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A B ST R A CT 

The photorespiratory pathway in plants comprises metabolic reactions distributed across several cellular compartments. It emerges from 
the dual catalytic function of Rubisco, i.e. ribulose-1,5-bisphosphate carboxylase/oxygenase. Rubisco either carboxylates or oxygenates rib-
ulose-1,5-bisphosphate. Carboxylation reactions produce 3-phosphoglycerate molecules which are substrates for the central carbohydrate 
metabolism. However, oxygenation reactions additionally form 2-phosphoglycolate molecules which are (i) substrate for a multicompart-
mental recovery process, and (ii) inhibit several enzymes of the Calvin–Benson–Bassham cycle. Here, an approach of structural kinetic 
modelling is presented to investigate the extent of stabilization of the Calvin–Benson–Bassham cycle and carbohydrate metabolism by pho-
torespiration. This method is based on a parametric representation of the Jacobian matrix of a metabolic system which offers a robust strategy 
for handling uncertainties associated with in vitro kinetic constants. Our findings indicate that oxygenation of ribulose-1,5-bisphosphate 
by Rubisco significantly stabilizes the Calvin–Benson–Bassham cycle. Hence, a trade-off function of photorespiration is suggested which 
reduces carbon assimilation rates but simultaneously stabilizes metabolism by increasing plasticity of metabolic regulation within the chloro-
plast. Furthermore, our analysis indicates that increasing carbon flux towards sucrose biosynthesis has a stabilizing effect. Finally, our findings 
shed light on the role of a multicompartmental metabolic pathway in stabilizing plant metabolism against perturbation induced by a dynamic 
environment.

KEY WORDS: Photorespiration; photosynthesis; plant metabolism; stability; structural kinetic modelling.

1.   I N T RO D U CT I O N
Cellular metabolism consists of a highly elaborate reaction 
network which frequently shows complex and non-intuitive 
dynamical behaviour. This behaviour can be deterministically 
described by a system of ordinary differential equations, ODEs 
(Klipp et al. 2016). Such a kinetic model can then be used to ana-
lyse and simulate consequences of environmental fluctuations, 
e.g. sudden changes of temperature or light intensity. These per-
turbations might result in a deviation of the metabolic system 
from its steady state. The system can then either return to its orig-
inal state again (stable), exponentially diverge from its original 
state (unstable) or be metastable (behaviour is indifferent). The 
formulation of ODEs in a kinetic model is, however, typically 

challenged by lacking experimental data on enzymatic parame-
ters, which are often laborious and difficult to quantify (Wittig 
et al. 2014). Furthermore, enzymatic activity in vivo depends 
on numerous factors, such as temperature and pH, thus greatly 
increasing the permissive parameter space which exacerbates the 
physiological interpretation of in vitro data (Bisswanger 2017).

Previously, the approach of structural kinetic modelling 
(SKM) was developed which allows for quantitative evaluation 
of dynamic properties without referring to any explicit system of 
ODEs, and which is achieved by a parametric representation of 
the Jacobian matrix (Steuer et al. 2006). Structural kinetic mod-
elling has been confirmed to be a suitable approach for evalua-
tion of the stability and robustness of metabolic states (Grimbs 
et al. 2007). It has been successfully used in a variety of studies 
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to analyse metabolism and its regulation (Grimbs et al. 2007; 
Reznik and Segrè 2010; Fürtauer and Nägele 2016). However, 
evaluation of regulatory interactions between a metabolite and 
reaction of interest is complicated by the complex interplay 
found within the highly dynamic system of cellular metabolism. 
Depending on the regulatory setting, a single regulatory inter-
action can be beneficial or detrimental for the system stability. 
Further, although a vast amount of data and information is avail-
able on regulatory interplay between genes, proteins and metab-
olites, e.g., provided by genome-scale metabolic networks (Tang 
et al. 2021), many regulatory and metabolic interactions can be 
assumed to remain elusive or unknown.

