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Summary

 Crassulacean acid metabolism (CAM) leaves are characterized by nocturnal acidification 

and diurnal deacidification processes related with the timed actions of 

phosphoenolpyruvate carboxylase and Rubisco respectively. How CAM leaves manage 

cytosolic proton homeostasis, particularly when facing massive diurnal proton effluxes 

from the vacuole, remains unclear. 

 A 12-phase flux balance analysis (FBA) model was constructed for a mature malic 

enzyme-type CAM mesophyll cell in order to predict diel kinetics of intracellular proton 

fluxes. 

 The charge- and proton-balanced FBA model identified the mitochondrial phosphate 

carrier (PiC, Pi/H+ symport), which provides Pi to the matrix to sustain ATP biosynthesis, 

as a major consumer of cytosolic protons during day-time (>50%). The delivery of Pi to 

the mitochondrion, co-transported with protons, is required for oxidative phosphorylation 

and allows sufficient ATP to be synthesized to meet the high energy demand during 

CAM Phase III. Additionally, the model predicts that mitochondrial pyruvate originating 

from decarboxylation of malate is exclusively exported to the cytosol, probably via a 

pyruvate channel mechanism, to fuel gluconeogenesis. In this biochemical cycle, 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) acts as another important cytosolic 

proton consumer. 

 Overall, our findings emphasize the importance of mitochondria in CAM and uncover a 

hitherto unappreciated role in metabolic proton homeostasis.

Key words: CAM mitochondria, crassulacean acid metabolism (CAM), diurnal deacidification, 

flux balance analysis modelling, malic enzyme-type CAM leaf, metabolic proton homeostasis, 

mitochondrial phosphate carrier (PiC), vacuolar proton efflux
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Introduction

Crassulacean acid metabolism (CAM) species reschedule all, or a part of photosynthetic 

CO2 uptake from day to night, which results in substantially improved water-use efficiency 

(WUE) (Borland et al., 2009). During CAM Phase I, nocturnal opening of stomata allows 

atmospheric CO2 to be converted to bicarbonate (HCO3
-) by carbonic anhydrase (CA) which is 

subsequently fixed into organic carbon by phosphoenolpyruvate carboxylase (PEPC). The 

product, oxaloacetate, is converted to malate by malate dehydrogenase and is stored in the 

vacuole accompanied with protons being pumped in by a dedicated tonoplast H+ V-ATPase 

and/or H+-PPiase, which causes a substantial night-time vacuolar acidification up to about pH 3 

(Lüttge & Smith, 1984; Franco et al., 1990). These proton fluxes provide charge balance for the 

accumulated malate and also act to preserve cytosolic pH within physiological bounds during the 

night (Osmond, 1978; Bartholomew et al., 1996; Tsiantis et al, 1996; Borland et al., 2011; 

Winter & Smith, 2022). 

During the day, malate is remobilized from the vacuole and decarboxylated to supply 

ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) with CO2 behind closed stomata 

(Phase III). This phase is particularly energy demanding, constituting both the Calvin-Benson-

Bassham (CBB) cycle and the gluconeogenic recovery of (phosphoenol)pyruvate to the level of 

storage carbohydrate (Winter & Smith, 1996; Schöttler et al., 2002). Decarboxylation is 

mediated by mitochondrial NAD-malic enzyme (ME) and/or cytosolic/chloroplastic NADP-ME 

(ME-type plants), or cytosolic phosphoenolpyruvate carboxykinase (PEPCK; PEPCK-type 

plants; Dittrich et al., 1973; Dittrich, 1976; Holtum et al., 2005), depending on the CAM species. 

For NAD-ME species in particular the fate of the liberated pyruvate inside the mitochondrion 

remains unclear. Holtum & Osmond (1981) suggested that NAD-ME-generated pyruvate is not 

oxidized to CO2 in the tricarboxylic acid (TCA) cycle, but rather quantitively converted to PEP 

via pyruvate orthophosphate dikinase (PPDK) in the cytosol, in order to conserve the 3-C residue 

in  gluconeogenesis. As recent findings by Le et al. (2021) indicate that the mitochondrial 

pyruvate carrier (MPC) in plants is only able to import pyruvate into mitochondria, the identity 

and working mechanism of the plant mitochondrial pyruvate exporter is currently unknown. The 

two major CAM phases (I and III) are flanked by two intermediate phases II and IV, at the onset 
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and end of the day when stomata gradually close and reopen respectively, in which CO2 is fixed 

by combined action of both PEPC and Rubisco (Osmond, 1978; Borland et al., 2011).

The diurnal release of malate from the vacuole is accompanied by net proton export to the 

cytosol and subsequent processing of these protons, which is consistent with the characteristic 

increase in leaf sap pH of CAM species (Osmond, 1978; Hafke et al., 2001). For the majority of 

the day, vacuolar efflux primarily occurs as Hmalate- and/or malate2-, and a substantial body of 

evidence gathered in the past indicates an intimate stoichiometry of 2H+:malate2- (or alternatively 

1H+:Hmalate-). Whilst the diurnal fate of malate has been characterized at the biochemical level, 

the intracellular proton fluxes in a CAM leaf have received considerably less scrutiny (Ceusters 

et al., 2021). Due to its relatively small volume (about 0.5-1% of the total cell volume) in 

comparison to the vacuole, the cytosol of CAM mesophyll cells is especially prone to over-

acidification (Rona et al., 1980; Steudle et al., 1980; Smith & Heuer, 1981). Cytosolic pH 

homeostasis is extremely important to safeguard the functionality of the cytosol as an important 

transit compartment for many solutes and as medium to accommodate different important 

biochemical pathways such as gluconeogenesis and sucrose biosynthesis. By monitoring day-to-

night vacuolar and cytosolic pH changes in protoplasts of the CAM plant Kalanchoë 

daigremontiana, Hafke et al. (2001) reported a steep increase in vacuolar pH (from ca. pH 4 to 

5) during the first half of the day owing to a strong decline in vacuolar malate (from ca. 300 to 

100 mM) and concomitant H+ concentration. However, only relatively minor changes in 

cytosolic pH (0.34 units) were observed, illustrating the tight control of cytosolic pH to secure 

diurnal proton homeostasis in CAM mesophyll cells (Lüttge et al., 1982; Marigo et al., 1983; 

Hafke et al., 2001). 

