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Abstract

Crassulacean acid metabolism (CAM) is an adaptation to environments where water availability is seasonal or extremely low. It serves to
ensure plant survival and/or maintain productivity in these adverse environments. CAM has repeatedly evolved in many plant lineages,
although it requires a large and complex set of enzymes, transporters, and regulatory processes to control metabolite flux and pools. To
test the potential levels at which CAM is regulated, we analyzed the CAM plant Kalanchoé laxiflora and compared with the genomes and
transcriptomes of other CAM plants across a wide phylogenetic range. We show that CAM-associated transcripts and proteins did not
exhibit a binary on/off pattern in abundance between day and night in K. laxiflora. Instead, K. laxiflora and many CAM plants displayed
shared amino acid changes among proteins compared to Cs plants, especially in starch metabolism. Phosphoproteomics identified
differential phosphorylation in K. laxiflora proteins between day and night. Taken together, our results demonstrate that CAM
photosynthesis is regulated at both the transcript and protein levels.

Introduction carboxylase oxygenase (Rubisco), the first step of the CBB cycle
(Ludwig et al. 2024). The remaining 3-carbon skeleton, pyruvate
or PEP depending on the decarboxylation method, is returned
via gluconeogenesis and starch biosynthesis to storage starch in
many species, or sucrose synthesis to storage sucrose in some spe-
cies, which in turn supplies nocturnal metabolism after dusk
(Dodd et al. 2002; Borland et al. 2014). The CAM cycle shares
many enzymes that catalyze the key metabolic steps with the
cycle of C4 photosynthesis (Gilman et al. 2022). For example, pri-
mary atmospheric CO, assimilation is catalyzed by PPC in both
CAM and C4 photosynthesis, and PPC activity is modulated by pro-
tein phosphorylation through PPC kinase (PPCK; Hartwell et al.
1999; Aldous et al. 2014). In the spatially separated C, cycle, after
decarboxylation, the 3-carbon skeleton, either alanine, pyruvate,
or PEP, is returned to the mesophyll cells where PPC is localized
which allows the biochemical cycle to continue. In the temporally

Crassulacean acid metabolism (CAM) is an adaptation to dry or
seasonally dry environments and ensures survival and/or main-
tains productivity in these adverse environments. CAM has
evolved independently and repeatedly in many lineages of plants,
even though it requires a large and complex set of enzymes and
transporters as well as regulatory processes to control metabolite
flux and pools (Schiller and Brautigam 2021). CAM plants separate
primary uptake and fixation of atmospheric carbon dioxide (CO,)
in the dark from subsequent secondary re-fixation in the Calvin
Benson Bassham (CBB) cycle in the light. They take advantage of
cooler temperatures and higher relative humidity at night, which
allows them to lose less water through their open stomata during
primary atmospheric CO, assimilation (Dodd et al. 2002; Borland
et al. 2014). CAM plants use the enzyme phosphoenolpyruvate

(PEP) carboxylase (PPC) for nocturnal CO, assimilation. PPC con-  separated CAM cycle, the C; acid generated due to malate decarbox-
verts PEP plus HCO3 to 4-carbon oxaloacetate (OAA), and OAA s  ylation in the light period is returned to storage starch or sucrose,
rapidly reduced to malate by malate dehydrogenase (MDH). which in turn must be remobilized to PEP after dusk. Nocturnal
Malate is stored as malic acid in the vacuole. During sunrise, malic malic acid storage in the vacuole involves active import of
acid begins to be released from the vacuole, and is decarboxylated malate via an inward rectifying voltage-gated malate channel,

by either NAD(P)-malic enzyme (NAD(P)-ME), or MDH combined which could be catalyzed by a tonoplast-localized member of the
with PEP carboxykinase (PEP-CK). The specific decarboxylation ALUMINUM-ACTIVATED MALATE TRANSPORTER (ALMT) gene fam-
pathway used depends on the species. Malate decarboxylation ily, and export, possibly by the TONOPLAST DICARBOXYLATE
in the light releases CO, for use by ribulose 1,5-bisphosphate TRANSPORTER (TDT), or an unknown transporter. The active
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transport of malate into the vacuole throughout the night is
energized via the proton pumping vacuolar tonoplast adenosine
triphosphatase (V-ATPase) and/or pyrophosphatase (V-PPase;
Emmerlich et al. 2003; Kovermann et al. 2007; Martinoia et al.
2007).

Storage of the carbon skeletons during the light period may oc-
cur as starch or soluble sugars, depending on the specific CAM
species (Christopher and Holtum 1998). The storage of soluble
sugars to fuel nocturnal PEP supply in CAM plants has received
relatively limited attention, but starch synthesis and degradation
have been extensively studied in Cs plants, and this has led to
more studies on starch synthesis and turnover in CAM species.
The polymeric chains of glucose that constitute starch are synthe-
sized in the chloroplast. ADP-glucose pyrophosphorylase
(ADP-GPPase) is considered the first committed step in the starch
biosynthesis pathway, and it catalyzes the conversion of glucose
1-phosphate to ADP-glucose. Starch synthases catalyze the for-
mation of a-1,4 linkages and branching enzymes promote
a-1,6-glucan linkages, while debranching enzymes selectively hy-
drolyze a-1,6 linkages in branched glucans (Keeling and Myers
2010). Together with other enzymes and factors, this results in
the formation of insoluble starch granules that can occupy the
bulk of the volume of the chloroplast by the end of the light period.

At night, leaf starch is degraded either phosphorolytically or
amylolytically, with the first steps likely being shared by both
routes (Weise et al. 2006). Glucose-6-phosphate (G6P) is the final
product of phosphorolytic starch degradation which is exported
from the vacuole via the G6P/phosphate transporter (GPT)
(Weise et al. 2006). Some CAM species have been demonstrated
to degrade starch phosphorolytically rather than amylolytically
(Neuhaus and Schulte 1996; Ceusters et al. 2021).

Inboth CAM and Cy, the trait evolved from the ancestral C; path-
way of CO, assimilation during photosynthesis, in which stomata
open in the light and Rubisco fixes atmospheric CO, directly into
the CBB cycle (Goolsby et al. 2018). Both adaptations lead to compa-
ratively high fluxes of key metabolites and create pools of metabo-
lites in the cell that are not presentin Cs (Arrivault et al. 2017). In Cy
species, conserved and repeated amino acid (AA) sequence changes
have been detected in the C,-recruited copies of key enzymes such
as PPC, and these changes are assumed to support the increased
flux and metabolite pool sizes. For C4 plants, alignments (Paulus
et al. 2013), domain swapping (Blasing et al. 2000), and analysis of
selection (Christin et al. 2007) have identified a critical alanine to
serine mutation at position 780 in PPC (numbered based on the
Cy4 Flaveria PPC sequence). Changes to NADP-ME and Rubisco AA se-
quences were also identified (Christin et al. 2008, 2009). A genome-
wide scan identified 3 enzymes and 4 transporters of the C, cycle as
having residues under positive selection (Huang et al. 2017). The Cy4
cycle hence selects for specific changes to the AA sequences of re-
cruited proteins, even across multiple independent origins. Some
reports have suggested that particular AA changes are also associ-
ated with CAM-recruited copies of enzymes. For example, PPC was
reported to carry similar changes in C4 and CAM species (Christin
etal. 2014). Classic analysis of selection using both CAM and C, spe-
cies reveals AAs under selection but also questions the selection
analysis as a tool due to finding a comparable amount of AAs under
selection in a random set of background genes (Goolsby et al. 2018).
Rubisco’s AAs have been identified as being under selection in
orchids and bromeliads, some in relation to leaf §8*3C value
(Hermida-Carrera et al. 2020). The more extensive studies reported
to date for specific residues occurring in the Cy-recruited gene cop-
les raise the question of whether or not CAM specific AA changes or
changes in AA function can be identified by sampling a large and

diverse set of CAM species in comparison to Cs species. Since
CAM evolved in at least 370 genera in 38 families of plants, with a
minimum of 66 independent origins of CAM, and the possibility of
as many as 114 origins (Gilman et al. 2023; Holtum 2023), it should
be amenable to similar analyses compared to C4, which evolved in-
dependently at least 60 times (Sage et al. 2011).

Both C, and CAM also require changes at regulatory levels.
Transcript abundance of C4 cycle genes is increased several-fold
(Brautigam et al. 2011) to a degree which can be diagnostic of a
“C4 cycle gene” vs. a non-C, isoform (Christin et al. 2014; Huang
etal. 2017). In the drought-inducible CAM species Talinum triangulare
(now T. fruticosum), some, but not all, CAM cycle enzymes show at
least 1 isoform with several-fold increased transcript abundance
(Brilhaus et al. 2016). Similar observations were made for another
inducible CAM species, common ice plant (Mesembryanthemum
crystallinum; Cushman et al. 2008b). For monocot CAM species in
the genus Yucca, some CAM cycle enzymes showed higher tran-
script levels in the CAM performing species as compared to a closely
related C; species (Heyduk et al. 2019, 2022). The C, cycle spatially
separates PPC and Rubisco activity and consequently requires spa-
tial separation of activity for different enzymes and transporters
(John et al. 2014). In comparison, the CAM cycle requires temporal
but not spatial separation. The temporal coordination of transcript
abundance for CAM is achieved by circadian clock control of many
CAM-recruited gene copies (Hartwell et al. 1999; Boxall et al. 2005;
Cushman et al. 2008b). In the model C; species Arabidopsis
(Arabidopsis thaliana), more than 40% of the transcriptome was
found to display a diel cycle of the steady-state transcript abun-
dance (Mockler et al. 2007; Ferrari et al. 2019). Experiments in the
CAM plants Agave americana, pineapple (Anands comosus), COmmon
ice plant, Kalanchoé fedtschenkoi, and Sedum album have shown that
transcripts cycle but rarely show zero abundance in times where
the enzyme activity should be off (Cushman et al. 2008b;
Abraham et al. 2016; Sharma et al. 2017; Yang et al. 2017; Wai
et al. 2019). Proteins have also been shown to cycle in their abun-
dance in CAM A. americana and K. fedtschenkoi (Abraham et al.
2016, 2020). RNA-seq data-sets that provide a time-course of sam-
pling at regular intervals over a 24-h light/dark cycle have allowed
several studies to test whether CAM gene transcript abundances
cycle robustly (JGI data release Project ID: 1155736; Abraham
et al. 2016; Sharma et al. 2017; Yang et al. 2017; Wai et al. 2019).
Here, we hypothesized that the obligate CAM plant K. laxiflora
would behave in a similar manner to other, previously studied
CAM plants, and would therefore also not show binary on/off pat-
terns for transcript and protein levels.

Both the CAM and C, cycles are also associated with changes in
post-translational modifications (PTMs) of the enzymes and
transporters that catalyze key metabolic steps. For example, PPC
is phosphorylated at a conserved N-terminal serine residue
by its specific protein kinase, PPCK, and this changes the allos-
teric properties of the enzyme, including decreasing its sensitiv-
ity to feedback inhibition by malate in both CAM and C,
(Hartwell et al. 1999). In the CAM species K. fedtschenkoi, the kin-
ase PPCK is transcribed and translated de novo each night under
the control of the circadian clock, and when PPCK phosphory-
lates PPC in the dark, PPC becomes up to 10-fold less sensitive
to inhibition by malate (Nimmo et al. 1984; Hartwell et al. 1996,
1999; Boxall et al. 2017). In C4 plants, PPCK transcription and
translation is induced by light leading to PPCK activity that phos-
phorylates PPC and also decreases its sensitivity to inhibition by
malate (Hartwell et al., 1999; Aldous et al. 2014).

In this manuscript, we analyzed the obligate CAM species
K. laxiflora in detail, embedded in the context of available CAM
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Figure 1. Transcriptome and proteome analyses of Kalanchoé laxiflora leaf material from day and night conditions. A) Workflow for analysis of
differential transcript and protein expression in K. laxiflora grown in the greenhouse under 16 h light 8 h dark conditions. zt = Zeitgeber time. B) Volcano
plot of the differentially expressed transcripts between day and night in K. laxiflora leaf pair 6 (LP6). Number of quantified items: 27,768. Orange:
significantly (g-value <0.05) downregulated at night. Blue: significantly (g-value <0.05) upregulated at night. Gray: not significantly differentially
expressed. C) Volcano plot showing differentially abundant protein groups between mid-day and mid-night in K. laxiflora (quantified by LC-MS/MS
analyses). Number of quantified items: 5,241 with none significantly differentially expressed. Numbers for day only and night only indicate how many
protein groups were only detected at 1 time point with missing values for all replicates of the other time point. D) Volcano plot showing differentially
abundant phosphorylated peptides between mid-day and mid-night in K. laxiflora (quantified by LC-MS/MS analyses). Number of quantified items: 794.
Orange: significantly (g-value < 0.05) downregulated at night. Blue: significantly (g-value <0.05) upregulated at night gray: not significantly
differentially expressed. Numbers for day only and night only indicate how many phosphopeptides were only detected at 1 time point with missing

values for all replicates of the other time point.

genome sequences. First, we tested in K. laxiflora whether the diel
cycles of transcript and protein abundance in CAM-performing
mature leaves were sufficient for the expected on/off patterns
of regulation of carboxylation/decarboxylation pathway steps.
Second, we analyzed the available AA sequences for core CAM
pathway enzymes and metabolite transporters and their regulatory
partners to determine whether the trait is associated with specific
changes to the AA sequence of these proteins. Lastly, we tested
whether PTMs are involved more widely in regulating metabolic
fluxes over each 24-h light/dark cycle in CAM plants, beyond the
known regulation of enzymes such as PPC and PPDK. The results re-
vealed that CAM gene transcript levels and the abundance of the
encoded proteins did not show a binary on/off pattern between light
and dark. We also discovered that the candidate CAM-recruited
gene family members across many CAM species shared AA changes
that were not shared by the homologues in Cs species. These
CAM-associated conserved changes in enzyme AA sequences
were over-represented in enzymes associated with starch metabo-
lism. Finally, several phosphoproteome changes were detected in

the CAM leaves of K. laxiflora, which revealed that PTMs on CAM pro-
teins that have not been reported previously may be relevant to the
regulation of the 24-h light/dark cycle of CAM.

Results

Transcript and protein abundances in general
Three replicate mature leaf samples were collected in the middle
of the 16-h-light period and middle of the 8-h-dark period (zt8 and
zt20, respectively) from well-established plants of the obligate
CAM species K. laxiflora, and transcript abundance was analyzed
via RNA-seq (Fig. 1A). Of all transcripts, 71.8% (19,941 of 27,768)
were detected (transcripts per million (tpm) > 1in at least 2/3 rep-
licatesin atleast 1 condition). At zt8,69.1% (19,192/27,768) of tran-
scripts were detected, and at zt20, 70.1% (19,465/27,768) of all
transcripts were detected.

Differential expression analysis resulted in 6,247 significantly
(g-value <0.01) altered transcripts between the 2 time points.
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Of these significantly differentially expressed genes, 3,539 have a
log,FC between —1 and 1 (Fig. 1B). There were 3,167 significantly
downregulated genes at night and 3,080 significantly upregulated
genes atnight. Transcripts downregulated at night enrich in 39 GO
Terms. The most significant enrichment (P=1.4e-5) is found for
the term photosynthesis. Other enriched GO terms are related to
biosynthetic and metabolic processes as well as response to water
and light stimulus (Supplementary Table S1). During the night,
upregulated transcripts enrich in GO terms related to responses
to various stimuli like ethylene, abiotic stimulus, osmotic stress,
response to fungus (Supplementary Table S2).