Carbon fixation takes place in the stroma of chloroplasts and 
is catalysed by the enzyme ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (Rubisco). This enzyme facilitates the carbox-
ylation of ribulose-1,5-bisphosphate (RuBP) and subsequent 
cleavage between the C2 and C3 carbon forming two molecules 
of 3-phospho-D-glycerate (3-PGA) (Andersson 2008). In suc-
ceeding steps, 3-PGA is used in the Calvin-Benson-Bassham 
Cycle (CBBC) to resynthesize RuBP and supply the cell with 
triose phosphates which are substrate for starch and sucrose 
biosynthesis (Bassham et al. 1954; Martin et al. 2000). As the 
CBBC is directly connected to the rate of carbon fixation, its reg-
ulation is crucial for overall metabolic stability. Stability of the 
CBBC has, thus, an immediate influence on the plant’s ability to 
cope with environmental fluctuations, e.g. changes in light inten-
sity or temperature.

Perturbed or affected metabolic regulation can have signif-
icant effects on the rate of carbon assimilation. For example, 
accumulation of triose phosphates through a low starch and 
sucrose synthesis rate would result in low abundance of inor-
ganic phosphate and thus limit RuBP regeneration through a 
lower rate of photophosphorylation (Sharkey 1985). In contrast, 
if triose phosphate utilization is too high, the rate at which RuBP 
needs to be regenerated is jeopardized as the CBBC becomes 
carbon-starved (Kadereit et al. 2014). The rate at which Rubisco 
fixes carbon depends on both the CO2 and O2 concentration at 
the active site of Rubisco (Warburg 1920; Foyer et al. 2009). This 
is a result of the dual catalytic function of Rubisco, which not 
only carboxylates RuBP, but also reacts with oxygen to form one 
molecule 2-PG and one of 3-PGA (Bowes et al. 1971; Foyer et al. 
2009). As 2-PG is a strong inhibitor of several essential enzymes 
involved in the CBBC and chloroplast metabolism, its degrada-
tion is of utmost importance (Anderson 1971; Kelly and Latzko 
1976; Flügel et al. 2017). Affected enzymes are triose-phos-
phate isomerase (TPI) which catalyses the interconversion 
between glyceraldehyde 3-phosphate (GAP) and dihydroxy-
acetone phosphate (DHAP) (Anderson 1971), SBPase which 
dephosphorylates sedoheptulose-1,7-bisphosphat (SBP) to 
sedoheptulose-7-phosphat (Sed7P) (Flügel et al. 2017) and 
phosphofructokinase (PFK) which catalyses steps in glycolysis 
(Kelly and Latzko 1976).

The multistep pathway responsible for interconversion of 
2-PG is known as photorespiration and involves several sub-
cellular compartments (Fig. 1), namely the chloroplast, peroxi-
some and mitochondria (Foyer et al. 2009). In this process, two 
molecules of 2-PG are converted into one molecule of CO2 and 
one molecule of 3-PGA which can then be used in the CBBC 
and allows for the recovery of 75  % of carbon otherwise lost 

(Berry et al. 1978; Foyer et al. 2009). This process, however, 
comes at a substantial energetic cost to the cell: fixed carbon is 
again released and ATP and NAD(P)H are consumed (Foyer et 
al. 2009). Furthermore, ammonium (NH4

+) is produced dur-
ing photorespiration from which nitrogen has to be recaptured, 
adding further costs to the cell in the form of ATP and reduced 
ferredoxin (Foyer et al. 2009).

Historically, oxygenation of RuBP was interpreted as an 
unavoidable consequence of an oxygen-rich atmosphere, with 
photorespiration solely being the disposal of 2-PG (Lorimer 
and Andrews 1973). However, an increasing body of knowl-
edge points to additional important physiological roles. To 
this extent, it has been suggested that photorespiration has a 
significant impact on protection from photoinhibition (Heber 
and Krause 1980; Takahashi et al. 2007; Shi et al. 2022). 
Additionally, photorespiration interacts with several other met-
abolic pathways and operates in a tightly regulated manner with 
nitrogen, sulfur and C1 metabolism (Hodges et al. 2016). Yet, it 
still remains elusive what stabilizing or destabilizing effect pho-
torespiration has on the CBBC. It is further questioned if 2-PG, 
in its function as a key regulator, can mitigate the consequences 
of environmental perturbations. As regulation of the CBBC 
is crucial for stability of whole-plant metabolism, this study 
aimed to investigate and quantify to what extent photorespira-
tion affects the stability of the CBBC. For its analysis, the sta-
bility of CBBC and photorespiration was evaluated using SKM. 
Additionally, a discrete-parameter optimization approach was 
introduced being based on a modified version of the Branch 
and Bound (BnB) algorithm (Land and Doig 1960). To demon-
strate this approach, we reevaluate the stability of the CBBC, 
considering regulation by 2-PG in context of other regulatory 
interactions.

