transcriptional control over additional targets in (facultative) CAM species,
leading to shifted gene expression. Alternatively, the TFs of the circadian oscillator could regulate similar
genes in both C; and (facultative) CAM species, but the expression of clock genes themselves could be
shifted in phase. The first option is supported by barely changed transcript levels of the clock genes both
in drought- and ABA-induced CAM even though both treatments induced pronounced changes of gene
expression (Brilhaus ef al., 2016; Maleckova et al., 2019). Transcriptome analysis of M. crystallinum
exposed to high salinity revealed stability of the circadian oscillator under stress conditions (Boxall et al.,
2005). In pineapple, rhythmically expressed gene cluster containing CAM enzymes was enrichment for
the CCA1 binding site and sequence of the evening element (Wai et al., 2017). Both studies thus provide
additional evidence favouring the first scenario. The present work provides evidence for enrichment of
clock-associated TFBS in several promoter sequences of the facultative CAM species T. triangulare.

A MYB-RELATED transcript of the circadian oscillator was co-expressed with several core CAM
enzymes (Fig. 7) and clock-related motifs were enriched in genes up-regulated in response to ABA in
T. triangulare as well as in several orthogroups in the interspecies comparison of promoter sequences.
Unlike ABA- and stress-responsive TFs, the T. triangulare MYB-RELATED ortholog was low in
abundance and somewhat down-regulated in ABA-treated leaves at the last time point (Fig. S5G), but
formed co-expressed pairs with MDH, PPC and PPDK orthologs (Fig. 7). Connection between the clock
and PPC transcripts in the TO-GCN was further confirmed in the interspecies comparison of promoter
sequences, which revealed enrichment of A(C/T)AAAAGA motif in PPC promoters of 7. triangulare
(Fig. 8A). However, the clock transcript included in the TO-GCN was one of 17 distinct transcripts
encoded by a single gene, which definitely requires further confirmation. If the unusually high number of
splice variants is confirmed, it will be interesting to dissect their individual contribution to maintenance of
the circadian rhythm and explore, whether any of these splice variants evolved specifically as a regulator
of CAM induction.

112



Manuscript 11

Besides PPC promoters, clock-associated motifs were also frequent in ABCB, SWEET and ARF
promoters of 7. triangulare (Fig. 8). An intriguing possibility is the acquisition of clock-related TFBS in
the ABCBI4 promoter, a malate importer of the guard cells contributing to turgor regulation and thus
stomatal aperture. For CAM species, it was proposed that stomatal behaviour is controlled by metabolic
status (Lee, 2010) or alternatively, by fluctuation in internal [CO;] (Cockburn et al., 1979). Both scenarios
however assume already established CAM-specific cycling of metabolites. An independent regulatory
mechanism, clock and/or ABA dependent, might be needed in facultative CAM species, since CAM
pathway can be induced very rapidly.

In promoters of ABA-responsive genes in T. triangulare, TATTTT(G/C)A motif was frequent
among up-regulated genes. Candidate TFs likely binding to this sequence include LCL1, EPR1/RVE7,
LHY1, RVE1 or RVES (Fig. 6C, Tab. S8). These TFs regulate the expression of other clock components
via a mechanism of interlinked transcriptional feedback loops (Kuno et al., 2003; Farinas and Mas, 2011;
Rawat et al., 2011; Shalit-Kaneh et al., 2018), but there is also accumulating evidence on their regulatory
role in other processes. For example, RVES, in addition to showing rhythmical transcript fluctuation,
rapidly responds to heat stress and regulates expression of downstream TFs, such as DEHYDRATION-
RESPONSIVE ELEMENT BINDING PROTEIN 24 (DREB2A4) and NF-YC2. It also directly controls
expression of two drought-induced ERF domain TFs, ERF53 and ERF54 (Farinas and Mas, 2011; Hsieh et
al., 2013; Li et al., 2019). Given that CAM induction required adjustment to the circadian clock, RVES
would be a good candidate to act as a mediator between drought stress response and the circadian
oscillator.

Our results as well as the findings by Wai et al. (2017) are supportive of clock-regulated expression
of PPC in CAM species. However, the studies performed with RNAi lines of K. fedtschenkoi and
K. laxiflora, both obligate CAM species, suggest that the transcriptional regulation of PPC might be more
complex. PPCK silencing affected diurnal fluctuation of CCA1, PRR7, PRR37 and PRRY transcripts under
free-running conditions (Boxall et al., 2017). Similarly, loss of PPC1 (i.e. the CAM-associated isoform)
activity resulted in up-regulation of PRR7 and PRRY, and down-regulation of RVEI-LIKE and EPRI
specifically toward the end of the dark period (Boxall et al., 2020). It should be examined whether (some)
core CAM genes are incorporated in transcriptional feedback loops of the circadian oscillator in CAM
species and whether the clock regulation differs between obligate and facultative CAM species.

Last but not least, bidirectional regulation between ABA and clock has evolved as demonstrated by
diurnally fluctuating levels of endogenous ABA (Novakova ef al., 2005; Hanano et al., 2006). It cannot be
excluded that some ABA cycling is also preserved in CAM species, thus contributing in part to
maintenance of proper CAM cycling once the CAM pathway was fully activated or even in obligate CAM
species, for example contributing to inversed stomatal behaviour. Besides the circadian clock, ABA
signalling also interacts with light signalling. For example, ELONGATED HYPOCOTYL 5 (HYS), a
positive regulator of light signalling, is a positive regulator of ABIS, a TF of the ABA signalling pathway
(Chen et al., 2008) and, a convergent amino acid exchange in one of its bZIP domains was identified in
K. fedtschenkoi (Yang et al., 2017). Only recently, physical interaction between GBF3 and HYS was
demonstrated (Kurihara et al., 2020). Heterodimerisation of ABA- and light-responsive TFs could form a
signalling hub to connect the two pathways or even change the binding specificity of both interaction
partners (Xu et al., 2014a). For CAM, this might be relevant especially during the induction phase when
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numerous metabolic processes must switch to a diurnal pattern which is basically a reversal of the Cs
metabolic activities.

IncRNA are co-expressed with protein-coding transcripts

Besides protein-coding transcripts, candidate IncRNAs were quantified as well, revealing that
23.5% of mapped IncRNAs showed significantly altered abundance in response to ABA (Fig. 9). The
proportion of ABA-responsive IncRNAs was comparable to the proportion of ABA-responsive protein-
coding transcripts (21%) and moreover, both protein-coding transcripts and IncRNAs showed highly
similar expression profiles. It has been shown that IncRNAs act as both cis- and trans-regulators of gene
expression (Heo ef al., 2013; Wang et al., 2019a). Diurnal cycling of IncRNA transcript was confirmed in
green leaf tissue in pineapple and candidate IncRNAs possibly regulating expression of CAM-related
genes were identified (Bai et al., 2019). It will be of interest to further investigate potential interaction
between IncRNA and mRNA in 7. triangulare and evaluate the importance of IncRNA in the process of
CAM induction.

Analysis of protein-coding sequences and changes associated with CAM
Phylogenetic placement of Talinum triangulare

Based on protein sequence comparison within individual orthogroups, a species tree was obtained
(OrthoFinder analysis). In accordance with its confirmed phylogenetic placement based on plastidic and
nuclear rDNA marker genes and comparative cytogenetics (Brockington et al., 2009; Marinho et al.,
2019), T. triangulare was included within the “ACPT” clade of Caryophyllales (Anacampserotaceae,
Cactaceae, Portulacaceae and Talinacea). T. triangulare was placed as a sister group to all Portulaca spp.
contained in the analysis, including C4~-CAM species P. oleracea (Fig. 4A). Further relationships within
the Caryophyllales family were in agreement with a phylogenetic tree obtained within a transcriptome
sequencing study by Yang et al. (2015).

Orthogroups shared by facultative CAM species include genes encoding ABA-responsive transcripts in
Talinum triangulare

It was proposed repeatedly that evolution of CAM photosynthesis in a C; ancestor species requires a
mere adjustment of existing enzymatic activities and metabolite flows in a time-dependent manner (West-
Eberhard et al., 2011; Brautigam et al., 2017; Heyduk et al., 2019; Wai et al., 2019). The ways to achieve
such metabolic re-programming would include changes in transcriptional control as discussed above and
likely also modifications of enzymatic activities (e.g. by altering sensitivity to intermediates of the
metabolism acting as inhibitors). However, truly facultative CAM species present a special case of
extreme metabolic flexibility, regulation of which might indeed require emergence of new proteins acting
as ,,CAM switches®. Taking advantage of the increasing number of genomics resources, we compared
proteomes of species including Cs, C4 and C;-Cy4 intermediates as well as obligate and facultative CAM
species (Tab. S1) with the aim to identify proteins (orthogroups) unique to facultative CAM species. There
were indeed 2,100 such orthogroups (Fig. 9A), including 1,538 orthogroups shared by 7. triangulare and
at least one other facultative CAM species (Fig. 9B). The proteins possibly specific to facultative CAM
species included 377 T. triangulare proteins, transcript levels of which were responsive to ABA.
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Only a small fraction of these DEGs carried a recognizable protein domain in the translated CDS
sequences, but these included several promising candidates acting as “CAM switches”: an ABA/WDS
induced protein in the early ABA-responsive up-regulated cluster 3, a putative Ser/Thr-protein kinase and
a protein with an F-box-like domain in cluster 1 (down-regulated transcripts) and in up-regulated clusters
5 and 7, a basic helix-loop-helix (bHLH) protein and a protein with SANT/Myb domain, respectively
(Tab. S10/11?). In Pinus taeda, a small WDS gene family was identified, transcripts of which accumulate
especially in roots upon water withdrawal, and homologous genes were reported in other species
(Padmanabhan et al., 1997). It can be speculated that WDS orthologs are present also in 7. triangulare and
involved either in drought stress regulation or even connect ABA signalling to CAM induction in response
to drought. Many chromatin-remodelling complexes contain a SANT domain (Boyer et al., 2002) and F-
box-containing proteins, genes of which are abundant in Arabidopsis genome, are involved in regulation
of diverse cellular processes ranging from cell cycle control to transcriptional regulation and signal
transduction (Kuroda et al., 2002). It is thus imaginable that that either of these DEGs contributes to
transcriptional or post-translational changes associated with CAM induction and are worth further
investigation.

PEPC and PPDK protein sequence comparison

Whole genome duplications and duplications of individual genes, providing a basis for
neofunctionalization, occurred in at least some CAM lineages (Christin et al., 2014; Silvera et al., 2014;
Yang et al., 2017). PEPC and PPDK are two examples of C4/CAM enzymes with detailed understanding
of their activity, amino acid substitutions differentiating C; and C4/CAM isoforms and sites of post-
translation modifications (Westhoff and Gowik, 2004; Yang et al., 2017). W

Whole-genome duplications as well as duplications of individual genes have occurred in all
lineages of angiosperms and when retained in the genome, the duplicated copies are a source for
acquisition of evolutionary novelties (Soltis et al., 2003; Moriyama and Koshiba-Takeuchi, 2018). In the
context of CAM evolution, neofunctionalization could lead to emerge of CAM-specific isoforms from
their Cs or non-photosynthetic ancestors as documented on the example of C4 PEPC isoforms (Westhoff
and Gowik, 2004) and CAM-specific PPC lineage in both eudicots (e.g. Caryophyllales) and monocots
(e.g. Oncidiinae) (Christin et al., 2014; Silvera et al., 2014). This is however not the case for pineapple
(Ming et al., 2015). Preliminary analysis of number of orthologs of several CAM genes did not reveal any
extremely expanded gene families in 7. triangulare as it was the case of K. laxiflora or Z. mays (Fig. S6).

PEPC is one of the key enzymes of both C4 and CAM and number of sites subjected to
phosphorylation or associated with a certain photosynthetic type have been identified. These sites were
therefore examined in predicted PEPC sequences of 7. triangulare. Phosphorylation of Serl5 (numbering
based on CAA33317 of Z. mays) desensitifies PEPC to its inhibitor malate (Nimmo, 2000). Exchange of
Serl5 for Thr (e.g. in PB.6485_4; Fig. 11B) occurred frequently in 7. triangulare, but it may not
dramatically affect the phosphorylation status at this site. In cases when substitution with Cys, Leu or Trp
occurred, the entire N-terminus differed largely from the remaining sequences of 7. triangulare and other
species (Fig. S7B). These proteins however contained Thr at the site homologous to His14 of Z. mays and
five to six Ser and up to two Thr at the 28 sites following directly after the site homologous to Serl5
(Fig. S7B). It cannot be excluded that one or more of this alternative Ser/Thr sites are targeted by PPCK.
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Gly890 also contributes to reduced inhibition by malate (Paulus et al., 2013). Full-length PEPCs of
T. triangulare contained Arg at this position, while several isoforms were truncated. It will be interesting
to investigate the sensitivity to malate of these truncated isoforms.