Besides its importance in CO2 sequestration for CAM species, ME has also been assigned 

a general, essential function in cellular pH homeostasis (biochemical pH-stat) (Davies, 1986; 

Sakano, 1998). Acid-induced decarboxylation of malate liberates NADH and its subsequent 

respiratory oxidation acts to elevate cellular pH levels by direct proton consumption when 

molecular oxygen is reduced to water at the end of the mitochondrial electron transport chain 

(mETC) (Sakano, 1998). Rapid cytosolic acidification (i.e. within seconds to minutes) has been 

noticed in C3 and C4 plant cells under hypoxic or anoxic conditions, or when the mETC is 

pharmacologically inhibited (Roberts et al., 1982, 1984; Felle, 2005; Wagner et al., 2019). These 
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observations indicate that the primary cause for cytosolic acidification during O2 depletion is 

likely the inhibition of electron transport activity, suggesting a crucial role for the mETC in 

cellular pH homeostasis. 

To shed more light on the mechanisms in cellular pH homeostasis, a comprehensive and 

quantitative analysis of all biochemical reactions involving protons is required. Although 

dynamic models of CAM have been developed over the years (Owen & Griffiths, 2013; Wang et 

al., 2023), they lack the adequate representation of proton fluxes needed for such an analysis. To 

envisage these fluxes in large metabolic networks, such as leaf mesophyll cells, flux balance 

analysis (FBA) has emerged as a useful computational modelling tool (Sweetlove & Ratcliffe, 

2011; Chomthong & Griffiths, 2020). FBA can make accurate predictions of reaction fluxes in 

large metabolic networks by interrogating an n-dimensional solution space formulated from a 

system of linear equations that each represent the relationship between the stoichiometry of a 

reaction and its flux at steady state. The solution space is typically constrained by the underlying 

biophysics and thermodynamics of the system as well as by experimental measures of metabolic 

inputs and outputs (Clark et al., 2020). Although this modelling framework does not directly 

account for regulatory features of the system, for example the response to changes in metabolite 

and effector concentrations, it nevertheless provides flux predictions that are remarkably accurate 

given the relatively simple modelling formulation (Williams et al., 2010; Kaste & Shachar-Hill, 

2023). The advantage of the relatively simple modelling formulation is that it can be scaled up to 

capture very large systems of reactions, which is essential for capturing the fluxes of protons 

which are involved in very many reactions and transport processes. Moreover, although formally 

a steady-state framework, the steady state assumption can be relaxed for specified metabolites, 

allowing the dynamics of accumulation and consumption of metabolites over the CAM cycle to 

be captured. Several flux balance models have already explored CAM photosynthesis to some 

extent, ranging from two-phase day-night models, to 24-h models with a 1-h time resolution 

(Cheung et al., 2014; Shameer et al., 2018; Töpfer et al., 2020; Tay et al., 2021). Based on a 

formerly built two-phase day-night CAM model, an initial exploration of possible intracellular 

proton flows highlighted a putative key role for mitochondria to relieve the cytosol from its 

diurnal ‘proton pressure’ (Shameer et al., 2018). However, mitochondria have only received 

marginal attention so far in CAM research (Leverett & Borland, 2023) and the exact identities of 

different mitochondrial transporters still need to be established.
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Here, we develop a diel flux balance analysis model of CAM leaf metabolism on a 2-h 

basis resolution (12-phase model) guided by an experimental dataset of gas exchange and diel 

metabolite time courses in a ME-type CAM leaf (Ceusters et al., 2019). This model is used to 

address the following questions related to the diurnal process of CAM. (i) How are CAM leaves 

able to metabolically secure cytosolic proton homeostasis? (ii) What is the fate of NAD-ME-

derived pyruvate?

Materials and Methods

Model description - Development of a 12-phase malic enzyme-type CAM leaf metabolic 

modelling framework 

A previously-published diel-FBA framework (Cheung et al., 2014) approach was 

expanded upon to develop a stoichiometric model of malic enzyme (ME)-type CAM leaves with 

12 temporal phases (i.e. each interval represents 2 hours of the diel cycle), similar to the 24-

phase model by Töpfer et al. (2020), by concatenating 12 copies of PlantCoreMetabolism v2.0, a 

charge- and proton-balanced diel-FBA model of plant primary metabolism (Shameer et al., 

2022). Identifiers (IDs) of reactions, metabolites and compartments corresponding to each 

temporal phase were suffixed with the respective temporal phase number (Ex: ID for GLC_c in 

temporal phase 5 is changed to GLC_c5). To establish the model for a single diel cycle, a light 

input of 100 µmol m-2 s-1 was defined for a 12-h light period.  Leaf non-growth associated 

maintenance (NGAM) costs, represented in the model using ATP hydrolysis and NADPH 

oxidase reactions, were estimated based on the incident light and imposed as described in Töpfer 

et al. (2020). 

The four CAM phases of gas exchange (CAM phases I, II, III, and IV) were integrated 

into the modelling framework by constraining CO2 exchange between the CAM leaf and the 

environment. During phase I (night) and phases II and IV (intermediate phases) the model was 

only allowed to take up CO2, whilst in phase III (day) the model was only allowed to emit CO2 

(Fig. 1). More specifically, CO2 exchange fluxes were constrained for (a) uptake with a 

maximum flux of 3.3 µmol m-2 s-1 for temporal phases 7-12 (CAM Phase I), (b) uptake with a 

maximum flux of 1.2 µmol m-2 s-1 for temporal phase 1 (CAM Phase II), (c) no uptake for 
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temporal phases 2-5 (CAM Phase III) and (d) uptake with a maximum flux of 0.9 µmol m-2 s-1 for 

temporal phase 6 (CAM Phase IV), consistent with gas exchange measurements in Phalaenopsis 

‘Edessa’ (Ceusters et al., 2019) (Fig. S1, Table S1). Fig. S2 shows the resulting model 

predictions for the diel course of different key metabolites (starch, malate, sucrose, and citrate).

The carboxylic acids (malate, citrate, and isocitrate), the sugars (glucose, fructose, and 

sucrose), and starch were identified as metabolites that accumulate to significant levels (i.e. 

micromoles g-1FW) in ME-type CAM leaves over the diel cycle based on Ceusters et al. (2019). 