2.   M AT E R I A L S  A N D  M ET H O D S
In the following section, vectors are annotated in lowercase, v. 
Matrices are annotated in capital letters, M .

2.1  Stability of reaction networks
Biochemical reaction networks can be deterministically 
described over time t  by a system of ODEs, ẋ = f (x, k, t) with 
x = (x1, ..., xn)

T  variables (e.g. substrate concentrations), 
f = (f1, ..., fn)

T  functions and k = (k1, ..., kl)
T  parameters (e.g. 

kinetic constants) (Klipp et al. 2016).
If the point x fulfils the steady-state condition 

ẋ = 0 (ẋ1 = 0, ..., ẋn = 0 ), the system will remain in its cur-
rent state without external perturbations and x is annotated as  
x̄. If the system x is perturbed, the steady state can either be sta-
ble (x returns to steady state), unstable (x leaves steady state) or 
metastable (behaviour is indifferent) depending on the system 
behaviour (Klipp et al. 2016).

The dynamics of an ODE system ẋ close to a stable point x̄ 
can be investigated by means of linearization. To this end, the 
Jacobian Matrix J  is obtained by Taylor expansion of temporal 
changes of the deviations from the steady state x̄ and is evalu-
ated at x̄. The best linear approximation of ẋ near x̄ is then given 
by ẋ ≈ Jx+ z with z = (z1, ..., zn)

T  containing inhomoge-
neities (Klipp et al. 2016). For non-homogenous systems (i.e. 
z �= 0) the linearization can be converted into a homogenous 
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system by the coordination transformation x̂ = x− x̄ result-
ing in (d/dt)x̂ = Jx̂ and the general solution for homogenous 
systems:

x̂(t) =
n∑

i=1
cibieλi t

(1)

with λi being the eigenvalues of J  and bi  being the correspond-
ing eigenvectors (Klipp et al. 2016). The coefficients ci can be 
determined by solving x(0) =

∑n
i=1 cibi (note that eλi0 = 1).  

As a consequence of eλt = e(a+ib)t = eat(cos bt + i sin bt), 
the stability of the steady state is entirely determined by the real 
parts of the eigenvalues of J . If all real parts of the eigenvalues 
are below zero (i.e. a < 0) then for t → ∞ the term eλt  con-
verges to 0 and thus x̂(t) → 0 and x(t) → x̄ . In other words, 

after a perturbation the system returns to ̄x and the steady state is 
considered locally asymptotically stable. If any of the eigenvalues 
has a positive real part (i.e. a > 0), the system will exponentially 
diverge from its steady state.

An important note is that, following the Hartman–Grobman 
theorem, the linearized system only reflects the local behaviour 
of the dynamic system if the stable point x̄ is hyperbolic (i.e. J  
cannot have eigenvalues whose real parts equal 0, a �= 0).

2.2  Structural kinetic modelling
In practice, calculation of the Jacobian Matrix J  is often compli-
cated by a lack of knowledge on enzymatic rate equations and 
kinetic parameters (e.g. Vmax, Km, Ki) required for the formulation 
of the ODE system ẋ. To circumvent this, an approach named 
‘SKM’ was proposed by Steuer and co-workers in which kinetic 