Ser780 is not subjected to phosphorylation but determines PEP saturation kinetics. Ser780 is present
in all C4 enzymes analysed so far but replaced by Ala in C; and CAM PEPCs (Blésing et al., 2000;
Svensson et al., 2003). This was indeed the case for PEPC1/PEPC3 orthologs, where Ala was present
even in several Cs species. Among PEPC2 orthologs, Ser780 so far associated with C4 isoforms only was
present at the corresponding site in several of 7. triangulare proteins, which is consistent with PEPC
sequences obtained with Illumina sequencing (Brilhaus et al., 2016), in C4~-CAM P. oleracea but not in
relatively closely related M. crystallinum or any obligate CAM species analysed.

Predicted CAM-isoform of K. fedtschenkoi PEPC2 contains Asp509 (corresponds to His519 in
CAA33317 of Z. mays). Owing to the negative charge of Asp and its localisation in proximity of the
active site, Asp509 was predicted to mimic the effect of negatively charged glucose-6-phosphate, an
allosteric activator of PEPC (Yang ef al., 2017). All T. triangulare PEPC sequence however contained
ancestral His or Arg (Fig. 11B). Moreover, the homologous sites across a number of species turned out to
be highly variable. Only Glu in sequence of CAM species Cissus quadrangularis and C4 Portulaca amilis
could have the same effect as Asp in PEPC2 of K. fedtschenkoi and Phalaenopsis equestris ortholog
(Yang et al., 2017; Fig. S4). Substantial diversity among PEPCs of various species exists (Fig. 11B,
Fig. 13, Fig. S4), including obligate vs facultative CAM species, monocots vs dicots.

Several of the differences between PEP1 of Z mays (Cs isoform) and PEPCI/PEPC3 of
T. triangulare were also preserved in Cs-CAM species P. oleracea, including presence of truncated
isoforms lacking both Ser780 and Gly890. Truncated isoforms were also detected in Agave deserti, Cs4
Portulaca amilis and Aerva lanata, facultative CAM Basella alba and Vittaria lineata but not it
Kalanchoé orthologs (Fig. S6B). Since many of these predictions are based on shotgun assemblies, these
observations need to be interpreted with caution. On the other hand, there was a marked difference
between abundance of PPCI, PPC3 and PPC2 orthologs of 7. triangulare (Fig. S7). It will be interesting
to investigate whether truncated and less abundant isoforms act as first responders during CAM induction
and high abundant PPC2 isoform evolved as CAM-specific isoform with nocturnal activity in this species.

The action of PPDK is essential for PEP regeneration in both C4 and CAM species, but as opposed
to PEPC, it is much more conserved at the sites crucial for regulation of its activity. All analysed full-
length sequences of 7. triangulare carried Thr309, Ser506, Thr527 and Ser528 subjected to
phosphorylation in Z. mays, as well as Gly525 (Fig. 11B; numbering based on CAAA33054 of Z. mays)
important for PPDK-RP mediated phosphorylation of Thr257 and Ser528 (Chen et al., 2014). Similar to
PEPC, alternative splice variants lacking these sites of port-translation regulation were predicted for both
PPDK orthologs of T. triangulare. The full-length variants however showed markedly higher abundance
and accumulated at the transcript level in the early morning (Fig. 12C).

The similarity between PEPC2 orthologs of 7. triangulare and P. oleracea as well as their clear
distinction from other species was also confirmed by MDS analysis of the protein sequences and MDS
was therefore applied on several other proteins of the CAM pathway to identify candidates with similar
degree of sequence differentiation for future investigations. BCA1l and BCA2 orthologs of CAM
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monocots differed from other species (Fig. 13D). Obligate CAM species are frequently strong CAM
species (Winter, 2019) and increased nocturnal CO; fixation might indeed need adjustments of BCA
activities, which however remain to be characterized. Chloroplastic NADP-ME4 differed between
T. triangulare and obligate CAM monocots and dicots (Fig. 13F). Pineapple uses PEPCK as the
decarboxylating enzyme instead on ME (Dittrich et al., 1973) and K. fedtschenkoi is a NAD-ME species
(Dever et al., 2015), making it likely that NADP-MEs of these species are under different selection
pressure than NADP-ME of 7. triangulare. While PPDK was highly conserved (Fig. 12B, Fig. 13G), large
diversity was observed for RP1 (Fig. 13H). Thus, any adjustments to PEP metabolism required for the
CAM pathway might be achieved at the level of RP instead of altering PPDK itself.

Apart from PEPC, more proteins should be investigated for changes associated with certain modes
of photosynthesis, while considering the diversity of plant linecages. Besides core CAM enzymes,
transporters, enzymes of carbohydrate metabolism as well as proteins with regulatory functions should be
considered and thus, an efficient approach to identify candidates for thorough investigations is needed. We
propose MDS as one possibility and demonstrated this approach on CAM genes. In this analysis, BCA1
and BCA2 orthologs of obligate CAM monocots formed a separate cluster (Fig. S8D). Similarly, NADP-
ME4 orthologs formed separate clusters for obligate CAM species and the facultative CAM species
T. triangulare (Fig. STF). Interestingly, NADP-ME1 orthologs could be identified in only a limited
number of species, which did not include any obligate CAM species. 7. triangulare orthologs were
however clearly separated from orthologs of both Cs; and Cy4 species (Fig. S8E). The high level of PPDK
sequence conservation across all species considered was also apparent from the MDS analysis (Fig. S8G).
In contrast to PPDK, considerable level of sequence differentiation was detected among orthologs of RP1
(Fig. S8H). Employing similar approach and considering effects of identified convergent substitutions on
a protein’s structure and kinetic properties in case of enzymes, it will be possible to faster identify
isoforms suitable for an efficient CAM biodesign.

Conclusions and perspective

We generated a genome assembly of 7. triangulare, to the best of our knowledge the first
facultative CAM dicot sequenced. We improved the transcriptome reference for this species by employing
long-read sequencing. Both assemblies are a rich source of information to deepen our understanding of
molecular mechanisms controlling CAM induction in T. triangulare and contribute to comparative studies
focusing on CAM evolution. We demonstrated the importance of interspecies comparisons in identifying
cis-regulatory elements possibly recruited for regulation of CAM induction. Interspecies comparison of
PEPC sequences revealed a large diversity of splice variants and amino acid substitutions at sites
associated subjected to phosphorylation or associated with C4/CAM isoforms. When the diversity of
plants species and many forms of CAM is considered, amino acid substitutions associated with certain
CAM forms or linecages might be identified and isoforms of key CAM compared to identify the best
candidates for CAM engineering. Recent progress in the field of gene editing should make it possible to
test such candidate genes experimentally.
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Supplementary figures
Figure S1. Flow cytometry for genome size estimation.

Figure S2. Completeness assessment of the transcriptome assembly upon removal of all open reading
frames tagged as “suspicious”.

Figure S3. OrthoFinder analysis: Comparative genomics statistics and orthogroup occupancy.

Figures S4. A schematic representation of multiple sequence alignment of PEPC protein sequences in the
proximity of His519 and Ser780, numbering is based on CAA33317 of Zea mays.

Figure S5. Abundance of selected transcripts.

Figure S6. Number of orthologs of CAM genes in Ananas comosus, Beta vulgaris, Chenopodium quinoa,
Dendrobium catenatum, Hordeum vulgare, Kalanchoé laxiflora, K. fedtschenkoi, Phalaenopsis equestris,
Spinacia oleracea, Talinum triangulare, Zea mays.

Figure S7. Multiple sequence alignment of PEPC.

Figure S8. Metric multidimensional scaling (MDS) for several CAM genes.
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Figure S1. Flow cytometry for genome size estimation. (A) A representative histogram with G1 and G2
peaks of Solanum lycopersicum L. ‘Stupické polni rané’ used as internal standard and Talinum
triangulare. Genome size calculation according to (Dolezel and Barto$, 2005). (B) Nuclei population of leaf
tissue, one-month old Talinum triangulare. The arrow marks a putative sub-population of diploid nuclei (C)
Nuclei population of leaf tissue, Talinum triangular more than two months old.
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Figure S2. Completeness assessment of the transcriptome assembly upon removal of all open reading
frames tagged as “suspicious”. BUSCO analysis with Embryophyta single-copy orthologs. The proportion
of missing BUSCOs increased to 19.6% (as compared to 3.8% for all predicted open reading frames;
Fig. 3A).
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Figure S3. OrthoFinder analysis: Comparative genomics statistics and orthogroup occupancy. (A)
Talinum triangulare transcriptome assembly generated in this work. (B) Beta vulgaris, transcriptome based
on reference genome. (C) Ananas comosus, transcriptome based on reference genome. (D) Portulaca
oleracea, a shotgun transcriptome assembly. (E) Agave tequilana, a shotgun transcriptome assembly. (F)
Percentage of orthogroups occupied by proteins of a given species. “Reference” species refer to species
with a reference genome available, Beta vulgaris (bvseq) is highlighted because it is the closest
sequenced relative of Talinum triangulare, “others” are shotgut assembilies.
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Figure S4. A schematic representation of multiple sequence alignment of PEPC protein sequences in the
proximity of His519 and Ser780, numbering is based on CAA33317 of Zea mays. The site of interest is
colour-coded. For selected isoforms of Talinum triangulare, transcript abundance patterns are shown and
labelled with roman numerals to match patterns with respective isoform in the phylogenetic tree.
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Figure S4. (Continued.)

Phylogenetic trees are approximately-maximume-likelihood trees obtained with FastTree v2.1 (default
settings) (A) Orthologs of Arabidopsis PEPC1 and PEPC3, contains Zea mays PEP1 (B) Orthologs of
Arabidopsis PEPC2, contains Kalanchoé fedtschenkoi PEPC2.
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Figure S5. Abundance of selected transcripts. (A) Homeobox proteins (HB). (B) Heat shock factor (HSF).
(C) Nuclear factor Y, subunit B (NF-YB). (D) Nuclear factor Y, subunit C (NF-YC). (E) ABA insensitive 1
(ABI1), a 2C class of protein serine/threonine phosphatase (PP2C). (F) ABA insensitive 2 (ABI2), a PP2C.
(G) A MYB-related transcription factor, ortholog of components of the circadian oscillator. (H) Starch
synthase (SS). (1) B-amylase (BAM). Dark phase is marked with a grey background.
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Figure S6. Number of orthologs of CAM genes in Ananas comosus, Beta vulgaris, Chenopodium quinoa,
Dendrobium catenatum, Hordeum vulgare, Kalanchoé laxiflora, K. fedtschenkoi, Phalaenopsis equestris,
Spinacia oleracea, Talinum triangulare, Zea mays. Orthologs were identified based on their homology to
Arabidopsis genes.
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Figure S7. Multiple sequence alignment of PEPC. (A) PEPC1 and PEPC3 orthologs, the arrow points at
the position homologous to Ser780 in PEP1 of Zea mays (CAA33317). C-terminus of PEPC is truncated in
several species, including Aerva lanate, Agave deserti, Portulaca oleracea and Talinum triangulare. (B)
PEPC2 orthologs, the arrow points at the position homologous to Ser15 in PEP1 of Zea mays
(CAA33317). Several isoforms of Talinum triangulare show highly diversified N-terminus compared to
phylogenetically diverse Cs, C4 and CAM species.
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Figure S8. Metric multidimensional scaling (MDS) for several CAM genes. Multiple sequence alignments
served as basis to construct distance matrices, which can then be visualized in a low dimensional space
by MDS as available within the bios2mds package for R. Orthologs were identified based on their
homology to Arabidopsis sequences (A) PEPC1 orthologs. (B) PEPC2 orthologs. (C) PEPC3 orthologs.
(D) B-carbonic anhydrase 1 and [(-carbonic anhydrase 2 orthologs (could not be differentiated
unambiguously). (E) NADP-malic enzyme 1. (F) NADP-malic enzyme 4. (G) Pyruvate, phosphate dikinase
(PPDK). (H) PPDK regulatory protein 1.
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Supplementary tables

Table S1. Species included in OrthoFinder analysis, photosynthesis information and data source.
Table S2. Statistics of raw Nanopore reads used for de novo genome assembly of Talinum triangulare
Table S3. Statistics of the genome assembly (Flye & Pilon) obtained with QUAST.