To facilitate such transient accumulations in the CAM leaf model, linker reactions that transfer 

these metabolites from one temporal phase to the next (representing accumulation fluxes of 

metabolites across temporal phases) were added to the vacuole (for malate, citrate, isocitrate, 

glucose, fructose, and sucrose) and plastid (for starch). Similar linker reactions were also added 

to permit vacuolar proton accumulation between temporal phases in order to account for the 

acidification and deacidification of CAM leaves during the night and day respectively. These 

linker reactions were given IDs based on the metabolites and the temporal phases involved (Ex: 

STARCH_p accumulating between temporal phase 3 and 4 is represented by reaction ID 

STARCH_p3_accumulation). Data from Phalaenopsis ‘Edessa’ (Ceusters et al., 2019) was also 

used to identify experimentally observed minimum and maximum metabolite accumulation 

levels for the day and night-time 12-h periods and this information was used to constrain lower 

and upper bounds on the respective linker fluxes. The original data used for calculating these 

lower and upper bounds, including the necessary unit conversion steps, is available in Tables S2 

and S3. Such constraints on metabolite flux accumulations assisted the model to avoid flux 

distributions with unrealistically high metabolite accumulations (Töpfer et al., 2020) and resulted 

in metabolite accumulation and remobilization trends in-line with the experimental data from 

CAM leaves (Fig. S3). Note that the amounts of these metabolites that accumulated in the model 

were not fixed, just constrained within lower and upper bounds and as such their accumulation 

rates remain a model prediction and matched well to the experimental data. As such we 

demonstrate the utility of the diel FBA approach further used in this study, to model realistic 

metabolic behavior. 

Finally, fluxes representing the export of sucrose and a range of amino acids to the 

phloem (phloem export reaction) during the different temporal phases were constrained such that 
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the day-time phloem export fluxes were three-fold higher than the night-time fluxes in 

accordance with data reported in Arabidopsis (Brauner et al., 2018) and as applied in previous 

CAM models (Cheung et al., 2014; Shameer et al., 2018). This was achieved by introducing a 

metabolite “Phloem_en” (where n in the metabolite ID depends on the temporal phase) as the 

product of the phloem export reaction in each temporal phase and creating a sink reaction (with 

ID “Diel_phloem_export”) that consumes the newly introduced “Phloem_en” metabolites with a 

stoichiometry of 0.75 or 0.25 depending on whether the temporal phase the metabolite belongs to 

day- or night-time respectively. It should be noted that information on the composition of 

phloem sap from Phalaenopsis is not available in literature. Hence, given the fact that small 

changes in metabolite stoichiometry of the reaction representing the objective of the system has 

been shown to only have negligible impact on flux through primary metabolism (Yuan et al., 

2016), the phloem sap composition of PlantCoreMetabolism v2.0 (which is based on data from 

Solanum lycopersicum) was used in this study. 

Model refinements

To further refine the metabolic model for a ME-type CAM leaf, three particular 

constraints were added. Firstly, PEPCK was turned off to force the model to use ME as the 

decarboxylating enzyme. Secondly, flux through cytosolic/plastidic NADP-malic enzyme (ME) 

was constrained to be eight times lower as flux through mitochondrial NAD-ME based on 

temporal enzyme activity measurements (see Fig. S4 and Methods S1) in Phalaenopsis ‘Edessa’ 

and Kalanchoë fedtschenkoi (both starch-storing, ME-type) and data published in Dever et al. 

(2015). Thirdly, flux through plastidic pyruvate orthophosphate dikinase (pPPDK) was 

constrained to be twice as low as flux through cytosolic PPDK (cPPDK) based on evidence in K. 

fedtschenkoi (Kondo et al., 2000). 

In PlantCoreMetabolism v2.0, pyruvate translocation between the cytosol and 

mitochondria is facilitated by a reversible mitochondrial pyruvate carrier (MPC). However, a 

recent study by Le et al. (2021) demonstrated that the MPC acts only as a mitochondrial 

pyruvate importer. Hence the MPC in all 12 temporal phases of the model was allowed to 

facilitate only the import of pyruvate into mitochondria and a new pyruvate channel was added 

to the model to facilitate the export of mitochondrial pyruvate to the cytosol. Different 
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mitochondrial pyruvate export mechanisms (i.e. pyruvate/H+ symport, pyruvate/H+ antiport, and a 

pyruvate channel) have been explored in silico. 

Scripts to generate the 12-phase CAM model from the Shameer et al. (2022) model are 

available on GitHub (https://github.com/stijndaems/Daems_et_al_CAM_2024). An illustration 

of key steps in the development of the 12-phase ME-CAM model and model constraints is 

presented in Fig. 1. A list of all constraints applied on the model is available in Table S4. 
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Figure 1. Overview of the different model-construction steps to develop a 12-phase malic enzyme (ME)-type CAM modelling 
framework. A 12-phase (2-h time resolution) leaf model was constructed by concatenating copies of a core model of plant primary 
metabolism (Shameer et al., 2022). The individual models were connected via linker reactions that allowed the transfer of storage 
compounds in the vacuole and the plastid between successive models. The day:night ratio of phloem output was set to 3:1 based on 
previous estimates (Cheung et al., 2014) (Step 1). P1 and P6 refer to the first and final temporal model phases of the light period, 
respectively, whereas P12 refers to the final temporal model phase of the night. Light uptake was constrained by the diel light curve. 
The four CAM phases of gas exchange were integrated in the model by constraining CO2 exchange between the leaf and the 
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environment (Step 2). Lower and upper bounds were placed on the quantity of carboxylic acids (malate, citrate, and isocitrate), sugars 
(glucose, fructose, and sucrose), and starch that were allowed to accumulate in the vacuole or plastid (for starch) based on previously-
published experimental metabolite data (also in a 2-h time resolution) from the starch-storing, ME-type CAM orchid, Phalaenopsis 
‘Edessa’ (Ceusters et al., 2019) (Step 3). To further refine the metabolic model for a ME-type CAM leaf, we constrained PEPCK to 
carry zero flux, a flux ratio of NAD-ME:NADP-ME to 8:1, and cPPDK:pPPDK to 2:1. As the mitochondrial pyruvate carrier (MPC) 
acts only as a mitochondrial pyruvate importer (Le et al., 2021), we forced MPC to only allow pyruvate import and included a 
pyruvate channel mechanism to the model to re-allow export of mitochondrial pyruvate (Step 4). The model predicted metabolite 
accumulation and remobilization trends for malate and starch in-line with the experimental data from CAM leaves (Step 5). 



12

Flux balance analysis (FBA) and flux variability analysis (FVA)

Flux balance analysis (FBA) (Orth et al., 2010) is a modelling approach popularly used to 

study steady-state metabolic fluxes in a wide range of biological systems. In this study, steady-

state diel metabolism of a CAM leaf was modelled using parsimonious FBA (pFBA) (Lewis et 

al., 2012) with the export of sucrose and amino acids into the phloem (ID 

“Diel_phloem_export”) as the objective function, using the COBRApy package version 0.22.1 

(Ebrahim et al., 2013). pFBA is an extension of FBA that in addition to maximization of the 

objective, also minimizes the total flux in the system (Lewis et al., 2012). 