Figure 1. The Calvin–Benson–Bassham cycle (black) and photorespiration (orange). Reactions are catalysed by the following enzymes: 1. 
Rubisco—ribulose-1,5-bisphosphate carboxylase/oxygenase, 2. PGK—phosphoglycerate kinase, 3. GAPDH—glyceraldehyde 3-phosphate 
dehydrogenase, 4. TPI—triose-phosphate isomerase, 5. ALD—aldolase, 6. FBPase—fructose 1,6-bisphosphatase, 7. TK—transketolase, 8. 
ALD—aldolase, 9. SBPase—sedoheptulose-1,7-bisphosphatase, 10. TK—transketolase, 11. RPE—ribulose-phosphate epimerase, 12. RPI—
ribose-5-phosphate isomerase, 13. PRK—phosphoribulokinase, 14. GAP export for sucrose synthesis, 15. Fru6P export for starch synthesis, 
16. Rubisco—ribulose-1,5-bisphosphate carboxylase/oxygenase, 17. PGP—phosphoglycolate phosphatase, 18. Glycolate transport, 19. GO—
glycolate oxidase, 20. GGAT—glutamate-glyoxylate aminotransferase, 21. Glycine transport, 22. GDC and SHMT—glycine decarboxylase 
complex and serine hydroxymethyltransferase, 23. Serine transport, 24. SGAT—serine-glyoxylate aminotransferase, 25. HPR1—
hydroxypyruvate reductase 1, 26. Glycerate transport, 27. GLYK—glycerate kinase, 28. Portion of CO2 reentering chloroplast, 29. CO2 
entering chloroplast from atmosphere, 30. Portion of CO2 released to cytoplasm. RuBP—ribulose-1,5-bisphosphate, 3-PGA—3-phospho-D-
glycerate, 1,3-BPG—1,3-bisphosphoglyceric acid, GAP—glyceraldehyde 3-phosphate, DHAP—dihydroxyacetone phosphate, FBP—fructose 
1,6-bisphosphate, Fru6P—fructose 6-phosphate, Ery4P—erythrose 4-phosphate, Xyl5P—xylulose 5-phosphate, SBP—sedoheptulose-1,7-
bisphosphate, Sed7P—sedoheptulose-7-phosphate, Rbu5P—ribulose 5-phosphate, Rbo5P—ribose-5-phosphate, 2-PG—2-phosphoglycolate, 
Gly—glycine, Ser—serine. The model does not consider refixation of ammonium.
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parameters are replaced by normalized enzymatic parameters 
(Steuer et al. 2006).

In this approach the system of ODEs is given by:

ẋ =
dx(t)
dt

= Nv(x, k)
(2)

with x = (x1, ..., xn)
T  metabolites and v = (v1, ..., vr)

T reac-
tion rates. The n × r  dimensional matrix N  represents the stochi-
ometric matrix of the considered metabolic reaction network. 
After defining:

cn(t) :=
xn(t)
x̄n

, Λ nr := Nnr
vr(x̄)
x̄n

,andµr(c) :=
vr(x)
vr(x̄)

,
(3)

the variable substitution xn = cnx̄n  leads to the system being 
rewritten in terms of c(t) as:

dc
dt = Λµ(c).

(4)

Now J  can be evaluated at steady state c0 = 1 with:

Jc = Λ ∂µ(c)
∂c

∣∣∣
c0=1

=: Λθµc .
(5)

Thus, the Jacobian is defined as a product of matrices Λ and θ. 
The matrix Λ consists of the stochiometric matrix N  normalized 
to the flux v(x̄) and metabolite concentrations x̄ at steady state. 
The r  × n dimensional matrix θ contains normalized elasticities 
and represents the degree of saturation of the normalized flux 
µ(c) with respect to the normalized concentration c(t). Hence, 
entries in θ describe to what extend changes in concentration 
of metabolite n influence the flux rate of reaction r . Depending 
on the interaction between the considered metabolite and reac-
tion, θ is either defined within the interval (0; 1) for activating 
effects or within (−1; 0) for inhibitory effects. A detailed dis-
cussion concerning entries of θ has been provided earlier (Steuer 
et al. 2006). Entries in relation to Michaelis–Menten kinetics 
have been discussed in Reznik and Segrè (2010).

To analyse the system dynamics, the model was repeatedly 
simulated with parameters for θReactionSubstrate  being chosen from a uni-
form distribution in the unit interval (0; 1). This ensured that all 
possible explicit kinetic models of the observed system are con-
sidered. Eigenvalues of randomized Jacobians were calculated 
and the stability of the model was evaluated. The maximum real 
part of all eigenvalues represented the spectral abscissa of J .

2.3  Ranking of parameters
Parameters used in the SKM approach were ranked according to 
their Pearson correlation to the spectral abscissa. Additionally, 
the distance between the distribution function of stable solution 
and the original probability density function was used for rank-
ing. Pearson correlation was calculated as follows:

rθb =
∑n

i=1
(θi−θ̄)∗(bi−b̄)√∑n

i=1
(θi−θ̄)2

√∑n
i=1

(bi−b̄)2
(6)

with b = max(Re(λ)). The rank for the correlation analysis Rc  
for a parameter θReactionMetabolite is given in descending order of |rθb|. The 
distance was calculated by:

dn = ‖Fn − F0‖ = supx|Fn(x)− F0(x)| (7)

with Fn  being the cumulative distribution function of values of 
θ resulting in a stable solution. F0 is the cumulative normal dis-
tribution (a normal distribution was used to sample θ). Finally, 
supx  is the supremum of the set of distances. The distance dn was 
then ranked in descending order, yielding Rd . The overall rank 
for a parameter was given in ascending order of the mean from 
the ranks Rc  and Rd .