Five replicate mature leaf samples were also harvested at zt8
and zt20 and used for protein abundance analysis via label-free
quantitative mass spectrometry (Fig. 1A and Supplementary
Fig. S1). After filtering (identification in at least 3/5 replicates in
at least 1 condition), 5,475 of 27,768 potentially possible protein
groups were called as identified. At mid-day, 4,915 protein groups
were identified in at least 3/5 replicates and at mid-night, 5,191
protein groups were identified in at least 3/5 replicates (Fig. 1C).
When considering only proteins that were detected at both time
points, none of them were significantly differentially abundant
between mid-day and mid-night (g-value < 0.05) indicating a fairly
stable proteome in K. laxiflora at these 2 time points that was inde-
pendent of the time of samplingin the light and dark (Fig. 1C). One
hundred and sixty-five protein groups were detected exclusively
at zt20, whereas 69 protein groups were only detected at zt8
(Fig. 1C). GO enrichment analyses of the significantly upregulated
proteins at night, including those exclusively detected at night, re-
sulted in 18 significantly enriched GO terms (P-value < 0.05), many
of which are related to nucleic acid metabolic processes
(Supplementary Table S3). Combining the upregulated protein
groups during the day and those exclusively detected at zt8 re-
sulted in 2 significantly enriched GO terms, ion transport and sys-
tem development (Supplementary Table S4).

Transcript and protein abundances of CAM genes

To highlight the potential CAM-associated transcripts and en-
coded proteins that changed in abundance between the light
and the dark, 84 members of gene families that are predicted toin-
clude the core CAM pathway genes were defined for K. laxiflora
based on the list of CAM proteins in Schiller and Brautigam
(2021). Genes were identified due to homology and grouped with
the CAM pathway (Fig. 2, note the log-scale). In K. laxiflora, CAM
transcripts were detected at abundances between 0.1 and 5,626
tpm with GLYCERALDEHYDE-3-PHOSPHATE DEHYDROGENASE
C2 (KIGAPC2) being the most abundant and KIPPC4 being lowest
(Fig. 2A). Of the 84 potentially CAM-associated genes, 42 had tran-
script levels that were significantly differentially abundant be-
tween zt8 and zt20, of which 20 had a |log,FC|>1 (Fig. 2A).
Assuming that gene transcript abundance in mature, full-CAM
leaves is a reliable predictor of CAM pathway membership for
the encoded protein, as it is accepted for C4, specific
CAM-associated gene family members were assigned for each en-
zymatic and metabolite transport step of the pathway, along with
the relevant known regulatory proteins such as PPCK.

For some CAM genes sensu stricto, a CAM-associated member
of the gene family could be assigned based on the RNA-seq data
presented here. Three K. laxiflora genes were assigned as PPC ho-
mologues. The KIPPC4 homologue had an abundance of <1 tran-
script per million in all replicates at both time points and 1 PPC
homologue had tpm values of ~10 across all replicates at both
time points. The last PPC1 homologue (K1Gene020155-RA) can be

assigned as the CAM-isoform according to transcript abundance.
With tpms ranging from ~50 during the day to about ~100 during
the night it is the highest expressed PPC transcript in K. laxiflora.
The difference in day/night transcript abundance is significant
with a log,FC of 0.8 (adjusted P-value=0.00045). Both analyzed
B-CARBONIC ANHYDRASE (B-CA) homologues were downregu-
lated at night with tpm ranges between 180 to 310 and 400 to
1,000 for the homologues, respectively. In the group of CAM genes
encoding for proteins involved in metabolite transport of malate
into and out of the vacuole, TDT was strongly downregulated at
night with the second highest log,FC of —6. The mean tpm was
44 at zt20 and 3,226 at zt8 for TDT.

Decarboxylation in K. laxiflora is mediated by ME (Dever et al.
2015). One homologue of NAD-ME1 alpha subunit was detected
at a higher transcript abundance compared to all others with a
mean tpm of 395 at zt8 and 295 at zt20, resulting in a log,FC of
—0.4 (K1Gene001496-RA; Fig. 2A). Three additional KIME homo-
logues (2 NADP-ME and 1 NAD-ME beta orthologues) were signifi-
cantly differentially abundant with log,FC between —0.4 and —0.8
and tpms between 28 and 141. Other significantly differentially
abundant transcripts in the group of malate release and decar-
boxylation include the dicarboxylate carrier UCP5, dicarboxy-
late translocator DIT2, and the bile-acid sodium symporter
BASS2, all of which are slightly upregulated during the day
(log,FC between 0.3 and 0.4) with tpm values in the range of
20 to 29 up to 138 to 230.

Twenty transcript isoforms of proteins involved in starch syn-
thesis and breakdown had significantly differential abundance
(Fig. 2A). These were Granule Bound Starch Synthase 1 (GBSS1),
Starch Synthase 1/2/3 (SS1/2/3), Starch Branching Enzyme 2
(SBE2), Glucose-1-Phosphate Adenylyltransferase 2/4 (APL2/4),
ADP Glucose Pyrophosphorylase (ADG1), Limit Dextrinase (LDA),
Glucan Water Dikinase (GWD), Like SEX Four 1 (LSF1), Cytosolic
Beta-Amylase (CT-BMY), Starch Phosphorylase 1/2 (PHS1/2), and
GPT1 being significantly upregulated during the day (with log,FC
between —0.35 and —3.2) and SS4, beta amylase 3 (BMY3), dispro-
portionating enzyme 1 (DPE1), and alpha amylase (AMY) being sig-
nificantly upregulated at night (with log,FC between 0.73 and 4.8;
compare Supplementary Table S5 and Fig. 2A). In the group of pro-
teins involved in gluconeogenesis, transcripts of GAPC1/2, PEP/
phosphate translocators CUE1 and PPT2 were significantly down-
regulated at night and 1 isoform of GAPB was significantly upregu-
lated at night (Fig. 2A and Supplementary Table SS). For PPDK
regulatory protein (RP), 1 isoform (KlGene013132-RA) is signifi-
cantly differentially abundant (log,FC —-1.4) with tpms between
50 (night) and 135 (day). However, absolute transcript abundance
was lower than for the second RP homologue that was detected at
~ 200 tpm at both time points (Fig. 2A).

The only gene with true binary presence/absence variation
among the CAM genes was PPCK1 (KlGene014151-RA). This
homologue of the previously characterized K. fedtschenkoi
CAM-associated PPCK1 was detected at tpms below 1 during the
day and above 1,000 at night, and had a log,FC of 10 and could
thus be assigned as the CAM-associated PPCK1 in K. laxiflora based
on transcript abundance (Fig. 2A). The other PPCK gene family
members were either not differentially abundant between the
2 time points measured, had a lower tpm span (from ~8 at zt8 to
~400 at zt20), or were differentially abundant in the other direc-
tion (~35 tpm at zt8 and ~7 tpm at zt20).

Among the 84 genes belonging to the gene families of the core
set of CAM-associated genes in K. laxiflora, 62 were identified
within the protein abundance data (after filtering); none of them
were significantly differentially abundant between zt8 and zt20
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Figure 2. Transcriptome and proteome analysis of gene products involved in CAM-metabolism. A) The tpm values for CAM transcripts in K. laxiflora at
mid-day = Zeitgeber time 8 (zt8) and mid-night =zt20, naming based on Arabidopsis homologues. Scale is logarithmic. Highlighted names indicate
significantly differentially expressed transcripts (q-value <0.01). B) LFQs for CAM proteins in K. laxiflora at mid-night and mid-day. Note that y-axis is
logarithmic and starts at 10°. Names based on Arabidopsis homologues. Highlighted names indicate differentially abundant proteins (q-value <0.05 or
only detected at 1 time point) and gray names indicate proteins that were not identified at both time points. Gene IDs are sorted based on their protein’s
involvementin the different groups I: carboxylation by PEP carboxylase; II: vacuolar storage; III: malate release and decarboxylation; IV: carbon storage
and breakdown; V: gluconeogenesis. Abbreviations: ADG, ADP glucose pyrophosphorylase; ALMT, aluminum-activated malate transporter; AMY, alpha
amylase; APL, glucose-1-phosphate adenylyltransferase; BASS, bile-acid sodium symporter; CA, carbonic anhydrase; DiT, dicarboxylate translocator;
DPE, disproportionating enzyme; ENO, enolase; GBSS, granule-bound starch synthase; GPT, G6P phosphate transporter; HXK, hexokinase; MDH, malate
dehydrogenase; NAD(P)-ME, NAD(P) dependent malic enzyme; PEP-CK, phosphoenolpyruvate carboxykinase; PGM, phosphoglucomutase; PHS, starch
phosphorylase; PPase, pyrophosphatase; PPC, PEP carboxylase; PPCK, PPC kinase; PPDK, pyruvate, orthophosphate dikinase; PPT, PEP/phosphate
translocator; RP, regulatory protein; SBE, starch branching enzyme; SS, starch synthase; TDT, tonoplast dicarboxylate transporter; TPT,

triosephosphate/phosphate translocator.

(adjusted P-value <0.05). SS3 was only identified at zt20. The other
CAM proteins were either not detected at both time points or had a
similar abundance in both the dark and light samples (Fig. 2B).
PPCK1 had highly differential transcript abundance, being low at
zt8 and over 1000-fold higher at zt20, but the protein was not de-
tectable at both time points. No peptides were identified for both
PEP-CK isoforms, ALMT9, 2 NAD-ME?2 beta isoforms and 1 isoform
of CUE1, Vacuolar H* Pyrophosphatase 2 (VP2), and MDH. All of
these proteins also had low transcript abundance at both time
points (Fig. 2A). Although LDA, Like SEX Four 2 (LSF2), Beta
Amylase 1 (BAM1), Cytosolic Beta Amylase (CT-BMY), and 1 iso-
form of Beta Amylase 3 (BMY3) were detected at the transcript
level (Fig. 2A), no peptides were detected for these proteins.

In summary, only the gene encoding the PPC-specific protein
kinase, PPCK, displayed a binary on/off of its transcript level be-
tween the dark (on) and light (off) time points. The genes encoding
proteins that catalyze the flux through the CAM pathway were
found to have differential transcript but not protein abundance,
and did not show a binary on/off pattern at the mid-day and mid-
night time points sampled here.

Conserved AA sequence changes within CAM
proteins across CAM species

To examine potential adaptations associated with CAM at the pro-
tein sequence level, we collected publicly available protein



6 | Plant Physiology, 2025, Vol. 197, No. 4

8 species

raw read

(HoWRIOEE) £A T files

UTrinitv

34 species de novo
1GI transcriptome
PLAZA assembly
OrchidBase Trans-
TAIR Decoder
CoGe

predicted ORFs

Udownload U

protein FASTA for 47 species
O OrthoFinder2

orthogroups

Monocots

Angiosperms
|

a

Amborellales ®

Dioscoreales ®
Pandanales

44ase0
Arecales

A000
Zingiberales
Commelinales

|Liliales

Petrosaviales

Alismatales|®

A CAM |y Core

Acorales

Fabids|AAeee000e
_‘__E Malvids|so 00 e

Vitales |

®C3 7" Eudicots
@ public genome

@ SRA data assembly

® RNA-seq and assembly

known
CAM origins

Saxifragales|» &
Caryophyllales ::::

Ericales ®
L [usericslaooe

—— Cornales

Berberidopsidales
Santalales

Figure 3. Overview of workflow and species for comparative analyses. A) P. lamerei; B) E. abyssinica; C) X. danguyi; D) A. trigonus var. elongatus; E) D.

delicatum; F) workflow for data generation and collection; G) tree with used plant species marked by colored shapes. Color is based on where the data
comes from: sampled from the greenhouse, sequenced and de novo assembly, transcriptome data from the SRA for de novo transcriptome assembly, or
protein FASTA files downloaded from databases such as JGI, PLAZA, OrchidBase, TAIR, and CoGe. The shape is based on photosynthetic type of sampled

species, C3 or CAM. Boxes indicate known CAM origins.

sequence data for 15 CAM species and 27 Cs species (Fig. 3F). To
cover taxonomic orders within the Euasterids and Fabids with
known CAM origins, and to extend the available data in the
CAM-rich orders Asparagales and Caryophyllales, we sequenced
RNA of 5 CAM species and assembled their transcriptomes de
novo. RNA from leaves of Pachypodium lamerei (Fig. 3A;
Apocyanaceae, Gentianales) was sequenced. Within the Fabids,
3 orders with known CAM origins have been reported, of which
we covered 2 with de novo transcriptome sequencing and assem-
bly for Euphorbia abyssinica (Fig. 3B; Euphorbiaceae, Malpighiales)
and Xerosicyos danguyi (Fig. 3C; Cucurbitaceae, Cucurbitales).
Within the Caryophyllales, we added Ariocarpus trigonus var. elon-
gatus (Fig. 3D; Cactaceae, Caryophyllales) to extend our sampling
of this CAM-rich order, and for monocots we extended our sam-
pling with a de novo transcriptome assembly for leaves of
Dendrobium delicatum (Fig. 3E; Orchidaceae, Asparagales).

Overall, the 20 CAM species sampled for their proteomes are
distributed across 7 orders. Within monocots, we sampled 9 spe-
ciesin 3 families of 2 orders, and for dicots we sampled eleven spe-
cies from 6 families in 5 orders. The 27 Cs species selected for
comparative analysis against the CAM species are distributed
across 18 orders. Within monocots, 8 species represented 6

families in 4 orders, and for dicots, 18 species provided coverage
of 14 families in 13 orders, and 1 species provided representation
of the angiosperm clade Amborellales. The CAM species sampled
cover 2 of 5 orders with known CAM origins within the monocots
and 5 of 10 orders with CAM origins within the core eudicots
(Fig. 3G). For 5 of the 7 orders sampled with known CAM origins,
we analyzed at least 1 CAM and 1 Cs species.

Homologues for the 78 candidate CAM proteins in Arabidopsis
(Schiller and Brautigam 2021) were grouped into 56 orthogroups
(OGs) by OrthoFinder2 and homologues were aligned (Fig. 3F).
Some of the CAM proteins were grouped in the same OG resulting
in fewer OGs than candidate CAM proteins. For example, AtAPL1,
AtAPL2, and AtAPL4 were grouped together. Two different types of
changes were tested for (i) a radical change in which functional
groups change and (ii) a conservative change in which AAs change
within the same group (Fig. 4A). Changes in the AA sequence were
allowed to be fuzzy because CAM is not a binary trait and alterna-
tive branches of the CAM pathway exist. For decarboxylation, ME
or PEP-CK, and in carbon storage, starch or soluble sugars can be
used. Furthermore, for many species we cannot determine the
CAM-recruited gene copy or copies and therefore analyzed all se-
quences within the OGs. We show in detail 2 examples of 154
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observed changes. The DPE2 protein involved in starch break-
down in the dark carries a conserved glutamate at position 1,058
across the Cj species that changed to the nonpolar glycine in 15
out of 23 CAM sequences resulting in a radical change (Fig. 4B
and Supplementary Data Set 1). Another enzyme in starch break-
down, alpha amylase 3 (AMY3), had a conserved glutamine at po-
sition 668 amongst Cs; species, which was changed to a basic
histidine or arginine in 22 out of 32 CAM sequences (Fig. 4C and
Supplementary Data Set 1). Across all putative CAM proteins an-
alyzed here, a total of 154 positions were detected with fuzzily
conserved changes between C; and CAM species. Of these, 75
were classified as a conservative change (change within the AA
group), and 79 as radical change (across groups). Out of the 56
alignments of CAM candidate proteins tested, 31 had at least 1
AA position with a fuzzily conserved and therefore putatively
adaptive change (Fig. 4D).