Flux Variability Analysis (FVA) is an extension of FBA. FBA returns only one flux 

distribution, however, alternative solutions with the same value for the objective function may 

exist. FVA can be used to determine the range of feasible fluxes through one or more metabolic 

reactions consistent with a maximum through the objective function (Mahadevan & Schilling, 

2003). In this study, FVA was used to determine the range of flux values through major CAM 

and proton-involved reactions using the FVA function implemented in COBRApy version 

0.22.1. 

Mitochondrial NAD-malic enzyme (ME) and cytosolic/plastidic NADP-ME assays

Experimental determinations of temporal ME activities in Phalaenopsis ‘Edessa’ and 

Kalanchoë fedtschenkoi, to assist the process of model refinement, were performed according to 

Dever et al. (2015) with modifications as described in Methods S1.

Results

Intracellular proton fluxes in a malic enzyme-type CAM leaf during the light period

Both the temporal (i.e. 2-h time interval, 12 model phases) and spatial resolution (i.e. 

proton fluxes inside the different organelles) were depicted to gain more insights into the diel 

kinetics of proton fluxes in a CAM mesophyll cell. Fig. 2 shows flux maps of the major reactions 

that produce or consume protons during day-time in the 12-phase ME-type CAM model. In the 

cytosol, as expected, massive import of protons was predicted in the temporal model phases 

representing the first half of the day (P1-P2-P3) concomitant with transport of malate out of the 
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vacuole (Fig. 2). Cytosolic protons were mainly imported into the mitochondrion via the 

mitochondrial phosphate carrier (PiC, Pi/H+ symport) that co-imported Pi as required for ATP 

biosynthesis. This process was active during the whole light period, but was especially strongly 

operating during the first half of the day, which matched the kinetics of vacuolar malate and 

proton efflux to the cytosol. A table of diurnal proton fluxes through PiC and vacuolar malate 

efflux is presented in Table S5. Most (ca. 95%) of the mitochondrial protons were involved in 

the respiratory electron transport chain (mETC) (oxidative phosphorylation, see specific flux 

values in all temporal model phases for NADH dehydrogenase (Complex I), cytochrome c 

reductase (Complex III) and cytochrome c oxidase (Complex IV) in Table S6) to establish a 

proton gradient which drives the ATP synthase complex for the generation of ATP (see specific 

flux value for mitochondrial ATP synthase (Complex V) in Table S6). Model predictions showed 

that the majority (>75%) of this mitochondrial-generated ATP (19.85 µmol m-2 s-1 in P2) was 

exported towards the cytosol to meet the high energy demand of day-time gluconeogenesis. Note 

that, in each temporal model phase, a substantial proportion (>30%) of mitochondrial protons 

was consumed in the matrix to reduce molecular oxygen to water (at Complex IV, cytochrome c 

oxidase) and synthesize ATP (i.e. an OH- group is released from Pi when it binds to ADP, which 

subsequently binds to H+ in the matrix to form water). As such protons did not show net 

accumulation inside the mitochondrion. In addition, the modelling framework did not predict any 

activity of the tricarboxylic acid (TCA) cycle during these diurnal model phases (Fig. 2) (see 

specific flux values for citrate synthase in Table S6). The oxidative decarboxylation of malate by 

mitochondrial NAD-ME provided reducing equivalents (NADH), which served as an electron 

donor to the mETC. 

As a consequence of the activity of the plastidic malate valve, i.e. plastidic malate 

dehydrogenase (pMDH) converting oxaloacetate (OAA) to malate and cytosolic MDH (cMDH) 

operating in the opposite direction, plastidic protons were shuttled from the chloroplast to the 

cytosol. cMDH released these protons concomitant with reducing equivalents (NADH) inside the 

cytosol at the rate of 7.87 µmol m-2 s-1 in P2. Specific flux values in all temporal model phases for 

pNADP-MDH, plastidic malate/OAA translocator, and cNAD-MDH are presented in Table S6. 

About 65% of plastidial protons was involved in the pETC (photophosphorylation) where 

protons were translocated across the thylakoid membrane (at the rate of 109.31 µmol m-2 s-1 in 

P2). The resulting proton gradient was used to energize the ATP synthase complex. In contrast to 
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the mitochondrion, the chloroplast played no role in supplying ATP to the cytosol, but provided 

the ATP required for running the CBB cycle and the generation of ADP-glucose (precursor for 

starch). In addition, a significant amount of protons was consumed in the stroma by ferredoxin-

NADP+ reductase (FNR) (at the rate of 24.20 µmol m-2 s-1 in P2) for the generation of NADPH 

required primarily also to support the CBB cycle. 

The amount of protons in the vacuole was maximal at dawn (model phase P1) (see 

specific flux value for ‘PROTON_v12_accumulation’ in Table S6). During the first half of the 

photoperiod protons were exported at high rates towards the cytosol concomitant with malate to 

reach near zero levels around dusk (model phase P6) (see specific flux value for 

‘PROTON_v5_accumulation’ in Table S6). Note that proton fluxes in general, relative to the 

cytosol as well as in the organelles, dramatically declined during the second half of the 

photoperiod when malate decarboxylation rates were low, indicating that proton balancing in 

CAM might especially be challenging during the first half of day-time. 

Analysis of night-time metabolism to ensure our modelling framework was performing 

typical CAM behavior during the dark (P7-P12) was also performed. Flux maps and description 

of the major proton-producing and -consuming reactions during night-time in the 12-phase ME-

CAM model are included in Fig. S5 and Notes S1. 
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Figure 2. Flux maps representing major diurnal (P1-P6) proton-producing and proton-
consuming reactions in the 12-phase malic enzyme-CAM model. Photon uptake in CAM 
was constrained to 100 µmol m-2 s-1 during day-time and parsimonious optimization was 
applied to compute the flux distribution that maximized the amount of sucrose and amino 
acids exported to the phloem. All reactions producing and consuming protons with a proton 
flux greater than 0.5 µmol m-2 s-1 were included in the flux maps. Blue arrows represent 
proton fluxes and their thicknesses are scaled to the proton flux value (as µmol H+ m-2 s-1, 
scale is shown in the box at the bottom center). Notice that proton flux through the 
mitochondrial electron transport chain (mETC) is twice as large as depicted by the thickness 
of the blue arrow (notice two asterisks). Proton flux through the plastidic electron transport 
chain (pETC) is four times as large as depicted by the thickness of the blue arrow (notice four 
asterisks). Numbers inside mitochondria indicate the number of protons involved in that 
reaction (as µmol H+ m-2 s-1). Solid black lines highlight one particular transport or conversion 
reaction, while dashed black lines represent a series of sequential reactions. Boxes inside the 
cytosol and chloroplast depict reactions used to represent non-growth-associated 
maintenance. Numbers inside brackets on the flux map of P1 from 1 to 5 represent the five 
most significant cytosolic proton-producing reactions and from 6 to 10 the five most 
significant cytosolic proton-consuming reactions (also see Fig. 3). Abbreviations are: 2KG, 2-
ketoglutarate; 3PG, 3-phosphoglycerate; A.A., amino acids; ADP, adenosine diphosphate; 
AMP, adenosine monophosphate; ATP, adenosine triphosphate; CIT, citrate; F6P, fructose 6-
phosphate; Fdred, reduced ferredoxin; G1P, glucose 1-phosphate; G6P, glucose 6-phosphate; 
GLN, glutamine; GLT, glutamate; MAL, malate; mETC, mitochondrial electron transport 
chain; OAA, oxaloacetate; PEP, phosphoenolpyruvate; Pi, inorganic phosphate; pETC, 
plastidial electron transport chain; PYR, pyruvate; TP, glyceraldehyde 3-phosphate.