Table S4. RNA-seq mappings statistics on the genome assembly obtained with HISAT2. All details about
RNA-sequencing and samples available in Maleckova et al. (2019)

Table SS. Statistic for Iso-Seq (PacBio) transcriptome sequencing and identification of high-quality
transcripts with the isoseq3 pipeline.

Table S6. BLAST results for high quality transcripts (obtained with isoseq3 pipeline) with non-plant hits.
Table S7. RNA-seq mappings statistics on the transcriptome assembly

Table S8. Enriched motifs in promoter regions of differentially expressed genes (¢ < 0.01) as identified
with the Imms package.

Table S9. Enriched motifs in promoter regions of selected orthogroups.

Table S10. Orthologs of Talinum triangulare and at least one other facultative CAM species (OrthoFinder
analysis) and their assignment to clusters with altered temporal patterns upon ABA treatment.

Table S11. Statistics for genome assembly obtained with SMARTdenovo
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Table S1. Species included in OrthoFinder analysis, photosynthesis information and data source.

Photosynthesis

i P Famil D
Species S type amily Order ata source information
Aerva lanata Cs Amaranthaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Ziegler et al. (1981)
Aerva persica Cq Amaranthaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Stata et al. (2014)
X obligate .
Agave deserti CAM Agavaceae Asparagales www.datadrayd.org Gross et al. (2013) Winter et al. (2015)

. obligate )

Agave tequilana CAM Agavaceae Asparagales www.datadrayd.org Gross et al. (2013) Winter et al. (2015)
obligate . . .

Aloe vera CAM Asphodelaceae Asparagales 1KP Transcriptomes Matasci et al. (2014) Dauvis et al. (2019)
Alternanthera . .

- Cs Amaranthaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Sage et al. (2007)
brasiliana
Alternanthera . .

C4 Amaranthaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Sage et al. (2007)
caracasana
Alternanthera sessilis Cs Amaranthaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Sage et al. (2007)
Alternanthera tenella C3-Cs Amaranthaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Sage et al. (2007)
Amaranthus Lin and Ehleringer
C Amaranthaceae Caryophyllales Phytozome 12 Clouse et al. (2016
hypochondriacus ¢ yopny yloz Y ( ) (1983)
obligate . ’ )
Ananas comosus CAM Bromeliaceae Poales Phytozome 12 Ming et al. (2015) Ming et al. (2015)
Arabidopsis thaliana Cs Brassicaceae Brassicales Phytozome 12 Cheng et al. (2017) Chang et al. (2016)
Asplenium nidus Cs Aspleniaceae Polypodiales 1KP Transcriptomes Matasci et al. (2014) Choy-f;r;;zz;i Suan
Atriplex prostrata Cs Amaranthaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Stata et al. (2014)
Atriplex rosea Cq Chenopodiaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Stata et al. (2014)
facultative ) . .

Basella alba CAM Basellaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Winter 2019
Beta maritima Cs Amaranthaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014)

. www.http://bvseq.bok Schuler et al.,
Beta vulgaris Cs Amaranthaceae Caryophyllales wac.at/ Dohm et al. (2014) (2016)
Blutaparon vermiculare Ca Amaranthaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Sage et al. (2007)
Boerhavia burbidgeana Cs Nyctaginaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Stata et al. (2014)

K i d
Boerhavia coccinea Cq Nyctaginaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) g:::l?;(; 122)
Bougainvillea c Nvctagi c hvilal 1KP Ti ipt Matasci et al. (2014
spoctabilis 4 lyctaginaceae aryophyllales ranscriptomes atasci et al. ( )

. The International .
B‘rachypodlum Cs Amaranthaceae Caryophyllales Phytozome 12 Brachypodium Briljacic et al.
distachyon - (2011)

Initiative (2010)
Brocchinia reducta Cs Bromeliaceae Poales 1KP Transcriptomes Matasci et al. (2014) Benzing et al.

(1985)
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Table S1. (Continued.)

Photosynthesis

Speci PSt Famil Ord Dat:
pecies ype amily rder ata source information
Chenopodium quinoa Cs Amaranthaceae Caryophyllales Phytozome 12 Jarvis et al. (2017) Geissler 2015
Cﬁlamydclz'monas ccM Chlamydomonad ~ Chlamydomonad Phytozome 12 Janvis et al. (2017) Jungnick et al.
reinhardtii aceae ales (2014)
Cissus quadrangularis CAM Vitaceae Vitales 1KP Transcriptomes Matasci et al. (2014)  Ziegler et al. (1981)
Delosperma echinatum CAM Aizoaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014)
Dendrobium facultative .
catenatum CAM Orchidaceae Asparagales NCBI Zhang et al., (2016) Zhang et al. (2016)
Dianthus caryophyllus Cs Caryophyllaceae Caryophyllales 1KP Transcriptomes Matasci et al., (2014) Martin 1984
. . . ) Vovides et al.
Dioon edule CAM Zamiaceae Cycadales 1KP Transcriptomes Matasci et al. (2014) (2002)
Glycine max Cs Fabaceae Fabales Phytozome 12 Schmutz et al. (2010) Miyao (2003)
Gossypium hirsutum C Malvaceae Malvales Phytozome 12 JGI Brugnoli and
ypium Rirsutt 3 Y Lauteri (1991)
. Brkljacic et al.
Hordeum vulgare Cs Poaceae Poales Phytozome 12 Beier et al. (2017) 2011)
Isoetes sp. otgfslte Isoetaceae Isoetales 1KP Transcriptomes Matasci et al. (2014) Ped?;)eﬂ ;9 tal
Kalanchoe obligate .
fedtschenkoi CAM Crassulaceae Saxifragales Phytozome 12 Yang et al. (2017) Yang et al. (2017)
) obligate )
Kalanchoe laxiflora CAM Crassulaceae Saxifragales Phytozome 12 JGI Boxall et al. (2020)
K .
Kochia scoparia C4 Amaranthaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) ocacinar and
Sage (2003)
- . obligate . . Ibarra-laclette et al.
Lophophora williamsii Cactaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014)
CAM (2015)
Marchantia i i
Cs Marchantiaceae Marchantiales Phytozome 12 Bowman et al. (2017)
polymorpha
Medicago truncatula Cs Fabaceae Fabales Phytozome 12 (Tang et al., 2014) DIM(ZE?;; al.
Mesembryanthemum facultative . . .
crystallinum CAM Aizoaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Cushman (1992)
Mirabilis jalapa Cs Nyctaginaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Stata et al. (2014)
Mollugo cerviana Cq Molluginaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Stata et al. (2014)
Mollugo nudicaulis C2 Molluginaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Stata et al. (2014)
Mollugo pentaphylla Cs Molluginaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Stata et al. (2014)
Mollugo verticillata C2 Molluginaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Stata et al. (2014)
Oncidium sphacelatum CAM Orchidaceae Asparagales 1KP Transcriptomes Matasci et al. (2014) Silvera et al. (2014)
. ) Brkljacic et al.
Oryza sativa Cs Poaceae Poales Phytozome 12 Li et al. (2017)

(2011)

CCM, carbon concentrating mechanism
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Table S1. (Continued.)

Photosynthesis

Speci PSt Famil Ord Dat
pecies ype amily rder ata source information
. . obligate . . .
Phalaenopsis equestris CAM Orchidaceae Asparagales NCBI Cai et al. (2014) Cai et al. (2014)
Physcomitrella patens Cs Funariaceae Funariales Phytozome 12 Matasci et al. (2014) Wang et al. (2013)
Physena . .
N no data Physenaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014)
madagascariensis
Wolfe-Bellin et al.
Phytolacca americana Cs Phytolaccaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) © e( 2 : Olﬁr; eta
Phytolacca bogotensis no data Phytolaccaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014)
Polycarpaea repens Cs Polygonaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Kool (2012)
Polygonum Advances in
g Cs Polygonaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Agronomy (Google
convolvulus
Books)
Populus trichocarpa Cs Salicaceae Malpighiales Phytozome 12 Du et al. (2015) Yang et al. (2015a)
Vi ki t
Portulaca amilis Cs Portulacaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) OZTIS?;; 1 :)y ae
Portulaca cryptopetala Cs-Cs Portulacaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Voznae;s(eznos 1k;1)y aet
Vi ki t
Portulaca grandiflora Cq Portulacaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) OZTIS?;; 1 ;a)y ae
Portul: Vi ki
m(;r/zlk?ni:nsis Cs Portulacaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) ozr;e/.szeznos 1 :)y aet
Portulaca oleracea Cs-CAM Portulacaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Lara et al. (2004)
SPL?;’ZIZZ%S Ca Portulacaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Voznaellszeznos1k:)ya et
Vi ki t
Portulaca umbraticola Cq Portulacaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) ozrjs;aznos 1 :)y ae
Rhodiola crenulata C Crassulaceae Saxifragales www.gigadb.org Fu et al. (2017) hitps./eol.org/page
° 9 5/2886822
Ricinus communis Cs Euphorbiaceae Malpighiales Phytozome 12 Chan et al. (2011) Dai et al. (1992)
Sesuvium verrucosum Cs Aizoaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Stata et al. (2014)
Setaria viridis C4 Poaceae Poales 1KP Transcriptomes Matasci et al. (2014) Brkljacic 2011
. . . . https://eol.org/page
Silene latifolia Cs Caryophyllaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) /590246
. Brkljacic et al.
Sorghum bicolor Cs Poaceae Poales Phytozome 12 Cooper et al. (2019) 2011)
Ragh dra et al.
Spinacia oleracea Cs Amaranthaceae Caryophyllales NCBI Dohm et al. (2014) ag a(\;e;; 5r)a eta
. . Wang et al.
Suaeda aralocaspica Cq Amaranthaceae Caryophyllales www.gigadb.org Wang et al. (2019b) (2019)
Tamarix chinensis Cs Tamaricaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Bi and Xie (2015)
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Table S1. (Continued.)

Photosynthesis

Speci PS t Famil Ord Dat

pecies ype amily rder ata source information

Trianthema . : :
Cs Aizoaceae Caryophyllales 1KP Transcriptomes Matasci et al. (2014) Stata et al. (2014)
portulacastrum
The International
Wheat G Brkljacic et al.
Triticum aestivum Cs Poaceae Poales Phytozome 12 °a en.ome fidacic eta
Sequencing (2011)
Consortium (2014)
bligat Christoph d
Vanilla planifolia ° cf:/le Orchidaceae Asparagales 1KP Transcriptomes Matasci et al. (2014) chllfu(r)\:) (16};:2)
The French-ltalian
Public Consortium for DiMario et al
Vitis vinifera Cs Vitaceae Vitales Phytozome 12 Grapevine Genome (2017) '
Characterization,
(2007)

e facultative ) . . . Minardi et al.
Vittaria lineata CAM Pteridaceae Polypodiales 1KP Transcriptomes Matasci et al. (2014) (2014)
Yucca aloifolia Otélfslte Asparagaceae Asparagales Phytozome 12 JGI Heigg: g)t al.

hnabl . Brkljaci .
Zea mays Cs Poaceae Poales Phytozome 12 Schnable et & rdjacic et a

(2009)

(2011)
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Table S2. Statistics of raw Nanopore reads used for de novo genome
assembly of Talinum triangulare.

Flow cell Pass reads Bases Nso length
1 1,962,503 16,645,767,699 22,988
2 1,235,269 13,045,496,067 28,747
3 1,265,588 14,370,375,600 30,510
4 1,167,309 15,569,237,462 38,440
5 537,363 5,152,770,000 30,900
Average 1,233,606 12,956,729,366 30,317
Total 6,168,032 64,783,646,828 -
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Table S3. Statistics of the genome assembly (Flye & Pilon)
obtained with QUAST.

Length parameters Length [bp]
Total length 608,541,345
Largest contig 47,709,168
Total length (>= 0 bp) 608,590,492
Total length (>= 1000 bp) 608,580,813
Total length (>= 5000 bp) 608,380,484
Total length (>= 10000 bp) 608,135,854
Total length (>= 25000 bp) 607,347,907
Total length (>= 50000 bp) 606,788,954
N50 21,613,741
N75 11,389,798

Coverage parameters

Average coverage 111x
Coverage >= 1x (%) 99.99
Number of Ns per 100 kbp 0.03
Count parameters Count
Total number of contigs 234
Number of contigs (>= 0 bp) 234
Number of contigs (>= 1000 bp) 221
Number of contigs (>= 5000 bp) 162
Number of contigs (>= 10000 bp) 126
Number of contigs (>= 25000 bp) 77
Number of contigs (>= 50000 bp) 61
L50 9
L75 19
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Table S4. RNA-seq mappings statistics on the genome assembly obtained with HISAT2.
All details about RNA-sequencing and samples available in Maleckova et al. (2019)

Number of RNA-seq

Alignment rate

Sample reads (%) Align::crgt()(;s than
311 23,396,038 98.70 7.56
316 32,305,179 97.30 12.42
319 25,324,104 98.67 7.89
322 3,236,593 98.59 8.54
324 36,294,440 98.55 6.50
330 32,337,182 98.37 8.06
334 28,574,580 92.80 5.68
Average 97.57 8.09
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Table S6. BLAST results for high quality transcripts (obtained with isoseq3 pipeline) with non-plant hits.