Examination of all candidate CAM proteins showed that 128
out of 154 fuzzily conserved detected changes among CAM path-
way proteins were found in the starch synthesis and degradation

pathway (Fig. 4D). Twenty-one of the thirty analyzed proteins in-
volved in these pathways had at least one position with a change
between C3; and CAM. SS1, SS3, AMY3, LDA, DPE1, and DPE2 were
found to have each accumulated more than 10 fuzzily conserved,
potentially adaptive changes in their protein sequences (Fig. 4D).
The plastid-localized PHS1 yielded 2 radical changes, which
both occurred in the same subset of CAM species, namely the
CAM species belonging to the Orchidaceae as well as
Saxifragales (Supplementary Data Set 1). The cytosol-localized
PHS2 did not yield any fuzzily conserved changes between C3
and CAM species. The cytosolic enolase (ENOC) had 1 conserved
AA change (Supplementary Data Set 1). In comparison to that,
the chloroplast-localized enolase had 7 positions with fuzzily con-
served changes (ENOZ; Fig. 4D and Supplementary Data Set 1). The
core CAM enzymes sensu stricto (CA, PPC, PPCK, MDH, ME, and
PPDK) did not yield any fuzzily conserved changes with the excep-
tion of 1 candidate position in PEP-CK with a conservative change
from a serine in Cs species to a cysteine in half of the CAM species
(Fig. 4D and Supplementary Data Set 1).
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Changes in sequence may be caused by phylogenetic rather
than trait specific signals. Seven candidate positions of 154 total
positions showed changes in CAM species that were restricted to
specific phylogenetic groups. One example was position 622 in
DPE2, where valine was conserved across 83% of the Cs species
but changed to leucine in half of the CAM species. This change
was detected for DPE2 in all monocotyledonous CAM species,
but in none of the eudicotyledonous CAM species. In the Cs spe-
cies, leucine also replaced valine at 622 for 3 species, all of which
belong to monocotyledonous Cs species, indicating that leucine at
this position is most probably a monocot-specific change that is
not functionally relevant in terms of the photosynthetic type
(Supplementary Data Set 1). The percentage of changed sequen-
ces in the CAM species and subgroups in which these changes oc-
curred were not the same for all detected changes within 1
protein. For example, DPE2 was found to have 12 fuzzily con-
served changes. While all Orchidaceae shared a change from as-
partic acid to nonpolar AAs at position 1,311, only 2 of 7
Orchidaceae CAM species possessed a change at position 1,558
from lysine to arginine.

Post-translational modifications

To address the second hypothesis regarding the potential of PTMs
beinginvolved in the regulation of CAM, we analyzed in vivo phos-
phorylation sites in K. laxiflora. Using the same plant material of K.
laxiflora as for protein abundance analyses, phospho-enrichment
and MS analysis were performed and resulted in the identification
of 1,805 phosphorylated peptides of which 911 were quantified in
atleast 3/5 replicates of 1 time point. At zt8, 647 phosphorylated
peptides were quantified in at least 3/5 replicates and at zt20,
805 phosphorylated peptides were quantified in at least 3/5 repli-
cates. Considering only phosphopeptides that were detected at
both time points and testing for differential abundance of the
phosphorylated peptides between light and dark resulted in 9 sig-
nificantly differentially abundant phosphorylated peptides with a
g-value <0.05. Eighteen phosphorylated peptides were exclu-
sively detected at zt8 with missing values in all dark samples,
and 99 phosphorylated peptides were only detected at zt20 with
missing values in all zt8 samples (Fig. 1D).

Thirty phosphorylated peptides belonging to CAM proteins
were identified in at least 1 replicate of K. laxiflora leaf samples
after phospho-enrichment and LC-MS/MS analyses. Sixteen of
them were identified in at least 3 of 5 replicates at zt8 or zt20
and could be tested statistically (= after filtering; Supplementary
Table S6). Four phosphorylated peptides belonging to 2 isoforms
of KIB-CA3 and 4 phosphorylated peptides belonging to 3 isoforms
of KIGAPC were detected. One phosphorylated peptide of PGM was
detected, and it contained 2 phosphorylated residues, namely
Thr-21 and Ser-22, and 1 peptide matching 2 KIPPC isoforms
with a phosphorylation site at Ser-8 was detected. For KIRP1, 2
phosphorylated peptides with phosphorylations at positions 75
and 95 were detected. For Starch Excess 4 (SEX4), 3 phosphory-
lated peptides were detected with phosphorylations at positions
57, 58, and 64. One phosphorylated peptide matching
Phosphoglucan, Water Dikinase (PWD, position 861) was detected
(Supplementary Table S6 and Fig. 5). Analysis with LIMMA showed
that Ser-8 in KIPPC was differentially phosphorylated between
dark and light, with higher abundance of the phosphorylated pep-
tide at zt20 (adjusted P-value 0.06, log,FC 1.33). Additionally, the
phosphorylation site at position 71 in RP1 was only detected in
the dark samples and missing in all light period replicates
(Supplementary Table S6).

We analyzed whether the differentially phosphorylated sites
were conserved across 47 angiosperm species and found that
Ser-8 in KIPPC1 is indeed present in 76% of the homologous se-
quences. Most homologues (86%) of RP1 do not share the Ser-71
site indicating that this might be a Kalanchoé-specific phosphoryla-
tion site also shared by K. fedtschenkoi RP1. In total, 5 of the 30 de-
tected phosphorylation sites in CAM proteins in K. laxiflora were
also conserved across 47 angiosperm species (defined as present
>70%) and were also detected as phosphorylated in Arabidopsis
(database: FAT-PTM). Besides Ser-8 in KIPPC, Ser-124 in KIPGM3,
Ser-212 and Thr-213 in KIGAPC, and Thr-275 in KIGAPA-2 were
conserved and annotated as phosphorylated in their respective
Arabidopsis orthologues (Cruz et al. 2019). Three more sites
were conserved, but not annotated as phosphorylated in
Arabidopsis, comprising Ser-58 in KISEX4, Thr-21 and Ser-22 in
KIPGM3. These phosphoproteome patterns identified in K. laxiflora
indicate that phosphorylation beyond the known switch at Ser-8
in PPC may play important roles in the regulation of key enzymes
within the CAM pathway.

To test the potential of other protein modifications and the po-
tential for additional conserved phosphorylation sites for CAM
species other than K. laxiflora, the conservation of phosphoryla-
tion, acetylation and S-nitrosylation sites known from
Arabidopsis was tested among CAM proteins. From the 78 proteins
that could function in CAM, 63 Arabidopsis homologues had at
least 1 phosphorylation, acetylation, or S-nitrosylation PTM site
annotated in the database FAT-PTM. In total, 403 PTM sites com-
prising 180 acetylation sites, 196 phosphorylation sites, and 27
S-nitrosylation sites were analyzed. For these sites, we deter-
mined whether the respective AA was conserved in an alignment
of the homologues from 47 angiosperm species (Fig. 6A). About
half (192/403) of the AAs at PTM sites were conserved (in at least
70% of the homologous sequences). Conservation of the AA was
highest for S-nitrosylation with ~78% (21/27) of the positions con-
served and second highest for acetylated lysines with ~58% (104/
180) of the positions being conserved (Fig. 6B). Phosphorylation
sites were the most frequent annotated PTM in the analyzed
Arabidopsis proteins, less than a third (64/196) had an AA conser-
vation in 70% or more of the species homologues in the alignment
(Fig. 6B). In comparison to phosphorylation sites, acetylation sites
(lysines) tend to be more conserved across the 47 species analyzed
(Fig. 6B).

The conserved putative acetylation, S-nitrosylation and phos-
phorylation sites were identified throughout the whole pathway
(Fig. 6C). Of all proteins, 33 had no conserved putative acetylation,
S-nitrosylation, or phosphorylation site. Putative acetylation sites
with the lysine conserved across 47 angiosperm species were
found in 31 proteins including proteins involved in carboxylation,
vacuolar malate storage, decarboxylation, and the starch module.
Conserved positions for S-nitrosylation were detected in 18 pro-
teins. Nine of these proteins had conserved sites for both, acetyla-
tion and S-nitrosylation (Fig. 6C and Supplementary Table S5).

Discussion

Transcripts and proteins of CAM genes do not
show on/off patterns

CAM has the potential to be regulated at several different molec-
ular levels. To test the influence of diurnal abundance patterns of
CAM transcripts and proteins, their abundance was quantified in
the middle of the dark and light periods in the obligate CAM plant
K. laxiflora. As expected from diurnal time courses, 6,247


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data

551,552

. experimentally detected §S3, 554
2 GBSS1
7 phosphorylated peptide SBE2
APL1

. differentially phosphorylated APL2
- more at night :g{';‘:

Regulation of Crassulacean acid metabolism | 9

AMY3 PWDf
LDA BAM1
ISA3 CT-BMY
GWD BMY3
LSF1 HXK2§

LSF2 DPE1
SEX4 DPE2

2-PGA
$ENO1, ENO2
PEP

— PPDKRP1

1 PPDK
Pyruvate —=—=—»

Fid T F'ylruvate/—»ct:}2
- -, NADP-ME1

NHD1 | NADP-ME2
Pyruvate

CO,
ADP-METN] — 5

Malate
ADP-M &
D Ezdalate

*——— Redox status,
phosphorylation

Maltodextrin
PHS1 l
G1P

#PGM l

Chloroplast

< *AD|T2.1 ()]
4 Pyruvate ) [‘a

\ Malate
. Mitochondrion

Other?

O, + PEP 7
PEP-CK1 ALMT9?
PEP-CK2 TDT?
e

0AA =

i PPase/
ATPase (VAB2, VAB3)

*: PPC1 PEP HCO5
PPC2 c
pPC ———» r TCA#)‘?

kinase

" GAPA
GAPC §f#§

Vacuole

Figure 5. In vivo phosphorylation sites in K. laxiflora. Teal arrows indicate phosphorylated peptides that were identified by MS-analysis of K. laxiflora
protein extract sampled at Zeitgeber time 8 (zt8) or zt20. Asterisks mark significantly differential phosphorylation between light- and dark-samples
with g-value < 0.05. Significantly differentially abundant phosphopeptides are shown with phosphorylated AAs underlined. Solid arrows indicate 1
reaction step; dashed arrows indicate several reaction steps that are not shown in detail. Flat arrowheads indicate inhibition. Abbreviations: ADG, ADP
glucose pyrophosphorylase; ALMT, aluminum-activated malate transporter; AMY, alpha amylase; APL, glucose-1-phosphate adenylyltransferase;
BASS, bile-acid sodium symporter; CA, carbonic anhydrase; DiT, dicarboxylate translocator; DPE, disproportionating enzyme; ENO, enolase; G1P,
glucose-1-phosphate; G6P, glucose-6-phosphate; GBSS, granule-bound starch synthase; GPT, G6P phosphate transporter; HXK, hexokinase; MDH,
malate dehydrogenase; NAD(P)-ME, NAD(P) dependent malic enzyme; NHD, sodium hydrogen antiporter; OAA, oxaloacetate; PEP,
phosphoenolpyruvate; PEP-CK, PEP carboxykinase; PGA, phosphoglycerate; PGlyM, phosphoglycerate mutase; PGM, phosphoglucomutase; PHS, starch
phosphorylase; PPase, pyrophosphatase; PPC, PEP carboxylase; PPCK, PPC kinase; PPDK, pyruvate, orthophosphate dikinase; PPT, PEP/phosphate
translocator; RP, regulatory protein; SBE, starch branching enzyme; SS, starch synthase; TDT, tonoplast dicarboxylate transporter; TPT,

triosephosphate/phosphate translocator.

transcripts and 234 proteins were detected as being differentially
abundant between light (zt8) and dark (zt20) (Fig. 1B and C). GO
term analysis showed typical patterning of differentially abun-
dant transcripts, for example, with the GO term photosynthesis
being less abundant at night (e.g. Heyduk et al. 2019;
Supplementary Table S2). The transcriptome analysis revealed
that 42 out of 84 candidate CAM-associated transcripts were dif-
ferentially abundant between light and dark (Fig. 2A), consistent
with the results of time-course transcriptome data in other CAM
species (Ming et al. 2015; Abraham et al. 2016; Heyduk et al.
2019; Wai et al. 2019). Within the carboxylation/decarboxylation
cycle, 1 PPC isoform was highly expressed at ~100 tpm during
the night (Fig. 2A). For decarboxylation, 1 NAD-ME1 and 2
NAD-ME?2 isoforms were highly expressed at 395 and 122 to
130 tpm during the day. Since the most abundant NADP-ME iso-
form was measured at 100 tpm and the most abundant PEP-CK
isoform was at 6 tpm during the light, the data suggests that de-
carboxylation mostly occurs via NAD-ME possibly with contribu-
tions from the other decarboxylation enzymes. This finding fits
very well with previous work using stable transgenic mutant
NAD-ME RNAI lines of very closely related species K. fedtschenkoi,
which demonstrated clearly that mitochondrial NAD-ME was es-
sential for a functioning CAM cycle in Kalanchoé (Dever et al. 2015).

Importantly, NADP-ME activity was not able to rescue the inability
of the NAD-ME RNAI lines to decarboxylate malate in the light
(Dever et al. 2015). In T. fruticosum, the primary decarboxylation
route could not be predicted from the transcript abundance
data (Brilhaus et al. 2016). In C, plants, a major ME can usually
be proposed based on transcript abundance, sometimes with con-
tributions by PEP-CK (Brautigam et al. 2014). Unlike in Cy4, in CAM,
no diffusion gradient between cell types is required, which may
enable the contribution of 2 different malic enzymes. When com-
pared between zt8 and zt20, PPC1 transcript abundance was sig-
nificantly different in K. laxiflora, but transcripts at zt8 remained
at 50 tpm. A similar pattern has been reported previously in other
CAM transcriptomic analyses, for example in pineapple,
A.americana, K. fedtschenkoi, and S. album, or Tillandsia species
(Ming et al. 2015; Abraham et al. 2016; Yang et al. 2017; Wai
et al. 2019; Crego et al. 2024). The authors show that transcript
abundance changes throughout the diurnal cycle but never repre-
sents a binary on/off pattern for the CAM enzymes. Protein abun-
dance was found here to be stable for all PPC isoforms, and the
protein was present during the day (Fig. 2B). In A. americana, it
was shown that PPC protein abundance peaked with maximal ac-
tivity, but the protein was present throughout light and dark peri-
ods (Abraham et al. 2016). Similar results were found for
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Arabidopsis according to FAT-PTM (Cruz et al. 2019). Homologues of 47 species were aligned and the conservation of AAs was determined. In total, 403
PTM sites (180 acetylation sites, 196 phosphorylation sites, and 27 S-nitrosylation sites) were analyzed from 63 Arabidopsis proteins. The box is limited
by upper and lower quartile of the data and the center line shows the median of conservation between the homologues. The “X” marks the mean and
outliers outside upper and lower whisker (defined by smallest datapoint above or greatest datapoint below 1.5 x interquartile range outside upper/lower
quartile) are shown. C) CAM pathway with conserved putative PTM sites. Number in parentheses gives the total amount of acetylations,
phosphorylations, and S-nitrosylations with the AA being conserved in at least 70% across 47 angiosperm species. Little pie charts indicate the
proportion of acetylations (ACET), phosphorylations (PHOS), and S-nitrosylations (NTRY). Pie chart on the top left indicates the proportions of
conserved putative PTM sites in all analyzed CAM proteins. Solid arrows indicate 1 reaction step; dashed arrows indicate several reaction steps that are
not shown in detail. Flat arrowheads indicate inhibition. Abbreviations: ADG, ADP glucose pyrophosphorylase; ALMT, aluminum-activated malate
transporter; AMY, alpha amylase; APL, glucose-1-phosphate adenylyltransferase; BASS, bile-acid sodium symporter; CA, carbonic anhydrase; DiT,
dicarboxylate translocator; DPE, disproportionating enzyme; ENO, enolase; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; GBSS, granule-bound
starch synthase; GPT, G6P phosphate transporter; HXK, hexokinase; MDH, malate dehydrogenase; NAD(P)-ME, NAD(P) dependent malic enzyme; NHD,
sodium hydrogen antiporter; OAA, oxaloacetate; PEP, phosphoenolpyruvate; PEP-CK, PEP carboxykinase; PGA, phosphoglycerate; PGlyM,
phosphoglycerate mutase; PGM, phosphoglucomutase; PHS, starch phosphorylase; PPase, pyrophosphatase; PPC, PEP carboxylase; PPCK, PPC kinase;
PPDK, pyruvate, orthophosphate dikinase; PPT, PEP/phosphate translocator; RP, regulatory protein; SBE, starch branching enzyme; SS, starch synthase;
TDT, tonoplast dicarboxylate transporter; TPT, triosephosphate/phosphate translocator.