Major cytosolic proton-producing and proton-consuming reactions in a ME-type CAM 

mesophyll cell during the light period

Quantitative comparisons were made among all reactions producing and consuming 

cytosolic protons during day-time (Fig. 3). Vacuolar malate efflux accounted for one third 

(34%) of the total amount of protons produced in the cytosol. Cytosolic malate 

dehydrogenase (cMDH), working as part of the malate valve, was also observed to produce a 

significant amount of protons inside the cytosol (19% of the total proton-producing flux). 

Cytosolic pyruvate orthophosphate dikinase (cPPDK), which catalyzes the conversion of 

pyruvate to phosphoenolpyruvate (PEP), also carried a large proton-producing flux (16% of 

the total proton-producing flux). Cytosolic soluble pyrophosphatase (sPPase), which 

catalyzes the hydrolysis of inorganic pyrophosphate to generate orthophosphate, and non-

growth-associated maintenance (NGAM, a proxy for all ATP costs associated with 

maintenance) were each responsible for about 10% of total cytosolic proton production. 

More than half (53%) of all cytosolic protons were transported to the mitochondrion 

by the mitochondrial Pi/H+ symporter (PiC). Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), a key enzyme in day-time gluconeogenesis for the conversion of 1,3-
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bisphosphoglycerate (DPG) to glyceraldehyde 3-phosphate (TP), accounted for about 25% of 

the total proton-consuming flux. Import of cytosolic malate into the mitochondrion by the 

dicarboxylate transporter (DIC, malate/Pi antiport), the mitochondrial ATP/AMP carrier 

(mADNT1), and phosphoglycerate kinase (cPGK) only represented ca. 10% of the total 

cytosolic proton-consuming flux. A similar analysis of the major cytosolic proton-producing 

and -consuming fluxes during night-time for the ME-type model is presented in Fig. S6 and 

Notes S2. The complete set of cytosolic proton-producing and proton-consuming reactions 

during both day and night, sorted according to their proton flux values (flux values are the 

sum of 6 model phases) and relative contribution, is available in Tables S7 and S8.

Figure 3. Key cytosolic proton-producing and proton-consuming reactions during day-
time in a malic enzyme-type CAM mesophyll cell. Diel FBA was used to model leaf 
metabolic flux distributions in ME-CAM leaves grown under 100 µmol m-2 s-1 
photosynthetically active radiation (PAR). The stacked bar chart depicts the contribution of 
the five most significant cytosolic proton-producing and -consuming reactions during day-
time as a percentage to the total amount of protons produced or consumed. This total amount 
is shown above each bar (fluxes are the sum of six separate diurnal model phases, P1-P6, in 
mmol m-2 12h-1). Numbers inside brackets from 1 to 5 represent the five most significant 
cytosolic proton-producing reactions (sorted from most to least significant), while 6 to 10 
represent the five most significant cytosolic proton-consuming reactions (again sorted from 
most to least significant). These numbers correspond to the numbers shown on Fig. 2 for 
model phase 1 (P1). vMAL, vacuolar malate efflux; cMDH, cytosolic malate dehydrogenase; 
cPPDK, cytosolic pyruvate orthophosphate dikinase; sPPase, cytosolic soluble 
pyrophosphatase; NGAM, non-growth-associated maintenance; mPiC, mitochondrial Pi/H+ 
symporter; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; DIC, dicarboxylate 
transporter (malate/Pi antiport); mADNT1, mitochondrial ATP/AMP carrier; cPGK, cytosolic 
phosphoglycerate kinase.

The mitochondrial PiC transporter is key to secure diurnal cytosolic proton homeostasis

Since the mitochondrial Pi/H+ symporter (PiC) emerged as the key actor to relieve the 

cytosol of its diurnal proton pressure, we elaborated on its possible importance by inhibiting 
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PiC in the model and studying the resulting flux distribution (Fig. 4a, b). Diel phloem export 

flux was reduced by more than 20% when PiC activity was inhibited, indicating a 

consistently lower productivity (Fig. 4b). In this PiC inactive scenario, a large amount of 

malate (18.08 µmol m-2 s-1 in P2) was synthesized in the mitochondrion via mMDH using 

oxaloacetate. Mitochondrial Pi was mainly delivered via the mitochondrial dicarboxylate 

carrier (DIC), primarily in exchange for malate. Malate was thus partly exported to the 

cytosol instead of being decarboxylated (which should be typical for CAM). Flux analysis in 

this inactive PiC configuration also revealed that pyruvate was imported into the 

mitochondrion via the mitochondrial pyruvate carrier (MPC) to facilitate proton uptake. This 

pyruvate was then exported back towards the cytosol along with NAD-ME-generated 

pyruvate. This is in contradiction to the finding of Le et al. (2022) that two distinct pyruvate 

pools exist in plant mitochondria, and that pyruvate imported from the cytosol (via the MPC) 

should be designated for the tricarboxylic acid (TCA) cycle whilst pyruvate generated by 

NAD-ME should be exported towards the cytosol. Specific flux values of all reactions in this 

alternative model are presented in Table S6. From all these considerations we suggest that 

PiC is indeed optimal to supply Pi and protons to the mitochondrion to drive mitochondrial 

ATP synthase and to secure cytosolic proton homeostasis during diurnal CAM 

simultaneously.
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Figure 4. Schematic representation of the proton flux distribution when PiC is active or 
turned off. Flux maps of temporal model phase 2 (i.e. P2, when malate decarboxylation rate 
is relatively high) representing proton-producing and proton-consuming reactions that 
occurred in the initial (a) and forced model when PiC activity is inhibited (b). Red circles 
indicate sources of Pi. Abbreviations are as for Fig. 2, as well as: MPC, mitochondrial 
pyruvate carrier; SUC, succinate.
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Metabolic modelling identifies a pyruvate channel as the most efficient mechanism for 

mitochondrial pyruvate export in plants

Without any constraints on pyruvate translocation between the cytosol and 

mitochondria, the MPC initially carried a large pyruvate/H+ export flux (symport) to the 

cytosol (157 mmol m-2 12h-1 during day-time) (Fig. 5a), which is in contradiction with the 

findings of Le et al. (2021). Therefore, the MPC was constrained to only allow pyruvate 

import. To re-allow pyruvate export, three possible mitochondrial pyruvate export 

mechanisms (i.e. H+-PYR symport, H+-PYR antiport and a PYR channel) were added 

separately to the model to unveil their impact on specific CAM cycle fluxes (Fig. 5b, c, d). 