Transcript ID

Plant
hit(s)

Max

score

Total
score

Query
coverage
[%]

E-value

Identitity

[%]

Accession

transcript/4350
full_length_coverage=2;length=6331
;num_subreads=19

transcript/19461
full_length_coverage=2;length=4008
;num_subreads=31

transcript/20367
full_length_coverage=2;length=3932
;num_subreads=11

transcript/20536
full_length_coverage=10;length=387
3;num_subreads=60
transcript/22154
full_length_coverage=4;length=3744
;num_subreads=60

transcript/22907
full_length_coverage=7;length=3724
;num_subreads=60

transcript/24152
full_length_coverage=4;length=3567
;num_subreads=50

transcript/41706
full_length_coverage=2;length=2847
;num_subreads=21

transcript/44293
full_length_coverage=3;length=2807
;num_subreads=47

transcript/47107
full_length_coverage=>5;length=2726
;num_subreads=60

transcript/47126
full_length_coverage=8;length=2723
;num_subreads=60

transcript/47724
full_length_coverage=2;length=2704
;num_subreads=37

transcript/48846
full_length_coverage=8;length=2639
;num_subreads=60

transcript/49197
full_length_coverage=2;length=2677
;num_subreads=59

transcript/49254
full_length_coverage=9;length=2691
;num_subreads=60

transcript/53607
full_length_coverage=2;length=2534
;num_subreads=60

transcript/56751
full_length_coverage=6;length=2467
;num_subreads=60

yes

no

no

no

no

no

no

no

no

no

no

yes

yes

no

no

no

no

52.8

52.8

56.5

58.4

58.4

60.2

60.2

60.2

60.2

56.5

56.5

52.8

52.8

56.5

56.5

56.5

54.7

52.8

105

56.5

58.4

58.4

60.2

60.2

60.2

60.2

56.5

56.5

52.8

52.8

56.5

56.5

56.5

54.7

0

1.10E-01

7.20E-02

5.00E-03

2.00E-03

1.00E-03

4.00E-04

4.00E-04

3.00E-04

3.00E-04

4.00E-03

4.00E-03

4.90E-02

4.70E-02

7.00E-03

7.00E-03

7.00E-03

2.40E-02

96.77

100.00

100.00

97.06

97.06

94.87

94.87

94.87

94.87

100.00

96.97

100.00

100.00

96.97

96.97

96.97

100.00

LR597558.1

LR597470.1

CP017821.1

CP032601.1

CP032601.1

CP032601.1

CP032601.1

CP032601.1

CP032601.1

HE806324.1

AB567734.1

LR132000.1

LR132000.1

AB567734.1

AB567734.1

AB567734.1

CP024765.1
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Table S7. RNA-seq mappings statistics on the transcriptome

assembly

Sample Nurg::r;:;?sNA- A:iagtgr(r:/eo?t Unique(l%aligned
311 32,305,179 77.2 214
312 28,147,275 78.9 19.0
313 32,860,874 78.7 18.7
314 30,117,770 78.4 18.6
315 29,684,734 77.9 19.2
316 32,365,938 78.0 18.9
317 36,065,244 78.5 19.9
318 28,928,321 76.8 19.4
319 23,396,038 76.7 19.9
320 33,736,335 77.0 20.2
321 27,317,333 771 20.0
322 25,324,104 70.7 17.1
323 22,793,855 71.0 18.5
324 36,294,440 70.9 18.4
325 21,457,579 69.6 18.3
326 28,953,152 69.2 18.0
327 29,388,774 64.7 18.4
328 31,108,522 65.5 18.0
329 31,764,569 65.9 18.4
330 32,337,182 64.4 17.9
331 29,662,032 68.7 15.3
332 3,458,718 64.4 16.4
333 30,598,746 67.6 15.1
334 28,574,580 67.7 17.1
Average 72.31 18.42
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Table S8. Enriched motifs in promoter regions of differentially expressed genes (g < 0.01) as identified with the Imms package.
Enriched motifs were identified with DREME and subsequently annotated with Tomtom using the Plant Cistrome Database. False discovery rate adjustment was
done according to Benjamini and Hochberg (1995). Only the motifs with g-value < 0.01 both for DREME and Tomtom are shown.

2Cluster, cluster based on Imms analysis and k-means clustering

®Pos, number of counts in the positive group (i.e. genes within an analysed cluster)
°Neg, number of counts in the negative group (i.e. randomly selected promoters of Talinum triangulare)
9Target ID, transcription factor predicted to bind to the given motif (Plant Cistrome Database nomenclature)

Optimal

Cluster® Motif Pos® Neg® g-value Target ID® offset g-value Overlap
1 CCACAM 461 474 8.91E-07 TCP_tnt. TCP16_colamp_a_m1 5 5.27E-03 6
1 CCACAM 461 474 8.91E-07 TCP_tnt.At1969690_colamp_a_m1 7 5.27E-03 6
1 CCACAM 461 474 8.91E-07 TCP_tnt.At1972010_colamp_a_m1 7 5.27E-03 6
1 CCACAM 461 474 8.91E-07 TCP_tnt.PTF1_colamp_a_m1 7 5.27E-03 6
1 CCACAM 461 474 8.91E-07 TCP_tnt.At19g72010_col_m1 7 5.27E-03 6
1 CCACAM 461 474 8.91E-07 TCP_tnt.At5g08330_colamp_a_m1 7 5.27E-03 5
1 CCACAM 461 474 8.91E-07 TCP_tnt.PTF1_col_a_m1 7 5.27E-03 6
1 CCACAM 461 474 8.91E-07 TCP_tnt. TCP3_col_m1 7 5.27E-03 6
1 CCACAM 461 474 8.91E-07 TCP_tnt.At1969690_col_a_m1 7 5.27E-03 6
1 CCACAM 461 474 8.91E-07 C3H_tnt.U2AF35B_col_a_m1 1 5.27E-03 6
1 CCACAM 461 474 8.91E-07 TCP_tnt. TCP20_colamp_a_m1 7 5.37E-03 5
1 CCACAM 461 474 8.91E-07 TCP_tnt. TCP3_colamp_a_m1 7 5.44E-03 5
1 CCACAM 461 474 8.91E-07 TCP_tnt.At5g08330_col_a_m1 9 6.02E-03 5
1 CCACAM 461 474 8.91E-07 TCP_tnt.TCP14_col_b_m1 7 6.29E-03 6
1 CCACAM 461 474 8.91E-07 TCP_tnt.TCP24_col_m1 7 6.31E-03 5
1 CCACAM 461 474 8.91E-07 TCP_tnt. TCP16_col_a_m1 7 6.75E-03 4
1 CCACAM 461 474 8.91E-07 TCP_tnt.At2g45680_colamp_a_m1 7 7.16E-03 4
1 CCACAM 461 474 8.91E-07 C3H_tnt.TZF9_col_a_m1 1 7.75E-03 5
1 CCACAM 461 474 8.91E-07 TCP_tnt.TCP7_col_a_m1 7 9.18E-03 4
1 CCACAM 461 474 gotE-07 | APZEREBPILAT3G16280 colamp.a 4 9.47E-03 6
1 CCACAM 461 474 8.91E-07 TCP_tnt. TCP24_colamp_a_m1 7 9.73E-03 4
1 AAAWGGA 520 551 8.91E-07 MADS_tnt. AGL25_colamp_a_m1 5 5.27E-03 7
1 AAAWGGA 520 551 8.91E-07 MADS_tnt. AGL6_col_a_m1 7 5.27E-03 7
1 AAAWGGA 520 551 8.91E-07 MADS_tnt.AGL16_colamp_a_m1 1M 5.27E-03 7
1 AAAWGGA 520 551 8.91E-07 MADS_tnt.SVP_col_v3b_m1 4 5.27E-03 7
1 AAAWGGA 520 551 8.91E-07 MADS_tnt.AGL15_col_a_m1 9 5.27E-03 7
1 AAAWGGA 520 551 8.91E-07 MADS_tnt.AGL25_col_a_m1 7 5.27E-03 7
1 AAAWGGA 520 551 8.91E-07 MADS_tnt.SVP_colamp_v3b_m1 6 5.27E-03 7
1 AAAWGGA 520 551 8.91E-07 MADS_tnt.AGL16_col_a_m1 6 5.27E-03 7
1 AAAWGGA 520 551 8.91E-07 MADS_tnt.AGL13_col_b_m1 7 5.27E-03 7
1 AAAWGGA 520 551 8.91E-07 MADS_tnt.AGL15_colamp_a_m1 9 5.44E-03 7
1 AAAWGGA 520 551 8.91E-07 C2C2dof_tnt.dof42_col_a_m1 6 6.02E-03 7
1 AAAWGGA 520 551 8.91E-07 MADS_tnt.AGL63_col_a_m1 6 7.44E-03 7
1 CCATAW 623 696 3.18E-06 GeBP_tnt. AT1G66420_col_a_m1 8 6.38E-03 6
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Table S8. (Continued.)