K. fedtschenkoi mesophyll cells where PPC protein abundance peaked
at night but protein was also present during the day (Abraham
et al. 2020). The presence of both transcript and protein at a
time point where flux through the CAM pathway is off suggests
that an additional regulation layer is required on top of the small
(Abraham et al. 2016, 2020), if any (Fig. 1B) PPC protein abundance
changes. Peak transcript abundance of the other metabolic en-
zymes in K. laxiflora for the major isoform matched peak activity
but again, substantial transcript amounts remained during the
opposite time when activity is predicted to reach its 24-h mini-
mum (Fig. 2). Similar observations have been reported for otherin-
dependent origins of CAM including A. americana, (Abraham et al.
2016), pineapple, (Sharma et al. 2017), and S. album (Wai et al.

2019). The timing of peak transcript abundance frequently
matched the timing of peak activity, but transcript abundance
was never near zero during off-times. A highly resolved time-
course transcriptome set from the closely related species K. fedt-
schenkoi (JGI data release, project ID 1155736) underlined these
conclusions (Supplementary Fig. S2). The transcripts encoding
core CAM pathway proteins had stable abundance when com-
pared between the middle of the light and dark (Fig. 2B), which
is entirely consistent with previously reported findings for Agave
and Kalanchoé (Abraham et al. 2016, 2020). The only CAM protein
that was significantly differentially abundant on the transcript
level and also detected and differentially abundant on the protein
level in this study was the malate/fumarate transporter (TDT).
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Strong upregulation of this tonoplast-localized organic acid trans-
porter at in the light period sample supports the previously pro-
posed hypothesis that this transporter might be involved in the
export of malate from the vacuole for decarboxylation in K. laxi-
flora (Borland et al. 2009).

When also considering the CAM genes sensu lato, that is, in-
cluding the enzymes of carbon storage, 20 of the 84 transcripts
were strongly significantly differentially abundant between light
and dark, with [log,FC|>1 (Fig. 2A). In 11 of these cases, the differ-
ential abundance matched the expected time of activity. For ex-
ample, GBSS1 was significantly upregulated on the transcript
level during the light, at a time point when enzyme activity is
also predicted to peak as part of the pathway for light-period
starch synthesis (Streb and Zeeman 2012). Further examples of
such cases included APL4, SBE2, and ADG1, which all encode en-
zymes within the starch synthesis pathway (Streb and Zeeman
2012), and all displayed differential transcript abundance that
was higher in the light (Fig. 2A). In contrast, 7 potential
CAM-associated transcripts were found here to have higher abun-
dance at the time point when lower activity of the encoded en-
zyme is predicted. For example, GPT encodes a glucose
6-phosphate (G6P): phosphate translocator that localizes to the
chloroplast envelope. G6P is predicted to be the main sugar ex-
ported to the cytosol in the dark period during phosphorolytic
starch breakdown, and this translocator may function in either
the dark, for G6P export from the chloroplast, and/or in the light
for G6P import during pyruvate recycling to starch (Borland
et al. 2009; Ceusters et al. 2021). However, here transcripts for 1
GPT gene were significantly upregulated at zt8, with a log,F
change of 1.4 (Fig. 2). This isoform corresponds to GPT2 in
Arabidopsis, which has been shown to be upregulated under
high light stress to enhance export of sugar phosphates (Boxall
et al. 2020; Balcke et al. 2024). Peptides for all CAM pathway en-
zymes sensu lato were also detected for both time points except
for SS3, where true binary protein presence/absence was detected
(Fig. 2B).

Among all putatively CAM-associated transcripts analyzed,
there was one notable exception to the rule that transcripts
were detected in both the light and dark sample. Transcripts
from 2 PPCK genes, PPCK1 and PPCK2, were highly upregulated at
zt20 (log,F changes of 9.9 and 5.3, respectively), with zt8 transcript
levels ator below 1 tpm (Fig. 2A). Transcripts for a third PPCK gene,
PPCK3, displayed the opposite pattern of differential abundance,
with a 4-fold upregulation in the light sample relative to the
dark (Fig. 2A). PPCK1 in Kalanchoé has been demonstrated using
RNAi mutant transgenic lines to be essential for PPC phosphoryla-
tion in the dark period, and in its absence nocturnal CO, assimila-
tion was reduced to 33% of the wild type level (Boxall et al. 2017).
While PPCK1 and PPCK2 were detected here as being more abun-
dant in the dark, consistent with a function in regulating CAM
PPC, PPCK2 was not required for PPC phosphorylation in K. fedt-
schenkoi as the PPCK1 RNAIi transgenic lines had not detectable
phospho-PPC (Boxall et al. 2017). Thus, the function of PPCK2 in
Kalanchoé leaves remains to be elucidated, with one intriguing pos-
sibility being that it works to regulate PPC in other cell types of the
leaf, not in the mesophyll cells where the reactions of the CAM
cycle occur. Likewise, PPCK3 that peaked in the light period may
work in other cell types or may regulate the house-keeping PPC
isoform that functions in the replenishment of 4-carbon skeletons
used for AA synthesis. Consistent with this, PPCK transcripts were
induced by light in the C; plants barley and Arabidopsis (Hartwell
et al. 1996; Fontaine et al. 2002), and absence of PPC phosphoryla-
tion in Arabidopsis leaves had pleiotropic effects on the growth of
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the plant (Meimoun et al. 2009). Similar data, with a large increase
in PPCK1 transcript abundance in the dark period, was also re-
ported for other CAM transcriptomic studies. For example,
PPCK1 transcripts peaked in the dark in data for K. fedtschenkoi
(Yang et al. 2017; JGI data release) and S. album (Wai et al. 2019).
However, no peptides for PPCK were detected in the MS data
(Fig. 2B), which is frequently the case for regulatory proteins of
low abundance (Bantscheff et al. 2007). Furthermore, the failure
to detect PPCK peptides within the MS data for proteins extracted
from either light or dark leavesis consistent with earlier estimates
of PPCK protein abundance in CAM leaves of Kalanchoé from at-
tempts to purify PPCK to homogeneity from CAM leaves
(Hartwell et al. 1999). PPCK purification studies estimated that,
even at the time of peak activity, PPCK protein represents <1 in
10° of the soluble protein of the leaves of K. fedtschenkoi
(Hartwell et al. 1999).

The quantitative results presented here for transcript and pep-
tide abundance changes suggest that, in K. laxiflora, other molec-
ular mechanisms must operate to optimize metabolic flux
through the CAM cycle relative to the light/dark cycle (Fig. 2).
This finding contrasts with data for C, species, where transcript
abundance changes have been found to be diagnostic for identify-
ing C4 genes (Brautigam et al. 2011; Christin et al. 2012), and spa-
tial separation of both transcripts and proteins between
mesophyll and bundle sheath cells was detectable (Majeran
et al. 2005; John et al. 2014). Schiller and Brautigam (2021) pro-
posed that CAM is a continuous rather than a binary trait and
that regulation of CAM is likely only partially caused by circadian
changes of abundance of CAM transcripts and proteins thereby
implicating that complex/extensive rewiring of the circadian
clock is likely not necessary in CAM plants. In response, Winter
and Smith (2021) showed that detectable malic acid accumulation
and therefore CO, fixation during the night is a feature exclusive
to CAM plants. They conclude that because of tight connection
of the circadian clock and dark CO, fixation rewiring of the circa-
dian clock to metabolic processes would be indeed necessary in
CAM plants. Our analyses in K. laxiflora demonstrate that, similar
to studies in other CAM species (Ming et al. 2015; Abraham et al.
2016; Yang et al. 2017; Wai et al. 2019), diurnal variation in meta-
bolic CAM genes is detectable (Fig. 2) but not binary, that is, not in
an on/off pattern. In contrast, the oscillation of the regulatory
PPCK is binary and observed transcript abundance changes were
sufficient to explain activity patterns in CAM, with activity of
the kinase at night leading to enhanced PPC phosphorylation,
CO, fixation, and malic acid accumulation (Hartwell et al. 1999;
Boxall et al. 2017). The data suggests that transcriptional regula-
tion of metabolic CAM genes by circadian clock or diurnal regula-
tors might be necessary (Ming et al. 2015; Abraham et al. 2016;
Yang et al. 2017; Wai et al. 2019; Fig. 2A), but is certainly not suffi-
cient for regulation (Fig. 2A and B). Circadian or diurnal regulation
of regulatory genes such as PPCK, due to their comparatively lower
protein abundance (Fig. 2B), are suitable to direct flux as proposed
earlier (Hartwell et al. 1999; Boxall et al. 2017; Schiller and
Brautigam 2021).

CAM plants have accumulated conserved putative
adaptive changes in the starch module

CAM plants need to accommodate nightly storage of malate and
daily storage of the sugars from photosynthesis and pyruvate/
PEP recycling, as well as higher fluxes toward these storage metab-
olites and hence through the CAM cycle. We hypothesized that
adaptive mutations may have accumulated in CAM proteins.
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Since CAM represents a continuum of CAM types, including the
recruitment of alternative pathways for malate decarboxylation
and starch/soluble sugar storage, depending on the species
(Silvera et al. 2010), we further hypothesized that conserved
changes and adaptive mutations in AA sequences of CAM proteins
resulting from convergent evolution would only be detectable fuz-
zily (i.e. not always present) across a diverse taxonomic sampling
of independent CAM origins. Data for obligate CAM species such
as K. fedtschenkoi or K. laxiflora, and for inducible CAM cycling spe-
cies such as S. album, in which CAM-cycling is induced by drought
stress (Waietal. 2019), or T. fruticosum, in which CAM is induced by
drought stress (Brilhaus et al. 2016) were included. The degree of
CAM and the inducibility can only be determined via malic acid
accumulation and direct measurement of nocturnal CO, assimi-
lation and stomatal opening (Winter 2019), which requires speci-
alized equipment as CAM plant leaves are usually fleshy (Fig. 3A to
E)and do not fit standard gas exchange equipment. Hence, the de-
gree and inducibility of CAM are not known for all species under
investigation. CAM species also use different biochemical routes
in the CAM pathway. Two main routes are described for decarbox-
ylation of organic acids, either ME and PPDK, or MDH and PEP-CK
(Gilman and Edwards 2020), or a mix of several enzymes
(Christopher and Holtum 1996). K. fedtschenkoi uses mitochondrial
NAD-ME and PPDK (Dever et al. 2015; Hartwell et al. 2016; Yang
et al. 2017), and this was supported here in the transcriptomic
data for K. laxiflora (Fig. 2A). In contrast, pineapple uses MDH
and PEP-CK for malate decarboxylation in the light, and this was
supported by quantitative transcriptome data from a diel time
course of leaf samples (Ming et al. 2015). CAM species also differ
in their main transitory carbohydrate pool for provision of the
PEP required as the substrate for CO, assimilation by PPC in the
dark. K. fedtschenkoi stores mainly starch in the chloroplast and
pineapple mainly soluble sugars in the vacuole (Ming et al. 2015;
Yang et al. 2017; but see Antony et al. 2008). Information on the
main carbohydrate pool is often derived from physiological anal-
yses like measuring starch and soluble sugar content at regularin-
tervals over the light and dark period, and/or during the
progression of CAM induction by abiotic stress, especially
drought, as for example reported for S. album (Wai et al. 2019).
Experimental data that would allow the subtype of CAM (obli-
gate/inducible, decarboxylation route, and carbohydrate pool) to
be categorized reliably is lacking for many species, and since enzy-
matic assays for the possible decarboxylation enzymes NAD-ME,
NADP-ME, and PEP-CK suggest that species exist that use more
than 1 decarboxylation enzyme simultaneously, grouping of
CAM species into different categories remains inaccurate
(Christopher and Holtum 1996). Here, CAM species spanning all
of the mentioned subtypes were included, but fuzziness was al-
lowed, with only 50% conservation of a specific AA residue re-
quired in the detection of adaptive mutations in the hope that
specific adaptations that may be unique to only some subtypes
of CAM would not be missed. Using 20 CAM species, 154 AA resi-
due positions in 31 CAM proteins were found to have a fuzzy
change in their AA sequence in comparison to the homologous se-
quence in Cs species, but an uneven distribution around the 24-h
CAM cycle biochemical steps was observed (Fig. 4D). Fuzzily con-
served changes were observed mostly in enzymes that function in
starch synthesis and degradation, and not in the CAM carboxyla-
tion and decarboxylation steps of the pathway (Fig. 4D).

Goolsby et al. (2018) analyzed species in the Portullugo clade
(Caryophyllales) for AA changes/adaptive mutations between Cs
and obligate or inducible CAM species. They focused on CAM
genes sensu stricto and did not find changes between the AA

sequences of CAM genes in C; and CAM species. Likewise, here,
even with an expanded and far greater diversity of species that
spanned diverse monocot and eudicot orders, no conserved AA
changes in the CAM genes sensu stricto were discovered, apart
from one exception in PEP-CK where a serine to cysteine change
was conserved in 11 CAM species (Supplementary Data Set 1).
However, due to the lack of definitive information categorizing
the decarboxylation pathway biochemical subtypes of CAM in
each species, it was not possible to determine whether this change
occurs only in CAM species that use MDH and PEP-CK for malate
decarboxylation in the light. The PEP-CK AA change was detected
in the homologue in T. fruticosum where transcriptomic data sug-
gested ME was the enzyme used for decarboxylation of malate fol-
lowing the induction of CAM by drought (Brilhaus et al. 2016). All
other analyzed CAM genes sensu stricto did not yield any fuzzily
conserved AA changes between C; and CAM species, indicating
that these genes are regulated on other levels or at least have
not needed to evolve changes in their AA sequence and therefore
structure for their CAM-specific function in many CAM species.
Yang et al. (2017) changed single AAs in PPC2 of K. fedtschenkoi
and the orchid Phalaenopsis equestris, and discovered this changed
the properties of the enzyme when it was heterologously ex-
pressed and assayed, which supported the conclusion that, in sin-
gle species, single changes may be adaptive for optimal CAM.
However, PPC1 is the only PPC gene family member necessary
for CAM in Kalanchoé, and in the absence of PPC1, PPC2 did not
complement the mutation and rescue the CAM phenotype, de-
spite PPC2 transcripts being induced in the PPC1 RNAI lines
(Boxall et al. 2020). The most strongly silenced PPC1 RNAI line
lacked detectable PPC activity in mature CAM leaves and the
plants performed no detectable nocturnal atmospheric CO, as-
similation (Boxall et al. 2020). Such functional studies using trans-
genic mutants emphasize the crucial need for systematic mutant
studies of candidate CAM-recruited members of each CAM gene
family in order to confirm AA sequence level changes that may
be identified across multiple species are linked with the
CAM-recruited member of each CAM gene family.

Here, the breadth of CAM species sampling was extended to 7/
15 orders with known CAM origins, spanning both the Monocots
and Eudicots (Fig. 3G). The broad sampling together with the fuz-
ziness criterium inevitably led to phylogenetic bias to some de-
gree. Orchidaceae and Cactaceae were over-represented within
the CAM species (Fig. 3G). In 7 cases, phylogenetic bias was de-
tected, namely in the proteins DPE2, AMY3, SS1, SS3, and TDT
(Supplementary Data Set 1), which highlights that phylogenetic
bias was only a minor contributor to the conserved AA changes
detected here (Fig. 4D).