When a H+-PYR symport mechanism was operating (similar as the MPC), protons 

were exported together with NAD-ME-derived pyruvate. To compensate for these exported 

protons, PiC increased its diel proton and Pi flux which also resulted in an increase in mATP 

synthase flux (Fig. 5b). When a H+-PYR antiport mechanism was active, all NAD-ME-

derived pyruvate was exported with concomitant mitochondrial H+ uptake. These additional 

protons were re-exported towards the cytosol at the cost of reducing power (Fig. 5c). In this 

scenario, ca. 15% and 11% lower diurnal fluxes through PiC and mATP synthase were 

observed respectively compared to the symport mechanism. IDs of reactions re-exporting 

protons are included in Table S9. When a pyruvate channel was applied, all NAD-ME-

derived pyruvate was exported to the cytosol without any proton translocation and the diurnal 

fluxes through PiC and mATP synthase were comparable to the antiport mechanism (Fig. 

5d).  

Differences in particular CAM cycle flux values among the different mitochondrial 

pyruvate efflux mechanisms were generally small. However, the highest flux through diel 

phloem export, PEPC, vacuolar malate influx and efflux, malic enzyme and PPDK was 

observed when a pyruvate channel was active in the model, while mATP synthase flux, and 

thus energy requirements were minimized simultaneously. These model predictions suggest a 

pyruvate channel mechanism as the most efficient for mitochondrial pyruvate export in 

plants.
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Figure 5. Flux maps depicting flux distributions under different potential mitochondrial 
pyruvate export mechanisms. Initial situation where pyruvate is exported via the 
mitochondrial pyruvate carrier (MPC) (a), pyruvate/H+ symport (b), pyruvate/H+ antiport (c), 
and a pyruvate channel (d). The MPC in plants does not work backwards to export NAD-ME-
derived pyruvate (Le et al., 2021) as indicated by the red line in (b), (c), and (d). Differences 
in particular CAM cycle flux values among the different mitochondrial pyruvate efflux 
mechanisms were generally small. Therefore, arrow thickness is not scaled to the flux value, 
but numbers on the flux maps in the proximity of the arrows represent the exact flux through 
the reaction. Units of flux were converted from µmol m-2 s-1 to mmol m-2 12h-1 to depict 
summarized flux values over all diurnal (P1-P6) and nocturnal (P7-P12) temporal model 
phases. Abbreviations are as for Fig. 2 as well as MPC, mitochondrial pyruvate carrier; ADP-
Glc, ADP-glucose; RuBP, ribulose 1,5-bisphosphate; DPG, 1,3-bisphosphoglycerate. 
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The significance of PiC and GAPDH in cytosolic proton homeostasis is robust to 

changes in modelling parameters

To examine whether flux predictions of key diurnal cytosolic proton-consuming 

reactions (PiC and GAPDH) were sensitive to parameters used in the model (which also vary 

among CAM species), the impact of changes in (a) Rubisco carboxylase/oxygenase (Vc/Vo) 

ratios, (b) non-growth associated maintenance cost, (c) NAD-ME:NADP-ME flux ratio, (d) 

cPPDK:pPPDK flux ratio, (e) the decarboxylation mechanism (from ME to PEPCK), (f) type 

of leaf storage carbohydrate, and (g) (iso)citrate accumulation were studied. Generally, PiC 

and GAPDH consistently retained their significant contribution to cytosolic proton 

consumption by collectively consuming between 68% and 79% of all cytosolic protons 

during day-time across the wide range of tested scenarios (Table S19). Results are presented 

and described in more detail for each scenario in Tables S10-S18 and Notes S5. A description 

of the major differences between a ME- and PEPCK-type decarboxylation pathway as well as 

analyses of key cytosolic proton reactions in the PEPCK model are shown in Figs S7, S8, 

Tables S14, S15, and Notes S3, S4.

In addition, FVA was performed to identify the range of feasible values for the 

vacuolar proton remobilization, PiC and GAPDH fluxes (see Methods). Flux variability range 

of these fluxes showed to be negligible as the minimum and maximum were almost the same 

as the predicted flux. Hence, this strengthens the capability of drawing model-based 

conclusions of CAM proton homeostasis. A list of reaction names and their predicted flux 

variability ranges for this model are shown in Table S20.

Discussion

The 12-phase CAM model (Fig. 1) allowed us to study the complex metabolic process 

of pH homeostasis in a systematic way by identifying and quantifying intracellular proton-

producing and proton-consuming reactions (Figs 2, 3). Our analysis especially focused on the 

diurnal process of CAM, leading to four main findings which are discussed in more detail 

below and summarized in Fig. 6. Throughout the development of this FBA model, several 

species-specific assumptions were made but these did not alter the main conclusions. Our 

findings consistently demonstrate the significant role for PiC and GAPDH in cytosolic proton 

homeostasis across the wide range of tested, species-specific, modelling parameters (i.e. 

collectively consume between 68% and 79% of all cytosolic protons during day-time across 
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all scenarios) (Table S19). By identifying two key molecular targets (mitochondrial PiCs and 

cytosolic GAPDH) associated with biochemical reactions controlling CAM cytosolic proton 

homeostasis during day-time, we also inform experimental genetic and/or pharmacological 

manipulation approaches to further uncover their importance in CAM empirically.