Optimal

Cluster® Motif Pos® Neg® g-value Target ID¢ offset g-value Overlap
1 CCATAW 623 696 3.18E-06 MYBrelated_tnt. AT5G56840_col_a_m1 8 9.50E-03 6
1 CCATAW 623 696 3.18E-06 GeBP_tnt. AT1G66420_col_a_m1 8 6.38E-03 6
1 CCATAW 623 696 3.18E-06 MYBrelated_tnt. AT5G56840_col_a_m1 8 9.50E-03 6
1 CACCWC 335 338 9.30E-06 HMG_tnt.3XHMGBOX1_colamp_a_m1 8 5.27E-03 6
1 CACCWC 335 338 9.30E-06 AP2EREBP_tnt.CEJ1_col_a_m1 1 5.27E-03 6
1 CACCWC 335 338 9.30E-06 AP2EREBP_tnt. DREB26_col_a_m1 1 6.20E-03 6
1 CACCWC 335 338 9.30E-06 MYB_tnt.MYB55_col_m1 7 7.35E-03 6
1 CACCWC 335 338 9.30E-06 DBP_tnt. AT3G51470_col_a_m1 7 7.35E-03 6
1 CACCWC 335 338 9.30E-06 AP2EREBP_tnt.At1g77640_col_a_m1 14 8.11E-03 6
1 CACCWC 335 338 9.30E-06 AP2EREBP_tnt.AT1G44830_col_a_m1 1 8.11E-03 6
1 CACCWC 335 338 9.30E-06 AP2EREBP_tnt.DREB2_col_a_m1 1 8.97E-03 6
1 CACCWC 335 338 9.30E-06 AP2EREBP_tnt.At19g75490_col_a_m1 1 8.97E-03 6
1 CACCWC 335 338 9.30E-06 C2H2_tnt.At2g48100_col_b_m1 1 8.97E-03 5
1 CACCWC 335 338 9.30E-06 MADS_tnt. AGL55_col_a_m1 1 8.97E-03 5
1 CACCWC 335 338 9.30E-06 MADS_tnt.FEM111_col_a_m1 1 8.97E-03 5
1 CACCWC 335 338 9.30E-06 AP2EREBP_tnt.At5g65130_col_a_m1 1 9.47E-03 6
1 CACCWC 335 338 9.30E-06 AP2EREBP_tnt.At19g22810_col_m1 8 9.47E-03 6
1 CACCWC 335 338 9.30E-06 bHLH_tnt.bHLH31_col_m1 15 9.92E-03 6
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY17_colamp_a_m1 4 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY15_colamp_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY28_colamp_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY45_colamp_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 ZfGRF_tnt. AT3G42860_col_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY65_colamp_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY46_col_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY70_col_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY21_col_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY30_col_a_m1 2 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY30_colamp_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY17_col_a_m1 4 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY45_col_a_m1 4 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY71_col_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY75_colamp_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY _tnt. WRKY7_col_m1 4 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY46_colamp_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY7_colamp_a_m1 12 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY65_col_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY8_col_m1 5 5.27E-03 8
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1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY14_colamp_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY21_colamp_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY24_colamp_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY27_col_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY15_col_b_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY18_col_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY33_col_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY8_colamp_a_m1 4 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY14_col_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY75_col_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY55_col_a_m1 2 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY26_colamp_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY26_col_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY3_col_a_m1 3 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY11_col_a_m1 4 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY24_col_a_m1 5 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY43_col_a_m1 4 5.27E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY40_colamp_a_m1 5 5.37E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY25_col_a_m1 3 5.44E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY18_colamp_a_m1 5 5.44E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY22_colamp_a_m1 3 5.44E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY29_col_a_m1 3 5.51E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY43_colamp_a_m1 6 5.51E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY22_col_m1 3 5.51E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY50_col_a_m1 5 5.51E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY40_col_m1 5 5.92E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY27_colamp_a_m1 3 5.92E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY28_col_a_m1 3 6.29E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY31_colamp_a_m1 3 7.64E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY29_colamp_a_m1 3 8.18E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY20_col_a_m1 3 8.18E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY25_colamp_a_m1 5 8.46E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY6_colamp_a_m1 5 8.46E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY47_col_a_m1 1 8.83E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY31_col_a_m1 1M 8.97E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY6_col_a_m1 1M 9.14E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY50_colamp_a_m1 3 9.47E-03 8
1 ACTCAASG 32 10 9.30E-06 WRKY_tnt. WRKY59_col_a_m1 4 9.62E-03 8
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1 CTGCCYAC 22 4 1.10E-05 MYB._tntMYB116_colamp_a_m1 1 5.84E-03 8
1 CTGCCYAC 2 4 110E-05 | AP2EREBP_tnt.Rap210_colamp_a_m1 3 8.97E-03 8
3 TATTTTSA 104 300 3.78E-06 MYBrelated_tnt.LCL1_col_m1 3 5.27E-03 7
3 TATTTTSA 104 300 3.78E-06 MYBrelated_tnt.LCL1_colamp_a_m1 3 5.27E-03 8
3 TATTTTSA 104 300 3.78E-06 MYBrelated_tnt.EPR1_col_m1 5 5.27E-03 7
3 TATTTTSA 104 300 3.78E-06 | MYBrelated_tnt At3g09600_col_a_m1 3 5.27E-03 8
3 TATTTTSA 104 300 a7gE-0p | MYBrelated intAl3909600_colamp_a_ 3 5.27E-03 8
3 TATTTTSA 104 300 378E-06 | MYBrelated_tnt At5g52660_col_a_m1 3 5.27E-03 8
3 TATTTTSA 104 300 3.78E-06 CCAATHAP3_tnt.NFYB4_col_a_m1 1 5.27E-03 7
3 TATTTTSA 104 300 378E-0p | MYBrelated ItAt5g52660_colamp_a. 3 5.27E-03 8
3 TATTTTSA 104 300 3.78E-06 ND_tnt AT2G28920_col_a_m1 3 5.27E-03 7
3 TATTTTSA 104 300 3.78E-06 | MYBrelated_tntAt4g01280_col_a_m1 3 5.27E-03 8
3 TATTTTSA 104 300 3.78E-06 MYBrelated_tnt. EPR1_colamp_a_m1 3 5.27E-03 8
3 TATTTTSA 104 300 3.78E-06 MYBrelated_tnt.LHY1_col_a_m1 3 5.27E-03 7
3 TATTTTSA 104 300 a78E06 | \IYBrelated tniAUgD1280 colamp_a- 3 5.27E-03 8
3 TATTTTSA 104 300 3.78E-06 | MYBrelated_tnt AT3G10113_col_a_m1 5 5.27E-03 8
3 TATTTTSA 104 300 3.78E-06 C2H2_tnt.At2g41835_col_b_m1 2 5.27E-03 6
3 TATTTTSA 104 300 3.78E-06 MYBrelated_tnt.LHY1_colamp_a_m1 3 5.27E-03 8
3 TATTTTSA 104 300 3.78E-06 MYBrelated_tntRVE1_col_a_m1 5 5.27E-03 8
3 TATTTTSA 104 300 3.78E-06 MYBrelated_tnt RVE1_colamp_a_m1 3 5.37E-03 7
3 TATTTTSA 104 300 3.78E-06 ND_tnt AT1G63040_col_a_m1 3 7.41E-03 5
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP16_col_v3a_m1 1 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt. GBF3_col_m1 1 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP16_colamp_a_m1 1 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.ABI5_colamp_v3b_m1 1 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt AREB3_colamp_a_m1 1 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt. AREB3_col_v31_m1 1 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.ABI5_col_v3h_m1 3 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP68_col_a_m1 1 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP42_colamp_a_m1 1 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP44_colamp_a_m1 0 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.ABF2_col_v3a_m1 6 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP42_col_a_m1 0 5.27E-03 6
4 GCCACR 139 211 8.91E-07 E2FDP_tnt.E2FA_col_a_m1 7 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt. GBF5_colamp_a_m1 1 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP43_col_a_m1 0 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP48_col_a_m1 0 5.27E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP44_col_m1 1 5.37E-03 6
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4 GCCACR 139 211 8.91E-07 E2FDP_tnt.E2FA_colamp_a_m1 7 5.44E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt. GBF5_col_v3a_m1 1 5.44E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP28_col_a_m1 1 5.44E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP3_col_a_m1 1 5.44E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP48_colamp_a_m1 1 6.02E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP53_colamp_a_m1 1 6.02E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt. GBF3_colamp_m1 1 6.69E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt.bZIP53_col_m1 1 6.69E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt. GBF6_col_m1 1 7.35E-03 6
4 GCCACR 139 211 8.91E-07 TCP_tnt. TCP16_colamp_a_m1 4 7.35E-03 6
4 GCCACR 139 211 8.91E-07 bHLH_tnt.PIF7_col_a_m1 6 8.73E-03 6
4 GCCACR 139 211 8.91E-07 TCP_tnt.TCP16_col_a_m1 6 8.97E-03 5
4 GCCACR 139 211 8.91E-07 TCP_tnt.At1972010_colamp_a_m1 6 9.00E-03 6
4 GCCACR 139 211 8.91E-07 bZIP_tnt. GBF6_colamp_a_m1 1 9.18E-03 6
4 GCCACR 139 211 8.91E-07 TCP_tnt.At5g08330_colamp_a_m1 6 9.47E-03 6
4 GCCACR 139 211 8.91E-07 E2FDP_tnt.E2FC_col_a_m1 8 9.47E-03 6
4 GCCACR 139 211 8.91E-07 TCP_tnt.At1g72010_col_m1 6 9.86E-03 6
4 GAGTGGGW 35 25 2.29E-06 TCP_tnt.At5g08330_colamp_a_m1 -1 5.27E-03 7
4 GAGTGGGW 35 25 2.29E-06 TCP_tnt. TCP20_colamp_a_m1 -1 5.27E-03 7
4 GAGTGGGW 35 25 2.29E-06 TCP_tnt.At1972010_col_m1 0 5.27E-03 8
4 GAGTGGGW 35 25 2.29E-06 TCP_tnt.At1g72010_colamp_a_m1 0 5.27E-03 8
4 GAGTGGGW 35 25 2.29E-06 TCP_tnt.At2g45680_colamp_a_m1 -2 5.27E-03 6
4 GAGTGGGW 35 25 2.29E-06 TCP_tnt.TCP7_col_a_m1 -2 5.27E-03 6
4 GAGTGGGW 35 25 2.29E-06 TCP_tnt.At1969690_colamp_a_m1 0 5.27E-03 8
4 GAGTGGGW 35 25 2.29E-06 TCP_tnt.TCP14_col_b_m1 7 5.27E-03 8
4 GAGTGGGW 35 25 2.29E-06 TCP_tnt.At5g08330_col_a_m1 -1 5.60E-03 7
4 GAGTGGGW 35 25 2.29E-06 TCP_tnt.At1969690_col_a_m1 0 5.92E-03 8
4 GAGTGGGW 35 25 2.29E-06 TCP_tnt.At2g45680_col_b_m1 -1 7.82E-03 7
4 CCASTA 189 331 4.16E-06 bHLH_tnt.bHLH64_col_a_m1 1 5.92E-03 5
4 AGRTGGTC 26 16 8.14E-06 TCP_tnt.PTF1_colamp_a_m1 0 5.27E-03 8
4 AGRTGGTC 26 16 8.14E-06 TCP_tnt.TCP3_col_m1 0 5.27E-03 8
4 AGRTGGTC 26 16 8.14E-06 TCP_tnt. TCP3_colamp_a_m1 -1 5.27E-03 7
4 AGRTGGTC 26 16 8.14E-06 TCP_tnt.TCP24_col_m1 -1 5.27E-03 7
4 AGRTGGTC 26 16 8.14E-06 TCP_tnt.TCP17_colamp_a_m1 -2 5.27E-03 6
4 AGRTGGTC 26 16 8.14E-06 TCP_tnt.TCP24_colamp_a_m1 -2 5.27E-03 6
4 AGRTGGTC 26 16 8.14E-06 TCP_tnt.PTF1_col_a_m1 0 5.51E-03 8
4 AGRTGGTC 26 16 8.14E-06 TCP_tnt.TCP17_col_a_m1 -2 5.92E-03 6
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY18_col_a_m1 0 7.08E-03 8
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4 GGYAGTCA 17 6 9.30E-06 zfGRF_tnt. AT3G42860_col_a_m1 0 7.35E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY25_col_a_m1 0 8.57E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY65_col_a_m1 0 8.57E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY15_col_b_m1 0 8.90E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY31_colamp_a_m1 0 8.97E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY33_col_a_m1 0 8.97E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY26_colamp_a_m1 0 8.97E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY30_colamp_a_m1 0 9.14E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY18_colamp_a_m1 2 9.14E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY30_col_a_m1 -1 9.18E-03 7
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY59_col_a_m1 1 9.18E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY29_col_a_m1 0 9.47E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY3_col_a_m1 0 9.47E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY50_colamp_a_m1 0 9.47E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY20_col_a_m1 0 9.50E-03 8
4 GGYAGTCA 17 6 9.30E-06 WRKY_tnt. WRKY55_col_a_m1 -1 9.61E-03 7
4 CWGGAATA 21 11 1.01E-05 G2like_tnt. KAN2_colamp_a_m1 0 5.27E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt. AT2G20400_colamp_a_m1 0 5.27E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.KAN2_col_a_m1 0 5.27E-03 8
4 CWGGAATA 21 11 1.01E-05 Homeobox_tnt.PDF2_col_m1 0 5.27E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.At3g24120_colamp_a_m1 1 5.27E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.At5g29000_col_a_m1 1 5.37E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.At2g01060_col_m1 1 5.37E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.At1g68670_colamp_a_d1 -2 5.68E-03 6
4 CWGGAATA 21 11 1.01E-05 G2like_tnt. AT5G45580_col_a_m1 1 5.68E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.At2g03500_col_a_m1 -2 5.82E-03 6
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.At3g12730_colamp_a_m1 1 6.76E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.At3g04030_colamp_a_m1 3 7.08E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.At3g12730_col_a_m1 2 7.35E-03 8
4 CWGGAATA 21 11 1.01E-05 HSF_tnt.HSF3_colamp_a_d1 0 7.35E-03 6
4 CWGGAATA 21 11 1.01E-05 G2like_tnt. AT5G45580_colamp_a_m1 2 7.85E-03 8
4 CWGGAATA 21 11 1.01E-05 E2FDP_tnt.DEL2_colamp_a_m1 7 8.11E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.At3g24120_col_a_m1 -2 8.46E-03 6
4 CWGGAATA 21 11 1.01E-05 E2FDP_tnt.DEL1_colamp_a_m1 7 8.70E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.At3g04030_col_a_m1 1 9.10E-03 8
4 CWGGAATA 21 11 1.01E-05 G2like_tnt.At2g01060_colamp_a_m1 3 9.73E-03 8
4 GATTCTSA 38 35 1.01E-05 G2like_tnt.At1g68670_colamp_a_d1 1 5.27E-03 6
4 GATTCTSA 38 35 1.01E-05 AP2EREBP_tnt.CRF10_colamp_a_m1 9 5.27E-03 8
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4 GATTCTSA 38 35 1.01E-05 G2like_tnt. AT4G37180_col_a_m1 5 5.27E-03 6
4 GATTCTSA 38 35 1.01E-05 G2like_tnt.At3g24120_col_a_m1 2 5.27E-03 6
4 GATTCTSA 38 35 1.01E-05 G2like_tnt. ATAG37180_colamp_a_m1 5 5.27E-03 6
4 GATTCTSA 38 35 1.01E-05 G2like_tnt. AT1G49560_col_a_m1 6 5.27E-03 5
4 GATTCTSA 38 35 1.01E-05 G2like_tnt. AT1G49560_colamp_a_m1 9 5.27E-03 6
4 GATTCTSA 38 35 1.01E-05 G2like_tnt.At1925550_col_m1 5 6.17E-03 6
4 GATTCTSA 38 35 1.01E-05 G2like_tnt.At2g03500_colamp_a_m1 8 6.48E-03 6
4 GCCATTSA 32 26 1.10E-05 bHLH_tnt.BIM2_colamp_m1 5 5.80E-03 8
5 ACSATTAC 22 12 9.30E-06 MYB_tnt.MYB81_colamp_a_m1 3 5.27E-03 8
5 ACSATTAC 22 12 9.30E-06 MYB_tnt.MYB118_colamp_a_m1 2 5.44E-03 8
5 ACSATTAC 22 12 9.30E-06 HB_tnt.ATHB15_col_a_m1 3 5.92E-03 8
5 ACSATTAC 22 12 9.30E-06 MYB_tnt.MYB119_col_a_m1 2 7.35E-03 8
5 ACSATTAC 22 12 9.30E-06 C2H2_tnt. AT2G15740_col_a_m1 1 7.56E-03 8
5 ACSATTAC 22 12 9.30E-06 HB_tnt.PHV_col_a_m1 3 7.76E-03 8
5 ACSATTAC 22 12 9.30E-06 MYB_tnt.MYB118_col_a_m1 6 8.46E-03 8
5 ACSATTAC 22 12 9.30E-06 MYB_tnt.MYB119_colamp_a_m1 2 8.75E-03 8
5 ACSATTAC 22 12 9.30E-06 MYB_tnt.MYB77_colamp_a_m1 8 9.04E-03 8
5 ACSATTAC 22 12 9.30E-06 MYB_tnt.MYB65_col200_a_m1 2 9.50E-03 8
6 GTSTTAAA 60 58 8.91E-07 Trihelix_tnt. GT3a_col_a_m1 5 5.27E-03 8
6 GTSTTAAA 60 58 8.91E-07 NAC_tnt. ANACO079_colamp_a_m1 4 5.27E-03 8
6 GTSTTAAA 60 58 8.91E-07 NAC_tnt.CUC1_colamp_a_m1 7 5.92E-03 8
6 GTSTTAAA 60 58 8.91E-07 NAC_tnt.NAM_col_v3a_m1 4 8.97E-03 8
6 GTSTTAAA 60 58 8.91E-07 NAC_tnt. ANAC034_col_m1 7 9.50E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt.HAT1_colamp_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt. ATHB18_colamp_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt.WUS1_colamp_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_ecoli.HAT2_col_v31_m1 1 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt.HAT22_col_a_m1 0 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 HB_tnt.ANL2_colamp_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 HB_tnt.ANL2_col_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt. ATHB7_col_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt.HAT1_col_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt.HDG1_colamp_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt.WUS1_col_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 HB_tnt.HDG7_col_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt.HDG1_col100_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt.HAT2_colamp_a_m1 2 5.27E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt. ATHB18_col_a_m1 2 5.27E-03 8
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Table S8. (Continued.)