When taking CAM genes sensu lato into account, which ex-
panded the set of analyzed genes to include starch synthesis
and breakdown modules, as described in Schiller and Brautigam
(2021), the accumulation of putatively adaptive and conserved
changes was detected in the group of proteins involved in starch
synthesis and breakdown (Fig. 4D). Feike et al. (2022) reported
that a single AA mutation in B-amylase caused an accelerated
starch degradation phenotype in vivo, possibly by higher binding
affinity for its interaction partner, leading to more efficient starch
degradation. In the analysis presented here, this AA change was
not detected, but several other conserved changes in putative
CAM copies of proteins involved in starch synthesis and break-
down were detected. Two thirds of the proteins involved in carbo-
hydrate storage and breakdown (21/30) had fuzzily conserved
changes in their AA sequence between CAM and Cs species.
Among these proteins were PHS1 and DPE. PHS1 is a key player
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in phosphorolytic starch degradation. It catalyzes the phosphorol-
ysis of glucose residues to yield glucose-1-phosphate (Smith and
Zeeman 2020). Upon downregulation of the chloroplastidic PHS1
homologue in stable transgenic RNAI lines of the obligate CAM
plant, K. fedtschenkoi, the transgenic lines re-routed starch degra-
dation via the amylolytic route and had reduced dark CO, uptake,
reduced water-use efficiency, and an overall reduction in growth
(Ceusters et al. 2021). Two AA positions in PHS1 that were con-
served in Cs species were found to differ in >50% of the analyzed
CAM sequences (Fig. 4D and Supplementary Data Set 1). The AA
sequence changes shared in CAM species were found in the
same subset of species belonging to Orchidaceae and
Saxifragales, Crassulaceae. In both positions, a conserved polar
AA in C3 PHS1 was switched to a nonpolar and acidic AA, respec-
tively, in half of the analyzed CAM sequences. Among these spe-
cies is K. fedtschenkoi, which was analyzed in the study presented
by Ceusters et al. (2021). The AA positions identified here in
PHS1 together with the importance of this enzyme as a possibly
rate-limiting step for nocturnal carboxylation in CAM (Borland
and Dodd 2002; Cushman et al. 2008a; Haider et al. 2012), suggest
thatit may be important to include starch cycle engineering using
CAM protein isoforms into efforts to engineer CAM into non-CAM
species to enhance their water-use efficiency. The re-routing of
the pathway of starch degradation in the dark period in CAM spe-
cies may have been favored during the evolution of CAM due to
the capacity for CO, assimilation by PPC being dependent on noc-
turnal supply of PEP and the increased energetic demands of CAM
compared to Cs (Borland et al. 2016; Shameer et al. 2018). Export of
G6P from the chloroplast during nocturnal starch degradation of-
fers a specific energetic advantage since glycolytic conversion of
G6P to PEP in the cytosol provides ATP (Ceusters et al. 2021). In
contrast, the amylolytic route of leaf transitory starch breakdown
that is used by C; Arabidopsis in the dark leads to the export of
maltose and glucose from the chloroplast, and this in turn leads
to the requirement for glucose phosphorylation by hexokinase
in the cytosol, which consumes ATP, before sugar phosphates
can be converted to PEP through the rest of glycolysis. Modeling
of the CAM pathway using a flux-balance approach suggested
that the use of the phosphorolytic over the amylolytic pathway
for nocturnal starch breakdown could save 14% to 26% of noctur-
nal ATP consumption in CAM (Shameer et al. 2018).

DPE1 and DPE2 are also important for starch breakdown.
Borland et al. (2016) and Ceusters et al. (2019) have shown that
DPE2 activity was low in the CAM plants common ice plant,
Phalaenopsis “Edessa” and K. fedtschenkoi, which was assumed to
be a characteristic of CAM species. DPE? is involved in hydrolytic
starch breakdown by metabolizing exported maltose, butis notin-
volved in phosphorolytic starch breakdown. Here, 12 AA changes
were identified in the analyzed DPE2 homologues (Supplementary
Data Set 1). The detected changes in DPE2 from CAM species P.
equestris and K. fedtschenkoi were not identical, which may be due
to the independent origins of CAM in the different families ana-
lyzed, and may point to multiple evolutionary routes to the
same end. In comparison to that, DPE1, which is involved in
both starch breakdown pathways, was more active in K. fedtschen-
koi and common ice plant than in Arabidopsis in terms of the total
extractable activity measured in vitro (Borland et al. 2016;
Ceusters et al. 2019). There were also 12 changes in the AA se-
quence found for DPE1. Overall, the large number of fuzzily con-
served changes in starch synthesis and breakdown suggest that
the AA sequence and protein structure of enzymes involved in
starch metabolism may have adapted during the evolution of
CAM in the majority of CAM species.
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In conclusion, 154 AA positions were identified here as having
fuzzily conserved changes in CAM proteins when 20 CAM species
are compared with 27 C; species with many of the identified AA
changes clustering in particular proteins. The high number of
up to 21 fuzzily conserved changes per protein and the fuzzy con-
servation itself also suggests that each modification only contrib-
utes a small adaptation to the CAM pathway. In CAM engineering
into Cj efforts, it will therefore likely be critical to lift and transfer
the whole pathway from 1 species to make sure that a fitting com-
plement of modifications is transferred.

Phosphorylation and other PTMs have high
potential to regulate CAM

The 2 tested control mechanisms, abundance of transcripts and
proteins and changes to the protein sequence, cannot alone serve
to control flux through the CAM pathway. The abundance pattern
was notbinary (Fig. 2), and the changes to the AA sequence of CAM
proteins clustered in the, mostly chloroplast-localized, starch
synthesis and breakdown pathways (Fig. 4D). PTMs provide anoth-
er avenue to control the pathway, and are in fact the most thor-
oughly understood mechanisms for the temporal control of the
24-h CAM cycle. For example, characterization of transgenic
RNAI lines of Kalanchoé lacking detectable levels of PPCK and
with no nocturnal PPC phosphorylation displayed a 66% drop in
nocturnal CO, assimilation relative to the wild type, and the nor-
mally robust and high-amplitude free-running circadian rhythm
of CO, assimilation collapsed to arrythmia (Boxall et al. 2017).
We therefore analyzed the in vivo phosphorylation status of pro-
teins in CAM leaves of K. laxiflora using samples collected in the
middle of the light and dark period. We detected 1,805 nonredun-
dant phosphopeptides in 806 proteins. This is comparable to the
2,175 phosphopeptides in 1,255 proteins detected in a study re-
ported for the Cs species Arabidopsis (Nukarinen et al. 2016),
and comparable to the 2,232 phosphosites detected in 401 pro-
teins in rice (Hamzelou et al. 2021). The analysis here focused
on the proteins in the CAM pathway. A well-known PTM site
with regulatory function within the CAM pathway is the circadian
clock-controlled nocturnal phosphorylation of a conserved
N-terminal serine residue in PPC (Boxall et al. 2017). In the phos-
phoproteomic data collected here, the number of phospho-PPC
N-terminal peptides detected displayed differential abundance
between the dark and light, with roughly 2.5-fold higher abun-
dance of the phosphorylated peptide at zt20 (Supplementary
Table S6). In Arabidopsis plant-type PPC, this regulatory phos-
phorylation site occurs at Ser-11, whereas in K. laxiflora CAM
PPC1, the phosphorylatable serine is at Ser-8. Aligning PPC homo-
logues of 47 angiosperm species showed that serine was con-
served in ~74% of the sequences at this position. As predicted by
previous work, the phosphorylation of KIPPC1 at Ser-8 was more
abundant at zt20 in comparison to zt8, highlighting the known
mechanism for regulating the allosteric properties of PPC, with
Ser-8 phosphorylation leading specifically to a 10-fold decrease
in the sensitivity of the enzyme to feedback inhibition by
t-malate (Nimmo et al. 1986; Boxall et al. 2017; Li et al. 2023).
Protein abundance of PPC and total extractable specific activity re-
mained remarkably stable across the light/dark cycle in Kalanchoé
(Fig. 2B; Nimmo et al. 1984).

The second phosphorylation site detected as being differen-
tially abundant between the light and the dark was in the PPDK
regulatory protein, RP1, which can function both as a PPDK kinase
and PPDK phosphatase. This RP1 phosphosite was not shared be-
tween the 47 angiosperm species, but it was shared with a
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K. fedtschenkoi RP1 homologue. RP1 might therefore harbor a
Kalanchoé-specific phosphorylation site, which could allow the
regulation of RP1 activity via phosphorylation. The reaction medi-
ated by PPDK is an energetically costly reaction from pyruvate to
PEP because the reaction consumes energy in the form of ATP
(Chastain et al. 2011). Tight regulation of this step is therefore nec-
essary and this is achieved through the activity of RP1 through its
phosphorylation/dephosphorylation of PPDK (Dever et al. 2015).
Unlike PPCK, RP1 protein was detected at both zt8 and zt20,
but it was not significantly differentially abundant (Fig. 2).
Phosphorylation of the protein might activate RP1 at night, there-
by enabling the phosphorylation of PPDK, which in turn inhibits
this reaction in the dark. Given that PPDK-RPs can catalyze both
the phosphorylation and dephosphorylation of PPDK, it is tempt-
ing to propose based on our findings that the dephosphorylation
and activation of PPDK in the light in Kalanchoé may be achieved
due to the dephosphorylation of RP1;1i.e. dephospho-RP1 may func-
tion preferably as the PPDK phosphatase, whereas phospho-RP1
may function as the PPDK kinase.

When looking at the conservation of putative phosphorylation
sites across CAM proteins overall, proteins localized to both the
cytosol and chloroplast were identified as having conserved AAs
that might be phosphorylated (Fig. 6C). Phosphorylation is medi-
ated by protein kinases and regulates enzyme activity, protein
stability, protein subcellular localization, or protein—protein inter-
actions (Budde and Chollet 1988). Zhu et al. (2018) have analyzed
the kinome of pineapple and found 14 kinases that are potential
regulators involved in photosynthesis or CAM regulation based
on their spatiotemporal expression patterns. We analyzed public
circadian data of K. fedtschenkoi from the same genus as K. laxiflora
(JGI data release, Project ID: 1155736). A search for the conserved
protein kinase domains resulted in the identification of 1,109 can-
didate protein kinases, and 904 of these had rhythmic, circadian
transcript abundance patterns (Supplementary Figs. S2 and S3).
Only 1 protein kinase with rhythmic transcript abundance pattern
was predicted to be plastid localized indicating that proteins in the
plastid are perhaps less likely to be regulated by phosphorylation
mediated by nuclear-encoded protein kinases that are regulated
at the level of the transcript abundance. Other rhythmic protein
kinase candidates were mostly predicted to encode cytosolic pro-
teins (Supplementary Figs. S2 and S3). While the number of rhyth-
mic kinases was too high to allow a candidate test approach, the
high number demonstrates the extent of potential kinase-based
regulation for metabolic pathways such as CAM.

While phosphorylations have been studied for decades, more
recently, additional PTMs like acetylation and S-nitrosylation
have been analyzed for their regulatory importance (Finkemeier
etal. 2011; Hess and Stamler 2012). It has been shown that evolu-
tionarily conserved lysines serve as hotspots for acetylation
(Balparda et al. 2022). In the Arabidopsis homologues of CAM pro-
teins, 180 lysine acetylation sites are annotated in FAT-PTM (Cruz
etal. 2019). More than half of these lysines are conserved in the 47
angiosperm species analyzed, including the CAM species (Fig. 6B).
For example, a putative acetylation site was conserved in the ho-
mologues of PEP-CK, and it has been shown in mice that PEP-CK
toggles between carboxylation and decarboxylation depending
on its acetylation state (Latorre-Muro et al. 2018). Proteomics
analysis of acetylated peptides in a CAM species like K. laxiflora
might provide insights into whether these PTMs occur in a
time-structured manner in CAM proteins over each light/dark
cycle, thereby offering the potential for diel and possibly circa-
dian regulation of activity to support optimized timing of flux
through CAM.

Conclusion

The results presented here indicate that CAM regulation hap-
pens on multiple levels and is not limited to circadian or diel
regulation by de novo transcription. Transcript and protein
abundances were not found to change in an on/off pattern be-
tween light and dark except for the key circadian clock-
controlled regulatory protein kinase PPCK. This further ce-
ments the pivotal role of this protein kinase in ensuring optimal
temporal control of CAM over each 24-h light/dark cycle (Boxall
et al. 2017). In CAM species, starch synthesis and degradation
enzymes were found frequently to carry fuzzily conserved AA
sequence changes that may each contribute a small adaptation
to the altered metabolic fluxes that support efficient CAM, but
the carboxylation/decarboxylation enzymes lacked conserva-
tion of AA residue changes. Post-translational protein phos-
phorylation occurs in vivo in K. laxiflora CAM proteins
including 2 significantly differentially abundant phosphoryla-
tion sites. Bioinformatic analyses demonstrate the potential
for additional modifications such as cysteine nitrosylation and
lysine acetylation of conserved AAs, which highlights an area
that is ripe for further experimental investigation in the light
of the potential that these modifications may be involved in reg-
ulation and fine tuning of CAM.

Materials and methods
Plant material

K. laxiflora plants (Accession 2014091.4; source information in
Supplementary Table S7) were grown in a greenhouse in long
day conditions (16-h-light/8-h-dark; 20 °C in the light and 18 °C
in the dark) for about 22-weeks in 10 cm pots (compost mix con-
sisting of half volume sand “Wesersand” and half volume
“Fruhsdorfer Einheitserde T”). Leaf pairs (LP) 6-7, where LP1 are
the youngest, newly emerging leaves either side of the shoot api-
cal meristem, were harvested and snap-frozen in liquid nitrogen
in the middle of the light and dark period (corresponding to
Zeitgeber time (zt) zt8 and zt20, respectively) in 5 replicates for
proteomic analysis and in 3 replicates for RNA-seq analysis.
Plant tissue was ground under liquid nitrogen to a fine powder
and stored at —80 °C until use. Five further CAM species (Source
information in Supplementary Table S7) were selected from the
Bielefeld University greenhouse collection, namely E. abyssinica,
P. lamerei, X. danguyi, D. delicatum, and A. trigonus var. elongatus.
For these species, plant material was sampled at plus/minus 2 h
of the plants mid-day to avoid diurnal changes between samples
and snap-frozen in liquid nitrogen.

RNA-seq

After grinding in liquid nitrogen, RNA was extracted using Qlagen
RNeasy Plant Mini Kit according to manufacturer’s instructions
with addition of 13.5 pL PEG20,000 (50 mg mL~" stock) to 450 uL
RLC buffer. Sequencing libraries were constructed using the
Mlumina TruSeq library kit according to the manufacturer’s in-
structions and sequenced to a depth of 5.3 to 6.7 million reads
on the Illumina NextSeq500 for E. abyssinica, P. lamerei, A. trigonus
var. elongatus, X. danguyi, and D. delicatum, and to a depth of
7.6 to 88 million reads on the Illumina NextSeql000 for
K. laxiflora (Supplementary Table S8). For quantitative analysis,
the K. laxiflora reads were mapped against the reference with kal-
listo 0.44.0 (Bray et al. 2016) with the parameters set to -b 100,
-1 180, -s 20 and using the -single flag. Differentially abundant
transcripts were detected with edgeR using the classic mode
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(Robinson et al. 2009). Transcripts were considered significantly
differentially abundant if FDR-adjusted P-value (g-value)<0.01.
Gene Ontology (GO) enrichments in groups were determined
with TopGO using a classic Fisher’s exact test without adjustment
(Alexa and Rahnenfuhrer 2024) after GO annotation transfer
via protein blast from Arabidopsis (Arabidopsis thaliana). For the
qualitative analysis, the sequencing reads for E. abyssinica, P. la-
merel, X. danguyi, D. delicatum, and A. trigonus elongatus were
trimmed by Trimmomatic (settings: LEADING:3 TRAILING:3
SLIDINGWINDOW:4:15 MINLEN:3; Bolger et al. 2014) and used
for de novo assembly with Trinity v2.8.4 (Haas et al. 2013) using
default settings (—seqType fq —full_cleanup-normalize_by_read_-
set) and transcript sequences were translated to AA sequences us-
ing TransDecoder.LongOrfs (https:/github.com/TransDecoder/
TransDecoder.git).