Figure 6. Schematic representation of key metabolic steps to secure diurnal proton 
homeostasis in a malic enzyme-type CAM mesophyll cell. The mitochondrion is enlarged 
to depict envisaged key steps in proton homeostasis. Proton fluxes are depicted as blue 
arrows, while reactions that are not proton-linked are depicted by black arrows. Red dots 
represent protons. Diurnal vacuolar malate efflux releases a substantial amount of protons 
inside the cytosol. These protons are mainly consumed by mitochondrial phosphate carriers 
(PiCs) that provide Pi and protons (in co-transport) to the mitochondrial matrix to sustain 
oxidative phosphorylation (1). The oxidative decarboxylation of malate by mitochondrial 
NAD-ME produces reducing equivalents (NADH), which are required to supply electrons to 
the mitochondrial electron transport chain (mETC). Electrons passing through the mETC 
causes protons to be pumped from the matrix towards the intermembrane space (IMS), 
thereby creating a proton gradient across the inner mitochondrial membrane (IMM). This 
proton gradient is subsequently used by the ATP synthase complex to generate ATP, using 
ADP and Pi, in order to meet the high energy demand during CAM Phase III. Note that 
protons in the mitochondrial matrix are consumed (ca. 30% of the total amount of 
mitochondrial protons) during the reduction of molecular oxygen to water, catalyzed by 
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cytochrome c oxidase (COX, Complex IV), at the end of the mETC. Also, during the 
conversion of ADP to ATP, an OH- group is released from Pi, subsequently binding to H+ in 
the matrix to form water. As such, a continuous supply of protons to the matrix via the PiC is 
important to sustain oxidative phosphorylation. Equations of these mitochondrial proton-
consuming reactions are given in the detailed schematic of the mETC (2). The model 
predicted that NAD-ME-derived pyruvate is exclusively exported towards the cytosol and 
quantitively converted to the level of storage carbohydrate via gluconeogenesis rather than 
being oxidized in the TCA cycle (3). Model predictions did not show any diurnal TCA cycle 
activity and as such no FADH2 molecules are formed. Therefore, succinate dehydrogenase 
(Complex II) is not depicted in the mETC on the figure. Model predictions indicate 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a key metabolic point that also 
consumes a substantial amount of cytosolic protons during day-time gluconeogenesis (3). 
GAPDH catalyzes the conversion of 1,3-bisphosphoglycerate to glyceraldehyde 3-phosphate, 
thereby consuming protons and reducing power (NADH). In silico analysis suggests that 
diurnal mitochondrial pyruvate export in ME-type CAM plants is most efficient via a channel 
mechanism (4). Abbreviations are: CoQ, coenzyme Q; Cyt C, cytochrome c; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; IMM, inner mitochondrial membrane; IMS, 
intermembrane space; MAL, malate; mETC, mitochondrial electron transport chain; NAD-
ME, mitochondrial malic enzyme; PiC, mitochondrial Pi/H+ symporter; PYR, pyruvate; TCA, 
tricarboxylic acid cycle. 

Mitochondrial PiCs as main diurnal cytosolic proton balancers (1-2)

The modelling work shows that >50% of the cytosolic protons were consumed by the 

mitochondrial phosphate carrier (PiC) during day-time (Fig. 3). Its proton-consuming flux 

was particularly high during the first half of the photoperiod concomitant with high rates of 

vacuolar malate efflux and processing (high tonoplast transmembrane gradient; Fig. 2), which 

is consistent with experimental data of declining diurnal malate content and titratable acidity 

in leaves of different CAM species (Ceusters et al., 2008, 2014, 2019; Abraham et al., 2020). 

In addition, unusual CAM cycle fluxes were noticed and diel phloem export diminished by 

more than 20% when PiC was inhibited in the model (Fig. 4b). Hence, we postulate that PiCs 

are key to metabolically achieve diurnal proton homeostasis in the cytosol of CAM leaf cells. 

PiCs are located in the inner mitochondrial membrane (IMM) and manage the uptake of 

phosphate (Pi) into the mitochondrial matrix, which is required for oxidative phosphorylation 

(Haferkamp, 2007). As PiCs catalyze a Pi/H+ symport (Pratt et al., 1991) or a Pi/OH- antiport 

(Stappen & Krämer, 1994), transport of Pi is coupled to the favorable inward pH gradient 

(matrix pH 8.1) (Shen et al., 2013). It is generally assumed that this pH gradient (ΔpH) across 

the IMM, created by the mitochondrial electron transport chain (mETC), serves as the driving 

force for Pi uptake (Laloi, 1999; Takabatake et al., 1999). At the end of the mETC (Complex 

IV, cytochrome c oxidase), protons are consumed during the reduction of O2 to water. In 

addition, when ADP binds to Pi to facilitate ATP formation, an OH- group is liberated from 
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Pi, subsequently binding to H+ in the matrix to produce water (Fig. 6). As such protons do not 

show net accumulation inside the matrix, thereby avoiding mitochondrial acidification. Our 

analyses also reveal PiC as the intimate link between the consumption of cytosolic protons 

and their subsequent consumption by the respiratory pathway in the ME-mediated pH-stat 

model described by Sakano (1998), which also holds importance for C3 and C4 species.

Adenylate and dicarboxylate transporters in CAM mitochondria, belonging to the 

same mitochondrial carrier protein superfamily (mCP) as PiC, have already been identified in 

the common ice plant (Mesembryanthemum crystallinum), namely McANT2 and McDCT2 

respectively (Kore-eda et al., 2005). Also, transcripts encoding mitochondrial dicarboxylate 

carrier proteins (DIC) (belonging to the same mCP superfamily as PiC), which allow import 

of malate in exchange for phosphate, sulphate or other dicarboxylates, were obviously more 

abundant after induction of CAM in different facultative species especially in the first half of 

the day (Cushman et al., 2008; Brilhaus et al., 2016; Ferarri et al., 2020). Higher transcript 

abundance of DIC is associated with increased rates of malate uptake into mitochondria for 

decarboxylation via NAD-ME. A close examination of PiC fluxes in previously-published 

FBA models further supports our findings. Considerable day-time flux through PiC (-29.73 

µmol m-2 s-1) was observed to supply the mitochondrion with Pi for ATP synthesis in the 

model from Cheung et al. (2014). The models by Shameer et al. (2018) and Tay et al. (2021) 

also showed a significant involvement of PiC in maintaining day-time cytosolic proton 

homeostasis by consuming about 64% and 58% of cytosolic protons respectively. 

Proton delivery by PiC is essential to fuel mitochondrial metabolism in order to meet 

the high energy demand during CAM phase III (1-2)

Diurnal mitochondrial ATP synthesis via oxidative phosphorylation depends on the 

supply of substrates (ADP and Pi) and protons inside mitochondria. The continuous delivery 

of protons from the cytosol via the PiC is especially important since our model indicated that 

about one third of the mitochondrial protons gets consumed during oxidative 

phosphorylation. Phosphate is taken up concomitantly with protons through the PiC, whilst 

cytosolic ADP is exchanged with mitochondrial ATP, via an ADP/ATP carrier (AAC) (Fig. 