Cluster® Motif Pos® Neg® g-value Target ID¢ oo‘;;is':tal g-value Overlap
6 ATTGATTS 69 80 3.18E-06 HB_tnt. ATHB5_colamp_a_m1 1 5.37E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt.EDT1_col_m1 2 5.68E-03 8
6 ATTGATTS 69 80 3.18E-06 HB_tnt. ATHB40_colamp_a_m1 6 7.34E-03 8
6 ATTGATTS 69 80 3.18E-06 HB_tnt. ATHB53_colamp_a_m1 7 7.66E-03 8
6 ATTGATTS 69 80 3.18E-06 HB_tnt.LMI1_colamp_a_m1 6 8.11E-03 7
6 ATTGATTS 69 80 3.18E-06 HB_tnt. ATHB21_col_a_m1 6 8.43E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt. ATHB20_colamp_a_m1 2 8.46E-03 8
6 ATTGATTS 69 80 3.18E-06 HB_tnt. ATHB5_col_a_m1 2 8.46E-03 8
6 ATTGATTS 69 80 3.18E-06 ARID_tnt.At1g76110_col_a_m1 1 8.97E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt. ATHB6_colamp_a_m1 2 9.47E-03 8
6 ATTGATTS 69 80 3.18E-06 HB_tnt.ATHB21_colamp_a_m1 12 9.50E-03 8
6 ATTGATTS 69 80 3.18E-06 Homeobox_tnt. ATHB6_col_a_m1 3 9.50E-03 8
6 TAMAAGGA 60 67 6.36E-06 G2like_tnt.AT5G45580_colamp_a_m1 -1 9.58E-03 7
6 TAMAAGGA 60 67 6.36E-06 MADS_tnt.SVP_col_v3b_m1 3 9.92E-03 8
7 AASATGGT 55 29 9.30E-06 GeBP_tnt. AT1G66420_col_a_m1 0 8.00E-03 7
7 AASATGGT 55 29 9.30E-06 MYBrelated_tnt. AT1G18960_col_a_m1 13 9.86E-03 7
7 RCTATGAA 71 44 1.01E-05 NA NA NA NA
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Table S9. Enriched motifs in promoter regions of selected orthogroups.
Enriched motifs were identified with DREME and subsequently annotated with Tomtom using the Plant Cistrome Database. False discovery rate adjustment was

done according to Benjamini and Hochberg (1995). Only the motifs with g-value < 0.01 both for DREME and Tomtom are shown.

20G, orthogroup

®Pos, number of counts in the positive group (i.e. genes within an analysed cluster)

°Neg, number of counts in the negative group (i.e. randomly selected promoters of Talinum triangulare)
9Target ID, transcription factor predicted to bind to the given motif (Plant Cistrome Database nomenclature)

0G? Motif Pos? Neg® g-value Target ID? Optimal offset g-value Overlap
PPC ACACTMA 7 7 3.70E-05 C2C2YABBY_tnt.CR 21 2.74E-03 7
C_colamp_a_m1
PPC AYAAAAGA 5 1 4.26E-05 C2H2—t’:'iﬁR5—°°'— 1 5.48E-03 8
PPC AYAAAAGA 5 1 426E-05  C2H2_IntAI5g66730_ 9 5.48E-03 8
colamp_a_m1
PPC AYAAAAGA 5 1 426E-05 ~ CPH2-INUAISGEET0 9 5.48E-03 8
PPC AYAAAAGA 5 1 4.26E-05 C2H2_tnt.MGP_cola 9 6.37E-03 8
mp_a_m1
PPC AYAAAAGA 5 1 426E-05 ~ C2HZINMGP cola 9 6.44E-03 8
PPC AYAAAAGA 5 1 4.26E-05 CZHZ—t“"LE’PLCO'—a 9 6.85E-03 8
PPC AYAAAAGA 5 1 4.26E-05 C2H2—t“":1'31D4—°°'—a 9 6.92E-03 8
PPC AYAAAAGA 5 1 426E-05  GPlike IntAT4G3T18 1 7.00E-03 7
0_col_a_m1
PPC AYAAAAGA 5 1 426E-05 ~ ABIBVP1ILVRN1 ¢ 6 7.05E-03 8
olamp_a_m1
PPC AYAAAAGA 5 1 426E-05 ~ C2H2MntKD cola 9 7.06E-03 8
PPC AYAAAAGA 5 1 4.26E-05 CZHzfg“éNlrJnﬁfc°'am 9 7.06E-03 8
PPC AYAAAAGA 5 1 4.26E-05 C2H2_intIDD2_cola 9 7.37E-03 8
mp_a_m1
PPC AYAAAAGA 5 1 4.26E-05 Cszﬁigt'geﬁf—cc"a 2 7.37E-03 8
PPC AYAAAAGA 5 1 426E-05  ABRVPIINVRNT C 7 7.60E-03 8
PPC AYAAAAGA 5 1 426E-05 ~ CPH2INAN14580 9 7.68E-03 8
PPC AYAAAAGA 5 1 426E-05 ~ C2H2 IntAtDD11 co 9 7.83E-03 8
lamp_a_m1
PPC AYAAAAGA 5 1 426E-05 ~ REMINtREM19 _cola 7 8.01E-03 8
mp_a_m1
PPC AYAAAAGA 5 1 4.26E-05 CZHZJ"‘}';‘#C*C°'*3 9 8.31E-03 8
PPC AYAAAAGA 5 1 426E-05 ~ C2C2dof ntAT5G02 0 8.31E-03 8
460_col_a_m1
PPC AYAAAAGA 5 1 426E-05 ~ C2H2_IntAt1g14580_ 9 8.31E-03 8
colamp_a_m1
PPC AYAAAAGA 5 1 426E-05 ~ C2C2dofIntOBP3 ¢ 0 8.53E-03 8
olamp_a_m1
PPC AYAAAAGA 5 1 426E-05 ~ REMNLRENIS ol 5 8.53E-03 8
PPC AYAAAAGA 5 1 426E-05 ~ C2C2dof IntAT1G47 1 8.53E-03 8
655_colamp_a_m1
PPC AYAAAAGA 5 1 4.26E-05 CzCZd;fé”:ﬁBPiC 10 8.56E-03 8
PPC AYAAAAGA 5 1 426E-05  MYBrelated int Atdg0 0 8.58E-03 8
1280_col_a_m1
PPC AYAAAAGA 5 1 426E-05 ~ MYBrelated intLCL1 0 8.58E-03 8
_colamp_a_m1
PPC AYAAAAGA 5 1 426E-05  MYBrelated tntAtSg5 0 8.97E-03 8
2660_col_a_m1
G2like_tnt AT4G3718
PPC AYAAAAGA 5 1 4.26E-05 b -1 8.97E-03 7
PPC AYAAAAGA 5 1 4.26E-05 CZCZdO?L;”m"MZj 4 9.18E-03 8
PPC AYAAAAGA 5 1 426E-05 ~ C2C2dof tntdofd3 c 1 9.18E-03 7
olamp_a_m1
PPC AYAAAAGA 5 1 426E-05  MYBrelated tnt EPR1 0 9.18E-03 8
_colamp_a_m1
PPC AYAAAAGA 5 1 a26E-05 ~ MvBrelated ot LCL1 1 9.26E-03 7
PPC AYAAAAGA 5 1 426E-05 ~ C2H2tntIDDS_cola 9 9.76E-03 8
mp_a_m1
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Table S9. (Continued.)