2.4  BnB algorithm
To analyse how regulation affects the observed stability of a 
model, a discrete-parameter optimization algorithm was devel-
oped. It followed the Branch and Bound procedure first proposed 
by (Land and Doig 1960), which allows for the implicit enumer-
ation of all possible combinations of regulatory interactions in 
a given model. In this approach, the regulatory solutions can be 
envisioned as forming a tree in which low performing branches 
are pruned. This is achieved by comparing branching nodes to 
a boundary value, which is determined by the heuristic solu-
tion. The algorithm uses a best-first search strategy with wide 
branching as reviewed before (Morrison et al. 2016). An added 
challenge arose from the fact that the objective of the optimi-
zation problem (proportion of stable solutions) was not easily 
calculated by a simple cost function but rather had to be deter-
mined using a Monte Carlo experiment which is inherently 
noisy. Owing to this, nodes were pruned by hypothesis testing. 
As the proportion of stable solutions follows a binomial dis-
tribution which can be normally approximated, the Z-test was 
used (H0 : p1 ≤ p2, the proportion of stable solutions of the 
heuristic solution is equal or less than that of the considered 
node. H1 : p1 > p2, the proportion of stable solutions of the 
heuristic solution is greater than that of the considered node). 
The standard score was calculated applying the following equa-
tion (Equation 8):

z = p̂1−p̂2√
p̂(1−p̂) 2

n (8)

with p̂1 being the proportion of stable solutions within the 
best heuristic solution (i.e. the best solution with only discrete 
parameters). The proportion of stable solutions in the node con-
sidered for pruning was given by p̂2. The pooled standard error 
was calculated using p̂ = (p̂1 + p̂2)/2 . The number of samples 
within each Monte Carlo experiment was given by n. If the value 
of z > 2.33 (α = 0.01, one-tailed), then H0 could be discarded 
(i.e. the proportion of stable solutions in the heuristic solution is 
significantly higher than in the observed node) and the consid-
ered node was pruned.

For continuous parameter optimization of nodes, particle 
swarm optimization was applied (Kennedy and Eberhart 1995). 
The velocity vi and position xi  of a particle i  was updated accord-
ing to the particles best position pi  and the best global position 
pg  following:
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®
vi ← χ(vi + u(0,φ1)⊗ (pi − xi) + u(0,φ2)⊗ (pg − xi)),
xi ← xi + vi

(9)

with φ = φ1 + φ2 = 4.1, φ1 = φ2  and 
χ = 2/(φ− 2+

√
φ2 − 4φ) as proposed by (Clerc and 

Kennedy 2002) and reviewed in Poli et al. (2007). The vector 
u(0,φ) contained random numbers uniformly distributed in 
[0,φ]. The numbers were randomly generated for each particle 
in each iteration. Component-wise multiplication is indicated 
by ⊗.

Both pseudocode of the algorithm and an accompanying 
MATLAB® (www.themathworks.com) script are provided in 
Supporting Information.

3.   R E SU LTS
3.1  Photorespiration affects stability of carbon fixation

As plant metabolism comprises a complex network of path-
ways which was not possible to consider completely within this 
study, a simplified mathematical model was developed to sim-
ulate fluxes under the steady-state assumption, ẋ = 0. While 
a steady-state assumption ignores concentration dynamics in 
accumulating and/or depleting metabolite pools, it still reflects a 
helpful approximation of many pathways which show quasi-sta-
tionary concentrations without significant fluctuation, e.g., dur-
ing the light or dark phase of a diurnal cycle (Gibon et al. 2004; 
Küstner et al. 2019b). Yet, as outlined earlier, also dynamic path-
ways might be interpreted based on a steady-state assumption 
within a (very) short time period which does not show signifi-
cant alteration of metabolite concentrations (Nägele et al. 2014, 
2016). The considered equilibrium point x̄ was hyperbolic and, 
in accordance with the Hartman–Grobman theorem, could be 
used to analyse the local behaviour of the dynamical system 
(Hartman 1960), justifying the use of the SKM approach.