2). AAC1 and PiC1 are considered to be the major carriers to replenish substrates for ATP 

synthesis, given their simultaneous expression in diverse tissues and highest abundance in the 

mitochondrial membrane proteome from Arabidopsis (Millar & Heazlewood, 2003). PiC is 

highly expressed in developing organs, where tissues contain actively dividing cells requiring 
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a high energy supply. This observation suggests that PiC, together with AACs, fulfills a 

major physiological function in the energy supply in plant cells (Laloi, 1999). Over-

expression of PiC protein can lead to a higher ATP content compared with wild-type A. 

thaliana, indicating a possible correlation between energy states and expression levels of 

PiCs (Zhu et al., 2012; Jia et al., 2015). 

The importance of mitochondrial metabolism, to meet the high energy demand during 

Phase III, has already been debated in the past and several hypotheses have been formulated. 

For ME-type CAM plants, Edwards et al. (1982) suggested that mitochondrial oxidation of 

some of the NAD(P)H produced in the ME reaction might fuel extra ATP production through 

oxidative phosphorylation. This process has been questioned as these reducing equivalents 

seemed essential for the activity of cytosolic GAPDH in the gluconeogenic recovery of 

pyruvate (Winter & Smith, 1996). However, a cytosolic shortage in reducing equivalents is 

very unlikely to happen since the malate-oxaloacetate shuttle (malate valve) is capable of 

transferring reducing power from the chloroplast to the cytosol (Scheibe, 2004). In our 

model, high fluxes through the malate valve were predicted, especially during the first half of 

the day (Table S6). Higher rates of photosynthetic electron transport during Phase III have 

also been reported for several CAM plants and are consistent with these views (Maxwell et 

al., 1999, de Mattos & Lüttge, 2001). In addition, increased rates of mitochondrial NADH 

oxidation (Complex I, resulting in higher rates of electron transfer from NADH to the 

mETC), increased cytochrome c oxidase (COX) (Complex IV) activity, and the upregulation 

of mitochondrial Mn-dependent superoxide dismutase (SOD), seem common responses to the 

induction of CAM in facultative species (Miszalski et al., 1998; Broetto et al., 2002; 

Peckmann et al., 2012), which show experimental evidence of higher mitochondrial electron 

transport rates, and thus also proton consumption rates, in CAM. Different flux balance 

models have also indicated a consistently higher diurnal ATP production in CAM 

mitochondria compared to C3. The C3 and CAM metabolic modelling framework by Cheung 

et al. (2014) suggested that diurnal mitochondrial ATP synthase contributed for 34% of total 

ATP production in CAM, compared to only 18% in C3. More recently, a comparative analysis 

of the energetics of C3 metabolism and CAM also predicted that mitochondrial ATP synthase 

accounted for ca. 30% of total day-time ATP synthesis in CAM, in contrast to 0% in C3 plants 

(Shameer et al., 2018). 
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NAD-ME-derived pyruvate is exported to the cytosol to fuel gluconeogenesis in ME-

type CAM plants and contributes to day-time cytosolic proton homeostasis 

simultaneously (3-4)

The metabolite flux distributions observed in our CAM metabolic modelling 

framework did not predict any TCA cycle activity during the light period (no oxidation of 

pyruvate) (Fig. 2, Table S6). It has also been shown that pyruvate dehydrogenase complex 

(PDC) activity, which regulates the entry of pyruvate into the TCA cycle, is considerably 

reduced in Phase III compared to Phase I (Smith & Bryce, 1992). Comparative calculations 

with and without any pyruvate oxidation show that the net energy costs of Phase III 

metabolism can indeed be minimized if the 3-C residue from malate decarboxylation is 

quantitively recovered via gluconeogenesis (Winter & Smith, 1996). Moreover, experimental 

observations of TCA cycle activity mainly report high mitochondrial fluxes of carbon and 

electron transport in CAM at night (Osmond et al., 1988; Abraham et al., 2016). Le et al. 

(2022) have also demonstrated that PDC and TCA cycle enzymes in plant mitochondria 

exhibit a preference for utilizing imported pyruvate (via MPC) rather than NAD-ME-

generated pyruvate. These findings corroborate our model predictions depicting the non-

mitochondrial usage of pyruvate derived from NAD-ME and the absence of diurnal TCA 

cycle activity in CAM mitochondria (Fig. 2, Table S6). 

Due to its inactivity during the day, the TCA cycle does not supply reducing power 

(NADH and FADH2) to the mETC. However, the oxidative decarboxylation of malate by 

NAD-ME also yields reducing equivalents (NADH) inside the mitochondrial matrix (MM) in 

order to fuel the electron transport chain (Edwards et al., 1982) and establish a proton 

gradient to drive ATP synthase. Evidence is indeed accumulating that mitochondrial NAD-

ME assisted malate decarboxylation is far more important in CAM species than its 

cytosolic/chloroplastic NADP-ME counterpart (Dever et al., 2015; Winter & Smith, 2022; 

Fig. S4).

In addition to its essential role in carbohydrate metabolism, gluconeogenesis seems 

also important for cytosolic proton homeostasis during day-time in both ME- and PEPCK-

type CAM leaves (Figs 2, 3, S8A). Especially glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) acted as an important consumer of cytosolic protons (ca. 24% of the total amount 

of cytosolic protons) (Fig. 3). Increased transcript abundances of several genes encoding 

cytosolic glycolytic/gluconeogenic enzymes (GAPDH included) have been reported 
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following the salinity- or drought-induced transition from C3 or C4 photosynthesis to CAM in 

different facultative CAM species (Ostrem et al., 1990; Cushman et al., 2008; Brilhaus et al., 

2016; Ferrari et al., 2020). Moreover, extractable activities of these glycolytic/gluconeogenic 

enzymes (GAPDH included) have been reported to increase after the induction of CAM in 

the inducible common ice plant (M. crystallinum) (Holtum & Winter, 1982; Winter et al., 

1982). These experimental observations confirm a major participation of these 

glycolytic/gluconeogenic enzymes in CAM and corroborate our suggestion that maintaining 

an unperturbed functioning of gluconeogenesis during day-time is also key to secure proton 

balance inside the cytosol. Since the plant mitochondrial pyruvate exporter remains 

unidentified, we explored potential mechanisms for mitochondrial pyruvate efflux in silico 

and postulate a pyruvate channel as the most efficient mechanism (Fig. 5). An increase in 

mATP synthase flux and re-export of mitochondrial protons to the cytosol at the cost of 

reducing power were observed when a pyruvate/H+ symport and a pyruvate/H+ antiport 

mechanism was active in the model respectively (Fig. 5b, c). We suggest a pyruvate/H+ 

symport also  thermodynamically unlikely as this should act against the proton gradient 

between the cytosol (pH 7.3) and mitochondrial matrix (pH 8.1) (Shen et al., 2013).
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