Proteins—AA conservation—data

Protein FASTA files for K. fedtschenkoi, Eucalyptus grandis, Citrus clem-
entina, Brassica oleracea, Theobroma cacao, Ricinus communis, Gylcine
max, Arachis hypogaea, Trifolium pratense, Medicago truncatula,
Fragaria vesca, Beta vulgaris, Helianthus annuus, Mimulus guttatus,
Solanum lycopersicum, Brachypodium distachyon, Hordeum vulgare,
Oryza sativa, Dioscorea alata, Amborella trichopoda, and Spirodela polyrhi-
za were downloaded from JGI Phytozome v13 (Goodstein et al. 2012).
Protein FASTA files for Vanilla planifolia, Hylocereus undatus (also
known as Selenicereus undatus; Liu et al. 2021), Simmondsia chinensis,
Cucumis sativus L., Asparagus officinalis, Allium sativum, and Actinidia
chinensis were downloaded from PLAZA (Van Bel et al. 2022). The
Sedum album protein FASTA file was obtained from CoGe (https:/
genomevolution.org/coge/OrganismView.pl?oid=38427 version V3).
The protein FASTA file for Arabidopsis was downloaded from TAIR
(TAIR10_pep_20110103_representative_gene_model_updated).
Protein FASTA files for Apostasia shenzhenica, Dendrobium catenatum,
and P. equestris were obtained from the OrchidBase (Fu et al. 2011).
Publicly available RNA-seq data were downloaded and used for
de novo assembly with Trinity v2.8.4 as described above (Haas
et al. 2013) for Cymbidium atropurpureum, Dendrobium terminale,
Cymbidium mannii, Hylocereus polyrhizus, Lophophora williamsii,
Opuntia ficus-indica, Talinum fruticosum, and Yucca aloifolia. For the
full list of references for genome data and SRA (sequence read
archive) numbers see Supplementary Table S9. We used
TransDecoder (https:/github.com/TransDecoder/) to obtain protein
sequences where only transcriptome data was available, as de-
scribed above.

AA conservation and changes

OrthoFinder v2.3.7 (Emms and Kelly 2015) connected the homo-
logues of the 47 species in the analysis. For each OG containing
a CAM protein as identified by the Arabidopsis ID (for a list see
Schiller and Brautigam 2021), ClustalO v1.2.4 (Sievers et al. 2011)
aligned all protein sequences within the respective OG using the
default settings with only the longest isoform in the OG retained
for the data assembled with Trinity. The OG containing AMY3
was split manually using the phylogenetic tree generated by
ClustalO, because it contained not only Alpha Amylase 3
(AMY3), but also AMY1 and AMY?2.

A custom python script was used to determine AA positions
that were conserved across the Cs species, but displayed changes
in CAM species. Conservation of a position was defined as 80%
identity across all Cs sequences, independently of whether iden-
tity is caused by descent or convergent evolution, while functional
conservation of a position was defined as 80% identity in AA
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groups (nonpolar, polar, acidic, and basic) across all C5 sequences,
again independently of whether identity is caused by descent or
convergent evolution. Since CAM is not a binary trait and since dif-
ferent CAM species may use alternative paths to the same end, we
did not expect binary changes in the conservation pattern. For
every conserved position, we therefore determined whether the
CAM sequences were different from the conserved AA (or group)
in at least half of the sequences.

Proteomics analyses

Proteins were extracted from powdered leaves with lysis buffer (4%
(w/v) SDS, 100 mm Tris/HCl pH 7.6, 2.5:1, vol/sample weight) and pre-
pared for MS analysis following the SP3 protocol (Hughes et al. 2019),
but with the modification that 50 mm TCEP and 55 mm CAA were
used for reduction and alkylation. Aliquots of 50 pg peptides were
fractionated for full proteome analysis (Deng et al. 2021). For phos-
phopeptide enrichment, an input of 500 g was used following a pre-
viously published procedure (Nakagami 2014). LC-MS/MS analysis
was performed by using an EASY-nLC 1200 (Thermo Fisher) coupled
to an Exploris 480 mass spectrometer (Thermo Fisher). Separation of
peptides was performed on 20 cm frit-less silica emitters (CoAnn
Technologies, 0.75um inner diameter), packed in-house with
reversed-phase ReproSil-Pur Ci5 AQ 1.9 pm resin (Dr. Maisch). The
column was constantly kept at 50 °C. Peptides were eluted in
75 min applying a segmented linear gradient of 0% to 98% solvent
B (solvent A 0% ACN, 0.1% FA, solvent B 80% ACN, 0.1% FA) at a flow-
rate of 300 nL/min. Mass spectra were acquired in data-dependent
acquisition mode. MS* scans were acquired at an Orbitrap resolution
of 120,000 with a scan range (m/z) of 280 to 1500, a maximum injec-
tion time of 100 ms, and a normalized AGC target of 300%. For frag-
mentation, only precursors with charge states 2 to 6 were
considered. Up to 20 dependent scans were taken. For dynamic ex-
clusion, the duration was set to 40s and a mass tolerance of
+/-10 ppm. The isolation window was set to 1.6 m/z with no offset.
A normalized collision energy of 30 was used. MS? scans were taken
at an Orbitrap resolution of 15,000, with a fixed first mass (m/z)=
100. Maximum injection time was 150 ms and a normalized AGC
Target 5%. MS raw data were analyzed using MaxQuant (MQ)
2.1.3.0 and searched against a custom in-house K. laxiflora protein
FASTA and a list of common contaminants and a reverse decoy da-
tabase was included. All raw files from the proteome and phospho-
proteome were searched within one run using different parameter
groups and separated fractions. The “match between runs” feature
was enabled. Carbamidomethylation was used as fixed modification
and oxidation of methionine and N-terminal protein acetylation
were set as variable modifications. In addition, phosphorylation of
serine, threonine, and tyrosine were searched as variable modifica-
tions in the respective parameter group for the phosphopeptide-
enriched samples. Label-free quantification (LFQ) and intensity
based absolute quantification (IBAQ) were enabled for the parameter
group of full proteome runs.

Data were further analyzed with LIMMA (Ritchie et al. 2015)
after filtering for quantification in at least 3 out of 5 replicates in
1 condition. Protein groups that were only detected in 1 condition
with missing data in all 5 replicates of the other condition are re-
ported separately. Protein groups that were detected in both time
points were treated as follows: All missing values were omitted
from statistical analysis. LIMMA was applied on the LFQ values
and log, fold changes were calculated by logy((mean_day+1)/
(mean_night+1)). P-values were adjusted with Benjamini-
Hochberg adjustment (Benjamini and Hochberg 1995). Protein
groups were considered significantly differentially abundant if
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adjusted P-value < 0.05. GO enrichments were determined for pro-
tein groups that were significantly more abundant at night togeth-
er with protein groups that were only detected at night and for
protein groups that were significantly more abundant during the
day together with those that were only detected during the day.
Enrichments were determined with TopGO using classic Fisher's
exact test (Alexa and Rahnenfuhrer 2024) after GO annotation
via protein blast from Arabidopsis.

Phosphopeptides that were quantified at both time points with
atleast 3 out of 5 replicates of 1 condition identified were analyzed
for differential abundance using LIMMA (Ritchie et al. 2015).
LIMMA was applied on the intensity-values and the log, fold
changes were calculated as follows: log,((mean_day + 1)/(mean_
night+ 1)). P-values were adjusted by Benjamini-Hochberg adjust-
ment (Benjamini and Hochberg 1995) and phosphopeptides were
considered significantly differentially abundant if adjusted
P-value <0.05. Phosphorylated peptides that were only detected
in 1 condition are reported separately.

Conservation of potential PTM sites

For analysis of the conservation of AAs that is putative targets to
PTM, we used the same OGs and alignments of 47 angiosperm spe-
cies as described before. No distinction between C; and CAM pho-
tosynthesis type was made because the aim was to identify the
regulatory architecture, which was predicted to be conserved be-
tween CAM and Cs plants.

The 78 Arabidopsis homologues of CAM proteins (Schiller and
Brautigam 2021; Supplementary Table S5) were analyzed for the
occurrence and positions of PTMs (phosphorylation, acetylation,
and S-nitrosylation) in Arabidopsis using the database FAT-PTM
(Cruzetal. 2019). To test their potential for regulation in CAM spe-
cies, the conservation of the AA at the respective position in the
alignment across the homologues was determined. The AA was
considered conserved if it was identical to the Arabidopsis AA in
at least 70% of the available sequences.

Accession numbers

RNA-seq data generated during this study is available at NCBI SRA
under BioProject ID PRJNA1172678. For proteomics and phospho-
proteomics experiments, raw and MQ txt files, as well as the cus-
tom protein FASTA file are available via JPost identifier
JPST003223. Accession numbers of the major genes and proteins
analyzed in this study are summarized in Supplementary
Table S5.

Acknowledgments

The authors gratefully acknowledge Christine Schliiter, Paulina
Heinkow, and Marcus Hopfner for expert technical assistance
and the CeBiTec compute cluster for computational resources.
Pathway figures (4D, 5, 6C) were created with BioRender.com.

Author contributions

K.S. produced, analyzed, interpreted data, and co-wrote the
manuscript. S.J. analyzed data. S.Z. analyzed data. P.V. produced
data. J.H. provided material, interpreted data, and co-wrote the
manuscript. J.E. produced and analyzed data. I.F. provided mate-
rials, aided in experimental design, supervised, and interpreted
data. A.B. conceived of the study, supervised, interpreted data,
and edited the manuscript.

Supplementary data

The following materials are available in the online version of this
article.

Supplementary Figure S1. Correlation matrix for all replicates
of proteomics data for K. laxiflora mid-day vs mid-night.

Supplementary Figure S2. Principal component analysis of K.
fedtschenkoi time-course data.

Supplementary Figure S3. Heatmap of z-score normalized tpm
data from K. fedtschenkoi kinases.

Supplementary Table S1. GO analysis of transcripts downre-
gulated at night.

Supplementary Table S2. GO analysis of transcripts upregu-
lated at night.

Supplementary Table S3. GO analysis of proteins upregulated
at night.

Supplementary Table S4. GO analysis of proteins downregu-
lated at night.

Supplementary Table S5. Overview of all genes analyzed with
transcript changes, protein changes, fuzzily conserved AA
changes and conserved AAs for PTMs.

Supplementary Table S6. Detected Phosphopeptides in K.
laxiflora.

Supplementary Table S7. Source information for plants se-
quenced in this publication.

Supplementary Table S8. Overview of RNA-seq samples with
SRA accessions.

Supplementary Table S9. List of species used for the analysis
of PTM conservation and differences between amino acid se-
quence of CAM and C3 homologues with references.

Supplementary Data Set 1. Fuzzily conserved positions.

Funding

This research was funded by Bielefeld University and the DFG (in-
strumentation INST 211/744-1 FUGG).
Conflict of interest statement. None declared.

References

Abraham PE, Hurtado Castano N, Cowan-Turner D, Barnes J, Poudel
S, Hettich R, Flitsch S, Santelia D, Borland AM. Peeling back the
layers of crassulacean acid metabolism: functional differentia-
tion between Kalanchoé fedtschenkoi epidermis and mesophyll
proteomes. Plant J. 2020:103(2):869-888. https://doi.org/10.1111/
tpj.14757

Abraham PE, Yin H, Borland AM, Weighill D, Lim SD, De Paoli HC,
Engle N, Jones PC, Agh R, Weston DJ, et al. Transcript,
protein and metabolite temporal dynamics in the CAM plant
Agave. Nat Plants. 2016:2(12):16178. https:/doi.org/10.1038/
nplants.2016.178

Aldous SH, Weise SE, Sharkey TD, Waldera-Lupa DM, Stihler K,
Mallmann J, Groth G, Gowik U, Westhoff P, Arsova B. Evolution
of the phosphoenolpyruvate carboxylase protein kinase family
in C3 and C4 flaveria spp. Plant Physiol. 2014:165(3):1076-1091.
https://doi.org/10.1104/pp.114.240283

Alexa A, Rahnenfuhrer]. topGO enrichment analysis for gene ontol-
ogy. R package version 2.58.0. 2024.

Antony E, Taybi T, Courbot M, Mugford ST, Smith JAC, Borland AM.
Cloning, localization and expression analysis of vacuolar sugar
transporters in the CAM plant Ananas comosus (pineapple). J
Exp Bot. 2008:59:1895-1908. https://doi.org/10.1093/jxb/ern077


http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
https://BioRender.com
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf095#supplementary-data
https://doi.org/10.1111/tpj.14757
https://doi.org/10.1111/tpj.14757
https://doi.org/10.1038/nplants.2016.178
https://doi.org/10.1038/nplants.2016.178
https://doi.org/10.1104/pp.114.240283
https://doi.org/10.1093/jxb/ern077

Arrivault S, Obata T, Szecéwka M, Mengin V, Guenther M, Hoehne M,
Fernie AR, Stitt M. Metabolite pools and carbon flow during C4
photosynthesis in maize: 13CO 2 labeling kinetics and cell type
fractionation. J Exp Bot. 2017:68(2):283-298. https://doi.org/10.
1093/jxb/erw414

Balcke GU, Vahabi K, Giese J, Finkemeier I, Tissier A. Coordinated
metabolic adaptation of Arabidopsis thaliana to high light.
Plant J. 2024:120(1). https://doi.org/10.1111/tpj. 16992

Balparda M, Elsdsser M, Badia MB, Giese ], Bovdilova A, Hudig M,
Reinmuth L, Eirich J, Schwarzlander M, Finkemeier I, et al
Acetylation of conserved lysines fine-tunes mitochondrial ma-
late dehydrogenase activity in land plants. Plant J. 2022:109(1):
92-111. https://doi.org/10.1111/tpj.15556

Bantscheff M, Schirle M, Sweetman G, Rick J, Kuster B. Quantitative
mass spectrometry in proteomics: a critical review. Anal
Bioanal Chem. 2007:389(4):1017-1031. https://doi.org/10.1007/
500216-007-1486-6

Benjamini Y, HochbergY. Controlling the false discovery rate: a prac-
tical and powerful approach to multiple testing. ] R Stat Soc.
1995:57(1):289-300.  https://doi.org/10.1111/1.2517-6161.1995.
tb02031.x

Blasing OE, Westhoff P, Svensson P. Evolution of C4 phosphoenolpyr-
uvate carboxylase in Flaveria, a conserved serine residue in the
carboxyl-terminal part of the enzyme is a major determinant for
C4-specific characteristics. J Biol Chem. 2000:275(36):27917-27923.
https://doi.org/10.1074/jbc.M909832199

Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for
illumina sequence data. Bioinformatics. 2014:30(15):2114-2120.
https://doi.org/10.1093/bioinformatics/btul70

Borland AM, Dodd AN. Carbohydrate partitioning in crassulacean
acid metabolism plants: reconciling potential conflicts of inter-
est. Funct Plant Biol. 2002:29(6):707-716. https://doi.org/10.1071/
PP01221

Borland AM, Griffiths H, Hartwell J, Smith JAC. Exploiting the poten-
tial of plants with crassulacean acid metabolism for bioenergy
production on marginal lands. ] Exp Bot. 2009:60(10):2879-2896.
https://doi.org/10.1093/jxb/erp118

Borland AM, Guo H-B, Yang X, Cushman JC. Orchestration of
carbohydrate processing for crassulacean acid metabolism.
Curr Opin Plant Biol. 2016:31:118-124. https:/doi.org/10.1016/j.
pbi.2016.04.001

Borland AM, Hartwell J, Weston DJ, Schlauch KA, Tschaplinski TJ,
Tuskan GA, Yang X, Cushman JC. Engineering crassulacean
acid metabolism to improve water-use efficiency. Trends
Plant Sci. 2014:19(5):327-338. https://doi.org/10.1016/j.tplants.
2014.01.006

Boxall SF, Dever LV, Knefova J, Gould PD, Hartwell J. Phosphorylation
of phosphoenolpyruvate carboxylase is essential for maximal
and sustained dark CO2 fixation and core circadian clock opera-
tion in the obligate crassulacean acid metabolism species
Kalanchoé fedtschenkoi. Plant Cell. 2017:29(10):2519. https:/doi.
0rg/10.1105/tpc.17.00301

Boxall SF, Foster JM, Bohnert HJ, Cushman JC, Nimmo HG, Hartwell J.
Conservation and divergence of circadian clock operation in a
stress-inducible Crassulacean acid metabolism species reveals
clock compensation against stress. Plant Physiol. 2005:137(3):
969-982. https://doi.org/10.1104/pp.104.054577