0oG? Motif Pos® Neg® g-value Target ID¢ Optimal offset g-value Overlap
PPC AYAAAAGA 5 1 426E-05  G2like IntAT1G4956 0 9.76E-03 8
0_col_a_m1
PPC TGTCAWA 7 10 5.90E-05 GRF—ntq'g' SR;?—C"'a 0 4.07E-03 7
PPC CATGAAAA 4 0 7.63E-05 CCAATHAPS_tnt.NF 2 2.74E-03 6
YB4_col_a_m1
PPC CATGAAAA 4 0 7.63E-05 CZHZ*J&“Q%%” 835_ -1 4.07E-03 7
PPC CATGAAAA 4 0 7.63E-05 Gz”kefcg}"st?r’gi 8040 -1 4.07E-03 7
PPCK AACATTA 3 0 763605  CeBP tNtAT1G6642 0 6.24E-03 7
0_col_a_m1
PPCK AACATTA 3 0 763605  MYBrelated_tntAT1G 13 7.83E-03 7
18960_col_a_m1
PPCK AACATTA 3 0 7.63E-05 HB—"“'PHY —col_a_m 3 9.18E-03 7
PPCK AACATTA 3 0 763E-05 ~ CeBPINLAT4G0025 0 9.50E-03 7
0_col_a_m1
PPCK AACATTA 3 0 763805 ~ HB-MLATHBIS col. 3 9.50E-03 7
PPCK AACATTA 3 0 7.63E-05 MYBJ";MJ?GLCW 7 9.87E-03 7
PPCK AATAAAAC 3 0 7.63E-05 Gz”kefct;“st?ﬁ: 8040 0 4.07E-03 8
PPCK AATAAAAC 3 0 763E05  eX IntAT1G768 1 4.07E-03 8
70_col_b_m1
PPCK AATAAAAC 3 0 763605  ABISVPIINLVRN1 o 9 9.32E-03 8
olamp_a_m1
APL CAATAAC 4 3 7.63E-05 HB—‘”"'—;V' 'r:]—1°°'am”— 3 4.07E-03 7
APL CAATAAC 4 3 763805  e-nttMifcol.am 2 4.07E-03 7
APL CAATAAC 4 3 7.63E-05 HBJ"t";Tz'?SSf“L 1 4.07E-03 7
APL CAATAAC 4 3 763E05 ~ C2C2YABBY_intCR 22 4.07E-03 7
C_colamp_a_m1
APL CAATAAC 4 3 763805  OMEODOLINLAATS. 1 4.07E-03 7
APL CAATAAC 4 3 763E-05  Homecbox tntHATS. 2 4.07E-03 7
colamp_a_m1
APL CAATAAC 4 3 763E-05  Homeobox IntATHB 1 4.53E-03 7
6_colamp_a_m1
Homeobox_tnt. ATHB
APL CAATAAC 4 3 7.63E-05 AT 1 4.69E-03 7
APL CAATAAC 4 3 7.63E-05  Homeobox Int ATHB 1 4.69E-03 7
20_col_a_m1
APL CAATAAC 4 3 763805  B-IMLATHBZ1 col 4 5.48E-03 7
APL CAATAAC 4 3 763E-05  Homeobox_intATHB 1 5.48E-03 7
13_col_a_m1
APL CAATAAC 4 3 7.63E-05 MYB—mng:?%—c"'— 2 5.54E-03 7
APL CAATAAC 4 3 763e-05  HBNLATHBS3 cola 4 5.75E-03 7
mp_a_m1
APL CAATAAC 4 3 763805  ARID-INAB913350 0 5.90E-03 6
APL CAATAAC 4 3 7.63E-05 HBJ"t";Tz?“Of“L 4 6.03E-03 7
APL CAATAAC 4 3 763E-05  B-Nt-ATHBA0 cola 4 6.22E-03 7
mp_a_m1
APL CAATAAC 4 3 7.63E-05  Homeobox_Int ATHB 1 6.24E-03 7
20_colamp_a_m1
APL CAATAAC 4 3 763605  MYBINtMYB56_cola 1 6.58E-03 7
mp_a_m1
APL CAATAAC 4 3 76305 ~ HB-INLATHES col.a 1 6.92E-03 7
MYBrelated_tnt. AT1G
APL CAATAAC 4 3 7.63E-05 el 9 7.20E-03 7
APL CAATAAC 4 3 763E-05  BINtATHB21 cola 4 7.37E-03 7
mp_a_m1
APL CAATAAC 4 3 7.63E-05 HBJ”thHaﬁmam 1 7.83E-03 7
BAM AAGACC 5 4 6.93E-05 NA NA NA NA
ENO CTCACTY 4 4 810E05 ~ C2H2ILATIGAE070 5 4.07E-03 7
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Table S9. (Continued.)

0oG? Motif Pos® Neg® g-value Target ID¢ Optimal offset g-value Overlap
FBA TAGAGTWA 4 0 4.26E-05 ND—‘”t'FaRSr’T?;m'amp 16 7.06E-03 8
FBA TAGAGTWA 4 0 4.26E-05 C3H—t’§|'§1§n714370—c 2 7.68E-03 8
PFK AACCTAWT 4 2 5.22E-05 MYB—:‘;F')M;%?—C""" -1 5.10E-03 7
PFK AACCTAWT 4 2 5.22E-05 MYBJ”EMT::?M —col_ 2 5.75E-03 8
PFK AACCTAWT 4 2 5.22E-05 MYBJ";M;?ZLWL 2 8.31E-03 8
PFK AACCTAWT 4 2 500E05 ~ CGeBP_tntAT4G0025 0 9.09E-03 8
0_col_a_m1
PFK AACCTAWT 4 2 5.20E-05 MYB—::;'V;YE?—CO'E' 3 0.18E-03 8
PFK AACCTAWT 4 2 520605  MYBrelated_intAT5G 0 9.90E-03 8
56840_col_a_m1
ABCB TTTTCGR 10 27 426E-05  MYBrelated intAT3G 8 4.07E-03 7
10580_colamp_a_m1
ABCB TTTTCGR 10 27 azeE05 MM CPMI-cola 8 4.07E-03 7
ABCB TTTTCGR 10 27 4.26E-05 Gz”kefcg}"ﬁt?r’g: 3040 2 4.07E-03 7
ABCB TTTTCGR 10 27 4.26E-05 CCAATHARS_tnt.NF 1 4.07E-03 6
YB4_col_a_m1
ABCB TTTTCGR 10 27 4.26E-05 LOBAS2_tntLBD2 ¢ 8 4.07E-03 7
olamp_a_m1
ABCB TTTTCGR 10 27 4.26E-05 C2H2—Ctg|"’gt2n‘;“1” 835_ 0 4.07E-03 7
ABCB CARAGGTA 6 6 426E-05  FI-NEINS colamp 0 9.50E-03 7
ABCB AGCYAAAT 7 11 4.26E-05 RWPRTf;”mLPLm 7 6.80E-03 8
ABCB TATCTTYA 7 11 4.26E-05 MYB’e'ac‘gf’;:}"EPm 5 4.07E-03 7
ABCB TATCTTYA 7 11 426E-05  MYBrelated tntAt3g1 5 4.07E-03 8
1280_col_a_m1
ABCB TATCTTYA 7 11 426E-05  MYBrelated_int Atsg0 5 4.07E-03 8
5790_col_a_m1
ABCB TATCTTYA 7 11 426E-05  MYBrelated_tnt.At5g0 3 4.07E-03 8
8520_colamp_a_m1
ABCB TATCTTYA 7 11 426E-05  MYBrelated tnt.At3g1 8 4.07E-03 8
1280_colamp_a_m1
ABCB TATCTTYA 7 11 4.26E-05 MYBre'aCt;d;n‘T' LcL1 5 4.07E-03 5
ABCB TATCTTYA 7 11 426E-05 ~ MYBrelated intLCL1 6 453E-03 5
_colamp_a_m1
ABCB TATCTTYA 7 11 426E-05  MYBrelated_intAt5g5 5 4.69E-03 8
8900_colamp_a_m1
ABCB TATCTTYA 7 11 azeE-05  MYBrelated IntLAYd 5 4.75E-03 5
ABCB TATCTTYA 7 11 4.26E-05 MYBre'Ca;f‘i—t::iRVH 7 5.03E-03 7
ABCB TATCTTYA 7 11 4.26E-05 ND—‘”t(')'?‘TaZ%SQZO—C 5 5.03E-03 5
MYBrelated_tnt.At5g5
ABCB TATCTTYA 7 11 4.26E-05 el oo 6 5.06E-03 5
ABCB TATCTTYA 7 11 426E-05  MYBrelated int.At5g5 7 5.15E-03 5
2660_colamp_a_m1
ABCB TATCTTYA 7 11 426E-05  MYBrelated intAtig0 6 5.15E-03 5
1280_col_a_m1
ABCB TATCTTYA 7 11 426E-05  MYBrelated int Atsg0 3 5.17E-03 8
8520_col_b_m1
ABCB TATCTTYA 7 11 426E-05  MYBrelated_tnt.At3g0 6 5.40E-03 5
9600_colamp_a_m1
ABCB TATCTTYA 7 1 426E-05  MYBrelated ntAt3g0 7 5.48E-03 5
9600_col_a_m1
G2like_tnt AT4G3718
ABCB TATCTTYA 7 11 4.26E-05 b 2 5.48E-03 8
ABCB TATCTTYA 7 11 426E-05  MYBrelated int.EPR1 6 5.48E-03 5
_colamp_a_m1
ABCB TATCTTYA 7 11 426E-05  MYBrelated intAtsg5 7 5.48E-03 8
8900_col_a_m1
SWEET AAKAAATA 15 56 524g-06  MYBrelated intEPR1 0 4.07E-03 8
_colamp_a_m1
SWEET AAKAAATA 15 56 524E05 ~ MYBrelated ttLCL1 0 4.07E-03 8

_colamp_a_m1
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Table S9. (Continued.)

0oG? Motif Pos® Neg® g-value Target ID¢ Optimal offset g-value Overlap
SWEET AAKAAATA 15 56 5.24g-06  MYBrelated tntAtSg5 0 4.07E-03 8
2660_col_a_m1
SWEET AAKAAATA 15 56 524E-06  MYBrelated intAt4g0 0 4.07E-03 8
1280_col_a_m1
SWEET AAKAAATA 15 56 5.24E-06  MYBrelated tnt.At5g5 1 4.07E-03 8
2660_colamp_a_m1
SWEET AAKAAATA 15 56 5.24E-06 NDJ”E‘)’?ZZ%SQZOJ -1 4.07E-03 7
SWEET AAKAAATA 15 56 524E-06  MYBrelated tntAt3g0 1 4.07E-03 8
9600_col_a_m1
SWEET AAKAAATA 15 56 5.24E-06  MYBrelated_tnt.At3g0 0 4.07E-03 8
9600_colamp_a_m1
SWEET AAKAAATA 15 56 524E06  VYoreled LY 1 4.07E-03 7
SWEET AAKAAATA 15 56 52405  YBrelated intATSG 2 4.07E-03 8
10113_col_a_m1
SWEET AAKAAATA 15 56 5.24E-06  MYBrelated tntLHY1 0 4.07E-03 8
_colamp_a_m1
SWEET AAKAAATA 15 56 5.24E-06 MYBre'act(‘;dEtT' LcL -1 4.07E-03 7
SWEET AAKAAATA 15 56 524-06  Homeobox_intATHB 2 4.07E-03 8
20_col_a_m1
SWEET AAKAAATA 15 56 524E-06  MYBrelated_tnt.At4g0 0 4.07E-03 8
1280_colamp_a_m1
SWEET AAKAAATA 15 56 52406  MYBrelated tntRVED 1 4.07E-03 8
SWEET AAKAAATA 15 56 524g06  MYBrelated InLEPRI - 4.07€-03 7
SWEET AAKAAATA 15 56 524g:06  HOMEODOLINLHATS. 2 4.83E-03 8
SWEET AAKAAATA 15 56 524g06  ARID-IARI13350 1 5.48E-03 5
SWEET AAKAAATA 15 56 5.24E-06 Homeobox_tnt. ATHB 2 5.48E-03 8
13_colamp_a_m1
SWEET AAKAAATA 15 56 5.24E-06 HBntATHBS3 col 2 5.54E-03 8
NHX CTTTTGCA 4 0 355E05 ~ C2C200LintCOGTc 0 9.87E-03 8
olamp_a_m1
ARF TTCYAAA 13 61 1.44E-05 HSF_int.HSFB3_cola 4 4.07E-03 7
mp_a_m1
ARF TTCYAAA 13 61 1.44E-05 HSFJ"t'Hrff 6_col a 5 4.07E-03 7
ARF TTCYAAA 13 61 144805 MADSILAGLIS col 1 5.75E-03 7
ARF TTCYAAA 13 61 144E-05  HSFINLHSFCA cola 3 5.97E-03 7
mp_a_m1
ARF TTCYAAA 13 61 144g05  CHZINALZGATE 0 6.03E-03 7
ARF TTCYAAA 13 61 144805 ~ TSFNLHSFAGA col 0 6.10E-03 7
amp_a_m1
ARF TTCYAAA 13 61 1.44E-05 HSF—tméHrii B4_col_ 1 6.41E-03 7
ARF TTCYAAA 13 61 144805 BSDINLATIC0720 6 6.92E-03 7
ARF TTCYAAA 13 61 1.44E-05 HSFft"t'Hrff 7col a 0 6.92E-03 7
ARF TTCYAAA 13 61 1.44E-05 HSFft";'HaSzfco'am 6 6.92E-03 7
ARF TTCYAAA 13 61 1.44E-05 HSFJ";F;SE?NE"“ 0 7.06E-03 6
ARF TTCYAAA 13 61 1.44E-05 ND—‘”t'FaRSn?;CO'amp 9 7.06E-03 7
ARF TTCYAAA 13 61 1.44E-05 HSF—t“t':Snff1 E_col 6 7.06E-03 7
ARF TTCYAAA 13 61 144g-05  HSFINLHSFAGE col 6 7.06E-03 7
amp_a_m1
ARF TTCYAAA 13 61 1.44E-05 MADSJ“:":ﬁ“E’fC"' 3 7.23E-03 7
ARF TTCYAAA 13 61 144E-05  Orphan ntAT1G238 0 7.37E-03 7
10_col_a_m1
ARF TTCYAAA 13 61 1.44E-05 MADSJ“:"?ﬁL“J"' 0 7.37E-03 7
ARF TTCYAAA 13 61 1.44E-05 HSFft“t';'SnffeAf“' 5 7.86E-03 7
ARF TTCYAAA 13 61 1.44E-05 ND—‘”%’?E ?;3130405 0 8.25E-03 6
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Table S9. (Continued.)