Based on real parts of eigenvalues of Jacobian matrices, the 
stability of the model was then analysed and compared to a 
model in which Rubisco only catalyses the carboxylation of 
RuBP (no photorespiration). In a synthetic scenario, stability 
was analysed under conditions where 2-PG had an unspecific 

efflux and no carbon was recovered. A graphical representation 
of these models can be found in Supporting Information—Fig. 
S1. Model simulations were run 106 times with metabolite con-
centrations and reaction fluxes being based on literature data 
(Flügel et al. 2017; Fürtauer et al. 2019; Jablonsky et al. 2011; 
Kitashova et al. 2021; Zhu et al. 2007; Küstner et al. 2019a). In 
conflicting reports, values from subcellular studies were used. 
Furthermore, input fluxes and efflux partitioning were per-
turbated to simulate differing physiological conditions result-
ing from a changing environment, e.g. stress could impose an 
increased ATP demand, which was reflected by perturbated 
efflux partitioning.

In the most basic case of all θReactionSubstrate  being set to 1 (corre-
sponding to simple irreversible mass-action kinetics), the full 
model (including all reactions shown in Fig. 1) and the model 
with an unspecific 2-PG efflux showed a stable steady state. In 
contrast, the model without photorespiration demonstrated an 
unstable steady state (Fig. 2).

When allowing θReactionSubstrate  to move freely in the interval (0; 1), 
the results indicated that the model without photorespiration was 
the least stable with only 40.3 % of simulations resulting in a sta-
ble solution, i.e. max(Re(λ)) was negative (Fig. 2). Comparison 
to the full model showed that including the photorespiratory 
pathway stabilized the system to 85.3 %. Interestingly, the most 
stable model was observed with an unspecific efflux of 2-PG 
where 91.0  % of the spectral abscissa (the maximum real part 
of all eigenvalues) were below 0. Additionally, this model pos-
sessed large negative eigenvalues and thus converged faster than 
the two other models. It is, however, important to keep in mind 
that such a scenario is highly artificial and would significantly 
reduce carbon assimilation rates. Due to the proportion of stable 
solutions (91 % vs. 40.3 %), these results suggested that oxygen-
ation of RuBP increases stability of the CBBC. Furthermore, the 
convergence rate was increased resulting in a faster response to 
perturbations. As this stabilizing effect was seen in both the full 
model and the model with an unspecific efflux, this suggested 
that the observed stabilization did not result from the addition 
of an arbitrary cyclic structure but rather from the oxygenation 
of RuBP. The multistep process of recuperating carbon from 
2-PG again resulted in a slow convergence rate, yet the higher 
proportion of stable solutions was maintained. Photorespiration 

Figure 2. Stability of the CBBC. (A) Full range of spectral abscissa. (B) Enlarged view of range between −10 and 10. Results are shown for 
models with photorespiration, without photorespiration, and with an unspecific 2-PG efflux. Maximal real eigenvalues below 0 (dotted black 
line) correspond to stable systems. Each model was simulated 106 times. Input and saturation parameters were randomized.
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thus increased the probability of finding a stable steady state at 
experimentally observed metabolite concentrations and reac-
tion fluxes.

3.2  GAP dynamics are pivotal for system stability
One of the draw backs of the SKM approach lies in the fact 
that in vivo only a subset of the analysed parameter space is 
present. Owing to this and in order to investigate where the 
14.7  % instability observed in the full model originated from, 
perturbed parameters of the model were ranked in accordance 
to their impact on the stability of the metabolic network. This 
allowed us to estimate the physiological relevance of the results. 
Pearson correlation between parameters and max(Re(λ)) was 

determined. Furthermore, the distribution of perturbed param-
eter values resulting in a stable solution was compared to their 
original probability density function, ‖dn = Fn − F0‖. In the full 
model, the most influential parameters were almost all found to 
be tied to reactions and metabolites within the CBBC (Table 1).  
An exception to this were parameters which determine the 
effect of glycolate on rates of GGAT and SGAT (θGGATGlyoxylate,  
θSGATGlyoxylate). These parameters were associated with photorespi-
ration rather than the CBBC. However, the results showed that 
reactions involving GAP as a substrate (θTPIGAP , θTKGAP , θeSucGAP) were 
the most essential in stabilizing the system after perturbation. 
This observation was true for both the full model as well as the 
model ignoring photorespiration. To a lesser extent, this was 

Table I. Ranking of saturation coefficients θ in accordance with their impact on the stability. Rankings are provided both with respect 
to the full model and the model lacking photorespiration. Rank 1: highest impact, rank 34: lowest impact. θ represents the saturation 
coefficient between a given metabolite and a reaction. Pearson correlation and the distance measure dn between the cumulative distribution 
function of values of θ resulting in a stable solution and the original distribution function were used for ranking.