Boxall SF,Kadu N, Dever LV, Knerova J, Waller JL, Gould PJD, Hartwell
J. Kalanchoé PPC1 is essential for crassulacean acid metabolism
and the regulation of core circadian clock and guard cell signaling
genes[CC-BY]. Plant Cell. 2020:32(4):1136-1160. https://doi.org/10.
1105/tpc.19.00481

Regulation of Crassulacean acid metabolism | 17

Brautigam A, Kajala K, Wullenweber J, Sommer M, Gagneul D, Weber
KL, Carr KM, Gowik U, Maf3 ], Lercher MJ, et al. An mRNA blueprint
for C4 photosynthesis derived from comparative transcriptomics
of closely related C3 and C4 species. Plant Physiol. 2011:155(1):
142-156. https://doi.org/10.1104/pp.110.159442

Brdautigam A, Schliesky S, Kilahoglu C, Osborne CP, Weber APM.
Towards an integrative model of C4 photosynthetic subtypes: in-
sights from comparative transcriptome analysis of NAD-ME,
NADP-ME, and PEP-CK C4 species. J Exp Bot. 2014:65(13):
3579-3593. https://doi.org/10.1093/jxb/eru100

Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic
RNA-seq quantification. Nat Biotechnol. 2016:34(5):525-527.
https://doi.org/10.1038/nbt.3519

Brilhaus D, Brautigam A, Mettler-Altmann T, Winter K, Weber APM.
Reversible burst of transcriptional changes during induction of
crassulacean acid metabolism in Talinum triangulare. Plant
Physiol. 2016:170(1):102-122. https:/doi.org/10.1104/pp.15.01076

Budde RJA, Chollet R. Regulation of enzyme activity in plants by re-
versible phosphorylation. Physiol Plant. 1988:72(2):435-439.
https:/doi.org/10.1111/j.1399-3054.1988.tb05857.x

Ceusters N, Ceusters J, Hurtado-Castano N, Dever LV, Boxall SF,
Knetrova J, Waller JL, Rodick R, Van Den Ende W, Hartwell J,
et al. Phosphorolytic degradation of leaf starch via plastidic
a-glucan phosphorylase leads to optimized plant growth and
water use efficiency over the diel phases of Crassulacean acid
metabolism. ] Exp Bot. 2021:72(12):4419-4434. https://doi.org/10.
1093/jxb/erab132

Ceusters N, Frans M, Van den Ende W, Ceusters J. Maltose processing
and not B-amylase activity curtails hydrolytic starch degradation
in the CAM orchid phalaenopsis. Front Plant Sci. 2019:10:1-12.
https://doi.org/10.3389/fpls.2019.01386

Chastain CJ, Failing CJ, Manandhar L, Zimmerman MA, Lakner MM,
Nguyen THT. Functional evolution of C 4 pyruvate, orthophos-
phate dikinase. ] Exp Bot. 2011:62(9):3083-3091. https:/doi.org/
10.1093/jxb/err058

Christin P-A, Arakaki M, Osborne CP, Brautigam A, Sage RF, Hibberd
JM, Kelly S, Covshoff S, Wong GK-S, Hancock L, et al. Shared ori-
gins of a key enzyme during the evolution of C4 and CAM metab-
olism. J Exp Bot. 2014:65(13):3609-3621. https://doi.org/10.1093/
jxb/eru087

Christin P-A, Edwards EJ, Besnard G, Boxall SF, Gregory R, Kellogg EA,
Hartwell ], Osborne CP. Adaptive evolution of C 4 photosynthesis
through recurrent lateral gene transfer. Curr Biol. 2012:22(5):
445-449. https://doi.org/10.1016/j.cub.2012.01.054

Christin P-A, Salamin N, Muasya AM, Roalson EH, Russier F, Besnard
G. Evolutionary switch and genetic convergence on rbcL follow-
ing the evolution of C4 photosynthesis. Mol Biol Evol.
2008:25(11):2361-2368. https://doi.org/10.1093/molbev/msn178

Christin P-A, Salamin N, Savolainen V, Duvall MR, Besnard G. C4
photosynthesis evolved in grasses via parallel adaptive genetic
changes. Curr Biol. 2007:17(14):1241-1247. https://doi.org/10.
1016/j.cub.2007.06.036

Christin P-A, Samaritani E, Petitpierre B, Salamin N, Besnard G.
Evolutionary insights on C4 photosynthetic subtypes in grasses
from genomics and phylogenetics. Genome Biol Evol. 2009:1:
221-230. https://doi.org/10.1093/gbe/evp020

Christopher JT, Holtum JAM. Patterns of carbon partitioning in leaves
of crassulacean acid metabolism Species during deacidification.
Plant Physiol. 1996:112(1):393-399. https://doi.org/10.1104/pp.112.
1.393

Christopher JT, Holtum JAM. Carbohydrate partitioning in the leaves
of Bromeliaceae performing C3 photosynthesis or Crassulacean


https://doi.org/10.1093/jxb/erw414
https://doi.org/10.1093/jxb/erw414
https://doi.org/10.1111/tpj.16992
https://doi.org/10.1111/tpj.15556
https://doi.org/10.1007/s00216-007-1486-6
https://doi.org/10.1007/s00216-007-1486-6
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1074/jbc.M909832199
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1071/PP01221
https://doi.org/10.1071/PP01221
https://doi.org/10.1093/jxb/erp118
https://doi.org/10.1016/j.pbi.2016.04.001
https://doi.org/10.1016/j.pbi.2016.04.001
https://doi.org/10.1016/j.tplants.2014.01.006
https://doi.org/10.1016/j.tplants.2014.01.006
https://doi.org/10.1105/tpc.17.00301
https://doi.org/10.1105/tpc.17.00301
https://doi.org/10.1104/pp.104.054577
https://doi.org/10.1105/tpc.19.00481
https://doi.org/10.1105/tpc.19.00481
https://doi.org/10.1104/pp.110.159442
https://doi.org/10.1093/jxb/eru100
https://doi.org/10.1038/nbt.3519
https://doi.org/10.1104/pp.15.01076
https://doi.org/10.1111/j.1399-3054.1988.tb05857.x
https://doi.org/10.1093/jxb/erab132
https://doi.org/10.1093/jxb/erab132
https://doi.org/10.3389/fpls.2019.01386
https://doi.org/10.1093/jxb/err058
https://doi.org/10.1093/jxb/err058
https://doi.org/10.1093/jxb/eru087
https://doi.org/10.1093/jxb/eru087
https://doi.org/10.1016/j.cub.2012.01.054
https://doi.org/10.1093/molbev/msn178
https://doi.org/10.1016/j.cub.2007.06.036
https://doi.org/10.1016/j.cub.2007.06.036
https://doi.org/10.1093/gbe/evp020
https://doi.org/10.1104/pp.112.1.393
https://doi.org/10.1104/pp.112.1.393

18 | Plant Physiology, 2025, Vol. 197, No. 4

acid metabolism. Aust J Plant Physiol. 1998:25:371-376. http://dx.
doi.org/10.1071/PP98005

Crego CG, Saadain S, de La Harpe M, Hess J, Barfuss MHJ, Till W, Lexer
C, Paun O. Closely related facultative and constitutive CAM phe-
notypes activate different transcriptional responses upon water
withholding in the subgenus Tillandsia. bioRxiv 593278. 2024.
http://dx.doi.org/10.1101/2024.05.09.593278. 11 January 2025,
preprint: not peer reviewed.

Cruz ER, Nguyen H, Nguyen T, Wallace IS. Functional analysis tools
for post-translational modification: a post-translational modifi-
cation database for analysis of proteins and metabolic pathways.
Plant J. 2019:99(5):1003-1013. https://doi.org/10.1111/tpj.14372

Cushman JC, Agarie S, Albion RL, Elliot SM, Taybi T, Borland AM.
Isolation and characterization of mutants of common ice plant
deficient in crassulacean acid metabolism. Plant Physiol.
2008a:147(1):228-238. https:/doi.org/10.1104/pp.108.116889

Cushman JC, Tillett RL, Wood JA, Branco JM, Schlauch KA.
Large-scale mRNA expression profiling in the common ice plant,
Mesembryanthemum crystallinum, performing C3 photosynthe-
sis and Crassulacean acid metabolism (CAM). J Exp Bot. 2008b:59:
1875-1894. https://doi.org/10.1093/jxb/ern008

Deng W, Sha J, Plath K, Wohlschlegel JA. Carboxylate-modified mag-
neticbead (CMMB)-based isopropanol gradient peptide fractiona-
tion (CIF) enables rapid and robust off-line peptide mixture
fractionation in bottom-up proteomics. Mol Cell Proteomics.
2021:20:100039. https://doi.org/10.1074/MCP.RA120.002411

Dever LV, Boxall SF, Knetova J, Hartwell J. Transgenic perturbation of
the decarboxylation phase of crassulacean acid metabolism al-
ters physiology and metabolism but has only a small effect on
growth1[OPEN]. Plant Physiol. 2015:167(1):44-59. https://doi.org/
10.1104/pp.114.251827

Dodd AN, Borland AM, Haslam RP, Griffiths H, Maxwell K.
Crassulacean acid metabolism: plastic, fantastic. ] Exp Bot.
2002:53(369):569-580. https:/doi.org/10.1093/jexbot/53.369.569

Emmerlich V, Linka N, Reinhold T, Hurth MA, Traub M, Martinoia E,
Neuhaus HE. The plant homolog to the human sodiumdicarbox-
ylic cotransporter is the vacuolar malate carrier. Proc Natl Acad Sci
U S A. 2003:100(19):11122-11126. https://doi.org/10.1073/pnas.
1832002100

Emms DM, Kelly S. OrthoFinder: solving fundamental biases in
whole genome comparisons dramatically improves orthogroup
inference accuracy. Genome Biol. 2015:16(1):1-14. https://doi.org/
10.1186/513059-015-0721-2

Feike D, Pike M, GurrieriL, Graf A, Smith AM. A dominant mutation in
B-AMYLASE1 disrupts nighttime control of starch degradation in
Arabidopsis leaves. Plant Physiol. 2022:188:1979-1992. https://doi.
org/10.1093/plphys/kiab603

Ferrari C, Proost S, Janowski M, Becker ], Nikoloski Z, Bhattacharya D,
Price D, Tohge T, Bar-Even A, Fernie A, et al. Kingdom-wide com-
parison reveals the evolution of diurnal gene expression in
Archaeplastida. Nat Commun. 2019:10(1):737. https:/doi.org/10.
1038/s41467-019-08703-2

Finkemeier I, Laxa M, Miguet L, Howden AJM, Sweetlove L]. Proteins
of diverse function and subcellular location are lysine acetylated
in Arabidopsis. Plant Physiol. 2011:155(4):1779-1790. https:/doi.
0rg/10.1104/pp.110.171595

Fontaine V, Hartwell J, Jenkins GI, Nimmo HG. Arabidopsis thaliana
contains two phosphoenolpyruvate carboxylase kinase genes
with different expression patterns. Plant Cell Environ. 2002:25(1):
115-122. https://doi.org/10.1046/j.0016-8025.2001.00805.x

Fu CH, Chen YW, Hsiao YY, Pan ZJ, Liu Z], Huang YM, Tsai WC, Chen
HH. OrchidBase: a collection of sequences of the transcriptome

derived from orchids. Plant Cell Physiol. 2011:52(2):238-243.
https://doi.org/10.1093/pcp/pcq201

Gilman IS, Edwards EJ. Crassulacean acid metabolism. Curr Biol.
2020:30(2):R57-R62. https://doi.org/10.1016/j.cub.2019.11.073

Gilman IS, Moreno-Villena JJ, Lewis ZR, Goolsby EW, Edwards EJ.
Gene co-expression reveals the modularity and integration of
C4 and CAM in Portulaca. Plant Physiol. 2022:189(2):735-753.
https://doi.org/10.1093/plphys/kiac116

Gilman IS, Smith JCA, Holtum JAM, Sage RF, Silvera K, Winter K,
Edwards EJ. The CAM lineages of planet earth. Ann Bot.
2023:132(4):627-654. https://doi.org/10.1093/a0b/mcad135

Goodstein DM, Shu S, Howson R, Neupane R, Hayes RD, Fazo J, Mitros
T, Dirks W, Hellsten U, Putnam N, et al. Phytozome: a comparative
platform for green plant genomics. Nucleic Acids Res. 2012:40(D1):
1178-1186. https://doi.org/10.1093/nar/gkro44

Goolsby EW, Moore AJ, Hancock LP, De Vos JM, Edwards EJ. Molecular
evolution of key metabolic genes during transitions to C 4 and
CAM photosynthesis. Am J Bot. 2018:105(3):602-613. https:/doi.
0rg/10.1002/ajb2.1051

Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, BowdenJ,
Couger MB, Eccles D, Li B, Lieber M, et al. De novo transcript se-
quence reconstruction from RNA-seq using the Trinity platform
for reference generation and analysis. Nat Protoc. 2013:8(8):
1494-1512. https://doi.org/10.1038/nprot.2013.084

Haider MS, Barnes JD, Cushman JC, Borland AM. A CAM-and starch-
deficient mutant of the facultative CAM  species
Mesembryanthemum crystallinum reconciles sink demands by
repartitioning carbon during acclimation to salinity. J Exp Bot.
2012:63(5):1985-1996. https://doi.org/10.1093/jxb/err412

Hamzelou S, Melino VJ, Plett DC, Kamath KS, Nawrocki A, Larsen MR,
Atwell BJ, Haynes PA. The phosphoproteome of rice leaves re-
sponds to water and nitrogen supply. Mol Omics. 2021:17(5):
706-718. https://doi.org/10.1039/D1M0O00137]

Hartwell J, Dever LV, Boxall SF. Emerging model systems for func-
tional genomics analysis of Crassulacean acid metabolism. Curr
Opin Plant Biol. 2016:31:100-108. https://doi.org/10.1016/j.pbi.
2016.03.019

Hartwell J, Gill A, Nimmo GA, Wilkins MB, Jenkins GI, Nimmo HG.
Phosphoenolpyruvate carboxylase kinase is a novel protein
kinase regulated at the level of expression. Plant J. 1999:20(3):
333-342. https://doi.org/10.1046/j.1365-313X.1999.00609.x

Hartwell J, Smith LH, Wilkins MB, Jenkins GI, Nimmo HG. Higher
plant phosphoenolpyruvate carboxylase kinase is regulated at
the level of translatable mRNA in response to light or a circadian
rhythm. Plant J. 1996:10(6):1071-1078. https://doi.org/10.1046/].
1365-313X.1996.10061071.x

Hermida-Carrera C, Fares MA, Font-Carrascosa M, Kapralov MV,
Koch MA, Mir A, Molins A, Ribas-Carbdé M, Rocha J, Galmés J.
Exploring molecular evolution of Rubisco in C3 and CAM
Orchidaceae and Bromeliaceae. BMC Evol Biol. 2020:20(1):1-17.
https://doi.org/10.1186/s12862-019-1551-8

Hess DT, Stamler JS. Regulation by S-nitrosylation of protein post-
translational modification. J Biol Chem. 2012:287(7):4411-4418.
https://doi.org/10.1074/jbc.R111.285742

Heyduk K, McAssey EV, Leebens-Mack J. Differential timing of gene
expression and recruitment in independent origins of CAM in
the Agavoideae (Asparagaceae). New Phytol. 2022:235(5):
2111-2126. https://doi.org/10.1111/nph.18267