0G® Motif Pos? Neg°® g-value Target ID? Optimal offset g-value Overlap
ARF AACTTMTA 5 1 1.15E-05 NAC—tglt";Nr’:?O%—c 1 5.47E-03 8
ARF AACTTMTA 5 1 1.15E-05 HSF—tm'Hn?f 8_col_a 2 6.00E-03 8
ARF AACTTMTA 5 1 115605  FSFINLHSFG cola 2 6.00E-03 8
ARF AACTTMTA 5 1 1.15E-05 HSFJ"t':Snf A col 3 6.03E-03 8
ARF AACTTMTA 5 1 1.15E-05 HSFJ"ZH SrCt col. 2 6.19E-03 8
ARF AACTTMTA 5 1 1.15E-05 HSFft"t'Hrff 7_col_a 3 6.25E-03 8
ARF AACTTMTA 5 1 1.15E-05 HSF—t"téHiﬁB“—C‘"— 3 6.45E-03 8
ARF AACTTMTA 5 1 145605  SFILHSFATE col 3 6.80E-03 8
amp_a_m1
ARF AACTTMTA 5 1 145605 ~HSF_IntHSFB3 cola 1 6.80E-03 8
mp_a_m1
ARF AACTTMTA 5 1 1.15E-05 HSFJ";:S:(m'am 3 6.81E-03 8
ARF AACTTMTA 5 1 1.15E-05 HSFft"téHiﬁBlw'f 3 7.06E-03 8
ARF AACTTMTA 5 1 115E-05 ~ Orphan_tntAT1G238 7 8.54E-03 8
10_col_a_m1
ARF AACTTMTA 5 1 145605 ~ SFtntHSFC_cola 3 8.97E-03 8
mp_a_m1
ARF AACTTMTA 5 1 145605  SF_NtHSFAGE col 3 9.21E-03 8
amp_a_m1
ARF AACTTMTA 5 1 115605  ND-IMGAGLSS cola 3 9.35E-03 8
S1Falike_tnt AT3G09
ARF AACTTMTA 5 1 1.15E-05 Rl 3 9.72E-03 8
ARF ACTAATTA 4 1 426E-05 ~ ZFHD_INLATHB23 ¢ 1 3.16E-03 8
olamp_a_m1
ARF ACTAATTA 4 1 426E-05  ZFHDINCATHB25. ¢ 2 4.07E-03 8
ARF ACTAATTA 4 1 4.26E-05 HB—‘”t'W%1 1_col_a 0 4.07E-03 8
ARF ACTAATTA 4 1 426E-05  ZFHD_INLATHB25 ¢ 1 4.07E-03 8
olamp_a_m1
ARF ACTAATTA 4 1 426E-05 ~ ZFHD_tATHB24 c 2 4.07E-03 8
olamp_a_m1
ARF ACTAATTA 4 1 426E-05 ~ ZFHDICATHB3S c 0 4.07€-03 8
ARF ACTAATTA 4 1 4.26E-05 ZFHDBtl";AmBZ‘U 2 4.07E-03 8
ARF ACTAATTA 4 1 426E-05 ~ ZFHD_INLATHBS3 ¢ 0 4.07E-03 8
olamp_a_m1
ARF ACTAATTA 4 1 426E-05  ZFMDINCATHB3 7 4.07E-03 8
ARF ACTAATTA 4 1 4.26E-05 Homeobox_tnt. ATHB 2 4.07E-03 8
20_col_a_m1
ARF ACTAATTA 4 1 4.26E-05 ZFHDBﬁ”‘t')AmB%—C 9 4.07E-03 8
ARF ACTAATTA 4 1 426E-05  HOMEODOX INLHATS. 2 4.07E-03 8
ARF ACTAATTA 4 1 4.26E-05 Homeobox_tnt. ATHB 2 4.07E-03 8
13_colamp_a_m1
ARF ACTAATTA 4 1 4.26E-05 HBntATHBS3 col 2 410E-03 8
ARF ACTAATTA 4 1 4.26E-05 Homeobox_int ATHB 2 453E-03 8
13_col_a_m1
ARF ACTAATTA 4 1 426E-05 ~ ZFHD_ItATHBS34 ¢ 0 4.83E-03 8
olamp_a_m1
ARF ACTAATTA 4 1 426E-05  Homeobox IntHATS. 3 5.03E-03 8
colamp_a_m1
ARF ACTAATTA 4 1 426E-05 Homeobox tntHDG1 2 5.03E-03 8
_colamp_a_m1
ARF ACTAATTA 4 1 4.26E-05 Homeobox_tnt. ATHE 2 5.10E-03 8
20_colamp_a_m1
ARF ACTAATTA 4 1 4.26E-05 HBnLANL2 col.a 2 5.10E-03 8
ARF AAATGTYT 8 20 426E-05  MYBrelated inLLCLY 2 4.07E-03 8
ARF AAATGTYT 8 20 426E-05  MYBrelated tntLCL1 3 4.07E-03 8

_colamp_a_m1
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Table S9. (Continued.)

0oG? Motif Pos® Neg® g-value Target ID¢ Optimal offset g-value Overlap
ARF AAATGTYT 8 20 426E-05 ~ MYBrelaled LLHYT 2 4.07€-03 8
ARF AAATGTYT 8 20 4.26E-05 ND—‘”Z’;‘?%”ZO—C 2 4.07E-03 8
ARF AAATGTYT 8 20 4.26E-05 MYBre'agﬁl"'—l:}" EPR1 2 4.07E-03 8
MYBrelated_tnt.At5g5
ARF AAATGTYT 8 20 4.26E-05 v 3 4.07E-03 8
ARF AAATGTYT 8 20 426E-05  MYBrelated intAtig0 3 4.07E-03 8
1280_col_a_m1
ARF AAATGTYT 8 20 426E-05  MYBrelated_intAt5g5 4 4.07E-03 8
2660_colamp_a_m1
ARF AAATGTYT 8 20 426E-05  MYBrelated int.EPR1 3 4.07E-03 8
_colamp_a_m1
ARF AAATGTYT 8 20 426E-05  MYBrelated ntAt3g0 4 4.07E-03 8
9600_col_a_m1
ARF AAATGTYT 8 20 426E-05  MYBrelated int.At3g0 3 4.07E-03 8
9600_colamp_a_m1
MYBrelated_tnt.At4g0
ARF AAATGTYT 8 20 4.26E-05 1560 cormmp 2 3 4.10E-03 8
ARF AAATGTYT 8 20 426E-05  MYBrelated tnt.LHY1 3 4.83E-03 8
_colamp_a_m1
ARF AAATGTYT 8 20 a26E-05  MYBrelated tntRVED 4 5.10E-03 8
ARF AAATGTYT 8 20 426E-05  MYBrelated ntAT3G 5 5.48E-03 8
10113_col_a_m1
ARF AAATGTYT 8 20 426E-05 ~ REMB3INtAT2G314 4 5.48E-03 8
60_col_a_m1
ARF AAATGTYT 8 20 426E:05 ~ CPP-INLAT2G20110 4 6.92E-03 8
MYBrelated_tnt.At5g4
ARF ATWTGGAG 4 1 4.26E-05 7300 oA g 0 8.53E-03 8
ARF ATWTGGAG 4 1 426E-05  MYBrelated intAT5G 1 9.18E-03 8
61620_col_a_m1
ARF ATWTGGAG 4 1 4.26E-05 C2C2YABBY_tnt.CR 8 9.21E-03 8
C_colamp_a_m1
ARF ATWTGGAG 4 1 426E-05  MYBrelated ntATSG 1 9.46E-03 8
56840_col_a_m1
ARF ATWTGGAG 4 1 4.26E-05 EQFDP—;”tﬁFA—CO' 0 9.93E-03 8
ARF CCGATWG 4 1 4.26E-05 C3H_tnt.CDM1_cola 2 7.37E-03 7
mp_a_m1
ARF CCGATWG 4 1 4.26E-05 LOBAiff;”;’]BDU 2 7.37E-03 7
ARF CCGATWG 4 1 426E-05  MYBrelated intAT3G 2 7.37E-03 7
10580_colamp_a_m1
ARF CCGATWG 4 1 426E-05 ~ C2C29ata tnt.GATA2 3 8.31E-03 5
0_col_a_m1
ARF CCGATWG 4 1 4.26E-05 LOBAS2_tntLBD2 ¢ 2 9.18E-03 7
olamp_a_m1
ARF TCGACAWA 4 1 4.26E-05 C3H—t“|t'22§5358—°° 0 4.07E-03 7
ARF TCGACAWA 4 1 4.26E-05 C3H—‘m-Tr§1F9—°°'—a— 0 4.07E-03 6
ARF TCGACAWA 4 1 426E-05  ARF_ecol '1M P_col.m 1 4.07E-03 8
ARF TCGACAWA 4 1 426E-05  AP2EREBP IntDDF1 6 4.07E-03 7
_colamp_a_m1
ARF TCGACAWA 4 1 4.26E-05 C2H27t“":r':]’1sz°°La 6 4.07E-03 8
ARF TCGACAWA 4 1 4.26E-05 C2H2—t”:7']'?D5—°°'— 6 4.07E-03 8
ARF TCGACAWA 4 1 4.26E-05 Csz—g‘téNllJTﬁ—c"'am 6 4.07E-03 8
ARF TCGACAWA 4 1 426E-05  C2H2_IntLAUDDI1 co 6 5.03E-03 8
lamp_a_m1
ARF TCGACAWA 4 1 4.26E-05 C2H2§;‘§"fﬂﬁf°"'a 6 5.03E-03 8
ARF TCGACAWA 4 1 426E-05  AP2EREBP_INtATIG 4 5.03E-03 8
77200_colamp_a_m1
ARF TCGACAWA 4 1 4.26E-05 APZERCEO?';J;‘PDFZ 6 5.03E-03 8
ARF TCGACAWA 4 1 426E-05  C2H2_tntA5g66730_ 6 5.03E-03 8
colamp_a_m1
ARF TCGACAWA 4 1 426E-05  APZEREBP_intRap2 6 5.03E-03 8

10_colamp_a_m1
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Table S9. (Continued.)

0oG? Motif Pos® Neg® g-value Target ID¢ Optimal offset g-value Overlap

ARF TCGACAWA 4 1 4.26E-05 C2H2—t”"£1m—c°'—a 6 5.03E-03 8

ARF TCGACAWA 4 1 426E-05  HP2EREBP_INtATSG 3 5.10E-03 8
16280_colamp_a_m1

ARF TCGACAWA 4 1 426E-05 ~ CAH2IntNUC cola 6 5.10E-03 8
AP2EREBP_tnt.DEA

ARF TCGACAWA 4 1 4.26E-05 Re ol 3 5.10E-03 8

ARF TCGACAWA 4 1 4.26E-05 APZERCE)?Z*‘;‘%DDH 6 5.10E-03 8

ARF TCGACAWA 4 1 4.26E-05 CZHU;‘;'A:T??6673°* 6 5.10E-03 8

ARF TCGACAWA 4 1 4.26E-05 AP2EREBP_tnt DEA 5 5.10E-03 8

R3_colamp_a_m1
ARF TCGACAWA 4 1 4.26E-05 C2H2—Ctg|“;”n§1458°— 6 5.43E-03 8
ARF TCGACAWA 4 1 426E-05  AP2EREBP_INtATSG 3 5.48E-03 8

60490_col_a_m1

Table S10. Orthologs of Talinum triangulare and at least one other
facultative CAM species (OrthoFinder analysis) and their assignment to
clusters with altered temporal patterns upon ABA treatment.

Imms cluster Number of genes Number of ORFs
1 72 120
2 11 15
3 6 11
4 20 27
5 26 30
6 22 27
7 97 147
Total DEGs 254 377
Not a DEG 1347 2062
Grand total 1550 2439

Table S11. Statistics for genome assembly obtained with SMARTdenovo

Length parameters

Length [bp]

Total length 621,661,000
N50 15,160,000
Other parametrs

L50 13
genome in scaffolds > 50 kb 99.96%
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