Heyduk K, RayJN, Ayyampalayam S, Moledina N, Borland A, Harding
SA, Tsai C-J, Leebens-Mack J. Shared expression of crassulacean
acid metabolism (CAM) genes pre-dates the origin of CAM in
the genus Yucca. J Exp Bot. 2019:70:6597-6609: https://doi.org/
10.1093/jxb/erz105


http://dx.doi.org/10.1071/PP98005
http://dx.doi.org/10.1071/PP98005
http://dx.doi.org/10.1101/2024.05.09.593278
https://doi.org/10.1111/tpj.14372
https://doi.org/10.1104/pp.108.116889
https://doi.org/10.1093/jxb/ern008
https://doi.org/10.1074/MCP.RA120.002411
https://doi.org/10.1104/pp.114.251827
https://doi.org/10.1104/pp.114.251827
https://doi.org/10.1093/jexbot/53.369.569
https://doi.org/10.1073/pnas.1832002100
https://doi.org/10.1073/pnas.1832002100
https://doi.org/10.1186/s13059-015-0721-2
https://doi.org/10.1186/s13059-015-0721-2
https://doi.org/10.1093/plphys/kiab603
https://doi.org/10.1093/plphys/kiab603
https://doi.org/10.1038/s41467-019-08703-2
https://doi.org/10.1038/s41467-019-08703-2
https://doi.org/10.1104/pp.110.171595
https://doi.org/10.1104/pp.110.171595
https://doi.org/10.1046/j.0016-8025.2001.00805.x
https://doi.org/10.1093/pcp/pcq201
https://doi.org/10.1016/j.cub.2019.11.073
https://doi.org/10.1093/plphys/kiac116
https://doi.org/10.1093/aob/mcad135
https://doi.org/10.1093/nar/gkr944
https://doi.org/10.1002/ajb2.1051
https://doi.org/10.1002/ajb2.1051
https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1093/jxb/err412
https://doi.org/10.1039/D1MO00137J
https://doi.org/10.1016/j.pbi.2016.03.019
https://doi.org/10.1016/j.pbi.2016.03.019
https://doi.org/10.1046/j.1365-313X.1999.00609.x
https://doi.org/10.1046/j.1365-313X.1996.10061071.x
https://doi.org/10.1046/j.1365-313X.1996.10061071.x
https://doi.org/10.1186/s12862-019-1551-8
https://doi.org/10.1074/jbc.R111.285742
https://doi.org/10.1111/nph.18267
https://doi.org/10.1093/jxb/erz105
https://doi.org/10.1093/jxb/erz105

Holtum JAM. The diverse diaspora of CAM-a pole-to-pole sketch. Ann
Bot. 2023:132:597-625. https://doi.org/10.1093/aob/mcad067

Huang P, Studer AJ, Schnable JC, Kellogg EA, Brutnell TP. Cross spe-
cies selection scans identify components of C4 photosynthesis
in the grasses. J Exp Bot. 2017:68(2):127-135. https://doi.org/10.
1093/jxb/erw256

Hughes CS, Moggridge S, Mller T, Sorensen PH, Morin GB, Krijgsveld
J. Single-pot, solid-phase-enhanced sample preparation for pro-
teomics experiments. Nat Protoc. 2019:14(1):68-85. https://doi.
0rg/10.1038/541596-018-0082-x

John CR, Smith-Unna RD, Woodfield H, Covshoff S, Hibberd JM.
Evolutionary convergence of cell-specific gene expression in in-
dependent lineages of C4 grasses. Plant Physiol. 2014:165(1):
62-75. https://doi.org/10.1104/pp.114.238667

Keeling PL, Myers AM. Biochemistry and genetics of starch synthesis.
Annu Rev Food Sci Technol. 2010:1(1):271-303. https://doi.org/10.
1146/annurev.food.102308.124214

Kovermann P, Meyer S, Hortensteiner S, Picco C, Scholz-Starke J,
Ravera S, Lee Y, Martinoia E. The Arabidopsis vacuolar malate
channel is a member of the ALMT family. Plant J. 2007:52(6):
1169-1180. https://doi.org/10.1111/j.1365-313X.2007.03367.x

Latorre-Muro P, Baeza J, Armstrong EA, Hurtado-Guerrero R,
Corzana F, Wu LE, Sinclair DA, Lépez-Buesa P, Carrodeguas JA,
Denu JM. Dynamic acetylation of phosphoenolpyruvate carboxy-
kinase toggles enzyme activity between gluconeogenic and ana-
plerotic reactions. Mol Cell. 2018:71(5):718-732.€9. https://doi.
org/10.1016/j.molcel.2018.07.031

Li C,Huang W, Han X, Zhao G, Zhang W, He W, Nie B, Chen X, Zhang
T, Bai W, et al. Diel dynamics of multi-omics in elkhorn fern pro-
vides new insights into weak CAM photosynthesis. Plant Commun.
2023:4:100594. https://doi.org/10.1016/j.xplc.2023.100594

Liu J, Liu Z-Y, Zheng C, Niu Y-F. Complete chloroplast genome se-
quence and phylogenetic analysis of dragon fruit (Selenicereus
undatus (Haw.) D.R.Hunt). Mitochondrial DNA B Resour. 2021:6(3):
1154-1156. https://doi.org/10.1080/23802359.2021.1903356

Ludwig M, Hartwell ], Raines CA, Simkin AJ. The
Calvin-Benson-Bassham cycle in C4 and Crassulacean acid me-
tabolism species. Semin Cell Dev Biol. 2024:155:10-22. https://doi.
0rg/10.1016/j.semcdb.2023.07.013

Majeran W, Cai 'Y, Sun Q, Van Wijk KJ. Functional differentiation of
bundle sheath and mesophyll maize chloroplasts determined
by comparative proteomics. Plant Cell. 2005:17(11):3111-3140.
https://doi.org/10.1105/tpc.105.035519

Martinoia E, Maeshima M, Neuhaus HE. Vacuolar transporters and
their essential role in plant metabolism. J Exp Bot. 2007:58:
83-102. https://doi.org/10.1093/jxb/erl183

Meimoun P, Gousset-Dupont A, Lebouteiller B, Ambard-Bretteville F,
Besin E, Lelarge C, Mauve C, Hodges M, Vidal]J. The impact of PEPC
phosphorylation on growth and development of Arabidopsis
thaliana: molecular and physiological characterization of PEPC
kinase mutants. FEBS Lett. 2009:583(10):1649-1652. https:/doi.
0rg/10.1016/j.febslet.2009.04.030

Ming R, VanBuren R, Wai CM, Tang H, Schatz MC, Bowers JE, Lyons E,
Wang M-L, Chen ], Biggers E, et al. The pineapple genome and the
evolution of CAM photosynthesis. Nat Genet. 2015:47(12):
1435-1442. https://doi.org/10.1038/ng.3435

Mockler TC, Michael TP, Priest HD, Shen R, Sullivan CM, Givan SA,
Mcentee C, Kay SA, Chory J (2007) The DIURNAL project:
DIURNAL and circadian expression profiling, model-based pat-
tern matching, and promoter analysis. Cold Spring Harb
Symp Quant Biol. 2007:72:353-363. https://doi.org/10.1101/sgb.
2007.72.006

Regulation of Crassulacean acid metabolism | 19

Nakagami H. StageTip-based HAMMOC, an efficient and inexpensive
phosphopeptide enrichment method for plant shotgun phospho-
proteomics. Methods Mol Biol. 2014:1072:595-607. https://doi.org/
10.1007/978-1-62703-631-3_40

Neuhaus HE, Schulte N. Starch degradation in chloroplasts isolated
from C 3 or CAM (crassulacean acid metabolism)-induced
Mesembryanthemum crystallinum L. Biochem J. 1996:318(Pt 3):
945-953. https://doi.org/10.1042/bj3180945

Nimmo GA, Nimmo HG, Fewson CA, Wilkins MB. Diurnal changes in
the properties of phosphoenolpyruvate carboxylase in
Bryophyllum leaves: a possible co valent modification. FEBS Lett.
1984:178(2):199-203. https://doi.org/10.1016/0014-5793(84)80600-6

Nimmo GA, Nimmo HG, Hamilton ID, Fewson CA, Wilkinst MB.
Purification of the phosphorylated night form and dephosphory-
lated day form of phosphoenolpyruvate carboxylase from
Bryophyllum fedtschenkoi. Biochem J. 1986:239:213-220. https://
doi.org/10.1042/bj2390213

Nukarinen E, Ngele T, Pedrotti L, Wurzinger B, Mair A, Landgraf R,
Bérnke F, Hanson J, Teige M, Baena-Gonzalez E, et al
Quantitative phosphoproteomics reveals the role of the AMPK
plant ortholog SnRK1 as a metabolic master regulator under en-
ergy deprivation. Sci Rep. 2016:6:31697. https:/doi.org/10.1038/
srep31697

Paulus JK, Schlieper D, Groth G. Greater efficiency of photosynthetic
carbon fixation due to single amino-acid substitution. Nat
Commun. 2013:4(1):4-10. https://doi.org/10.1038/ncomms2504

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK.
Limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res.
2015:43(7):e47. https://doi.org/10.1093/nar/gkv007

Robinson MD, McCarthy DJ, Smyth GK. Edger: a bioconductor pack-
age for differential expression analysis of digital gene expression
data. Bioinformatics. 2009:26(1):139-140. https://doi.org/10.1093/
bioinformatics/btp616

Sage RF, Christin PA, Edwards EJ. The C 4 plant lineages of planet
earth. J Exp Bot. 2011:62(9):3155-3169. https:/doi.org/10.1093/
jxb/err048

Schiller K, Brautigam A. Engineering of crassulacean acid metabo-
lism. Annu Rev Plant Biol. 2021:72(1):77-103. https://doi.org/10.
1146/annurev-arplant-071720-104814

Shameer S, Baghalian K, Cheung CYM, Ratcliffe RG, Sweetlove LJ.
Computational analysis of the productivity potential of CAM.
Nat Plants. 2018:4(3):165-171. https://doi.org/10.1038/s41477-
018-0112-2

Sharma A, Wai CM, Ming R, Yu Q. Diurnal cycling transcription fac-
tors of pineapple revealed by genome-wide annotation and global
transcriptomic analysis. Genome Biol Evol. 2017:9(9):2170-2190.
https://doi.org/10.1093/gbe/evx161

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R,
McWilliam H, Remmert M, Soding J, et al. Fast, scalable genera-
tion of high-quality protein multiple sequence alignments using
Clustal Omega. Mol Syst Biol. 2011:7:539. https://doi.org/10.1038/
msb.2011.75

Silvera K, Neubig KM, Whitten WM, Williams NH, Winter K,
Cushman JC. Evolution along the crassulacean acid metabolism
continuum. Funct Plant Biol. 2010:37(11):995. https://doi.org/10.
1071/FP10084

Smith AM, Zeeman SC. Starch: a flexible, adaptable carbon store
coupled to plant growth. Annu Rev Plant Biol. 2020:71(1):217-245.
https://doi.org/10.1146/annurev-arplant-050718-100241

Streb S, Zeeman SC. Starch metabolism in Arabidopsis. Arabidopsis
Book. 2012:10:e0160. https://doi.org/10.1199/tab.0160


https://doi.org/10.1093/aob/mcad067
https://doi.org/10.1093/jxb/erw256
https://doi.org/10.1093/jxb/erw256
https://doi.org/10.1038/s41596-018-0082-x
https://doi.org/10.1038/s41596-018-0082-x
https://doi.org/10.1104/pp.114.238667
https://doi.org/10.1146/annurev.food.102308.124214
https://doi.org/10.1146/annurev.food.102308.124214
https://doi.org/10.1111/j.1365-313X.2007.03367.x
https://doi.org/10.1016/j.molcel.2018.07.031
https://doi.org/10.1016/j.molcel.2018.07.031
https://doi.org/10.1016/j.xplc.2023.100594
https://doi.org/10.1080/23802359.2021.1903356
https://doi.org/10.1016/j.semcdb.2023.07.013
https://doi.org/10.1016/j.semcdb.2023.07.013
https://doi.org/10.1105/tpc.105.035519
https://doi.org/10.1093/jxb/erl183
https://doi.org/10.1016/j.febslet.2009.04.030
https://doi.org/10.1016/j.febslet.2009.04.030
https://doi.org/10.1038/ng.3435
https://doi.org/10.1101/sqb.2007.72.006
https://doi.org/10.1101/sqb.2007.72.006
https://doi.org/10.1007/978-1-62703-631-3_40
https://doi.org/10.1007/978-1-62703-631-3_40
https://doi.org/10.1042/bj3180945
https://doi.org/10.1016/0014-5793(84)80600-6
https://doi.org/10.1042/bj2390213
https://doi.org/10.1042/bj2390213
https://doi.org/10.1038/srep31697
https://doi.org/10.1038/srep31697
https://doi.org/10.1038/ncomms2504
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/jxb/err048
https://doi.org/10.1093/jxb/err048
https://doi.org/10.1146/annurev-arplant-071720-104814
https://doi.org/10.1146/annurev-arplant-071720-104814
https://doi.org/10.1038/s41477-018-0112-2
https://doi.org/10.1038/s41477-018-0112-2
https://doi.org/10.1093/gbe/evx161
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1071/FP10084
https://doi.org/10.1071/FP10084
https://doi.org/10.1146/annurev-arplant-050718-100241
https://doi.org/10.1199/tab.0160

20 | Plant Physiology, 2025, Vol. 197, No. 4

Van Bel M, Silvestri F, Weitz EM, Kreft L, Botzki A, Coppens F,
Vandepoele K. PLAZA 5.0: extending the scope and power of com-
parative and functional genomics in plants. Nucleic Acids Res.

2022:50(D1):D1468-D1474. https://doi.org/10.1093/nar/gkab1024
Wai CM, Weise SE, Ozersky P, Mockler TC, Michael TP, Vanburen R.

Time of day and network reprogramming during drought in-
duced CAM photosynthesis in Sedum album. PLoS Genet.

2019:15:1008209. https://doi.org/10.1371/journal.pgen.1008209
Weise SE, Schrader SM, Kleinbeck KR, Sharkey TD. Carbon balance

and circadian regulation of hydrolytic and phosphorolytic break-
down of transitory starch. Plant Physiol. 2006:141(3):879-886.
https://doi.org/10.1104/pp.106.081174

Winter K. Ecophysiology of constitutive and facultative CAM photo-
synthesis. J Exp Bot. 2019:70(22):6495-6508. https://doi.org/10.
1093/jxb/erz002

Winter K, Smith JAC. CAM photosynthesis: the acid test. New Phytol.
2022:233:599-609. https://doi.org/10.1111/nph.17790

Yang X, Hu R, Yin H, Jenkins J, Shu S, Tang H, Liu D, Weighill DA,
Cheol Yim W, HaJ, et al. The Kalanchoé genome provides insights
into convergent evolution and building blocks of crassulacean
acid metabolism. Nat Commun. 2017:8:1899. https://doi.org/10.
1038/s41467-017-01491-7

ZhuK, Liu H, Chen X, Cheng Q, Cheng Z-MM. The kinome of pineap-
ple: catalog and insights into functions in crassulacean acid me-
tabolism plants. BMC Plant Biol. 2018:18(1):1-16. https://doi.org/
10.1186/s12870-018-1389-z


https://doi.org/10.1093/nar/gkab1024
https://doi.org/10.1371/journal.pgen.1008209
https://doi.org/10.1104/pp.106.081174
https://doi.org/10.1093/jxb/erz002
https://doi.org/10.1093/jxb/erz002
https://doi.org/10.1111/nph.17790
https://doi.org/10.1038/s41467-017-01491-7
https://doi.org/10.1038/s41467-017-01491-7
https://doi.org/10.1186/s12870-018-1389-z
https://doi.org/10.1186/s12870-018-1389-z

	Regulation of Crassulacean acid metabolism at the protein level in KalanchoË laxiflora
	Introduction
	Results
	Transcript and protein abundances in general
	Transcript and protein abundances of CAM genes
	Conserved AA sequence changes within CAM proteins across CAM species
	Post-translational modifications

	Discussion
	Transcripts and proteins of CAM genes do not show on/off patterns
	CAM plants have accumulated conserved putative adaptive changes in the starch module
	Phosphorylation and other PTMs have high potential to regulate CAM

	Conclusion
	Materials and methods
	Plant material
	RNA-seq
	Proteins—AA conservation—data
	AA conservation and changes
	Proteomics analyses
	Conservation of potential PTM sites
	Accession numbers

	Acknowledgments
	Author contributions
	Supplementary data
	Funding
	References