 Full model No Photorespiration

Overall rank θ Correlation dn θ Correlation dn 

1 θGAPTPI -0.28 0.0637 θGAPTPI -0.07 0.2454
2 θGAPTK 0.15 0.0366 θGAPeSuc -0.05 0.2892
3 θFru6PTK -0.12 0.0268 θCO2Rubisco -0.11 0.0102
4 θGAPeSuc -0.12 0.0339 θGAPTK 0.04 0.1016
5 θ3PGAPGK 0.08 0.0092 θRuBPRubisco 0.04 0.0028
6 θRuBPRubisco 0.06 0.0058 θFru6PTK -0.01 0.0121
7 θGAPTK 0.04 0.0074 θ3PGAPGK 0.02 0.0021
8 θGlyoxylateSGAT 0.03 0.0187 θGAPAld -0.01 0.0026
9 θGlyoxylateGGAT -0.02 0.0350 θGAPTK 0.02 0.0017
10 θSed7PTK -0.03 0.0073 θSed7PTK -0.01 0.0027
11 θDHAPALD 0.04 0.0032 θEry4PALD 0.01 0.0017
12 θSBPSBPase 0.02 0.0037 θFru6PeStarch 0.00 0.0032
13 θSerMitSerT -0.02 0.0041 θDHAPALD 0.01 0.0014
14 θSerPerSGAT -0.01 0.0094 θDHAPAld 0.00 0.0024
15 θCO2Rubisco -0.03 0.0026 θRbo5PRPI 0.01 0.0015
16 θEry4PALD 0.02 0.0028 θ13BPGPGK 0.00 0.0015
17 θGAPAld -0.03 0.0018 θRbu5PPRK 0.00 0.0017
18 θDHAPAld -0.01 0.0024 θSBPSBPase 0.01 0.0012
19 θGlycerateChlGLYK 0.01 0.0046 θXyl5PRPE 0.01 0.0012
20 θGlycolateChlGlycoT 0.01 0.0029 θFBPFBPase 0.00 0.0014
21 θHydroxyp.HPR 0.01 0.0035
22 θCO2_miteCO2 -0.01 0.0044
23 θRbo5PRPI 0.01 0.0020
24 θGlyceratePerGlycertaeT 0.01 0.0035
25 θGlycolatePerGO 0.01 0.0020
26 θCO2_mitCO2_d 0.01 0.0031
27 θGlyPerGlyT 0.01 0.0019
28 θXyl5PRPE 0.01 0.0011
29 θRbu5PPRK 0.01 0.0010
30 θGlyMitGDC/SHMT 0.01 0.0011
31 θ13BPGPGK 0.00 0.0016
32 θFru6PeStarch 0.00 0.0018
33 θ2PGPGP 0.00 0.0016
34 θFBPFBPase 0.00 0.0010
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also observed for the carboxylation and oxygenation of RuBP 
(θRubiscoRuBP , θRubiscoCO2 ). However, this was more pronounced in the 
model lacking photorespiration. In conclusion, this suggested 
that GAP partitioning was the most essential aspect governing 
CBBC stability.

Interestingly, reactions catalysed by TPI, and to a lesser 
extend also SBPase, had a considerable impact on the stability of 
the model. This further suggested a possible benefit of inhibition 
by 2-PG which inhibits both enzymes.

Comparing parameters between both models revealed a sharp 
increase in the value of dn for two parameters, θTPIGAP  and θeSucGAP .  
The dn value for θeSucGAP  increased from 0.037 to 0.289, for θTPIGAP  the 
change was slightly lower, increasing from 0.064 to 0.245. This 
increase was coupled with a decline in the corresponding corre-
lation coefficients. As dn represents a shift in the parameter distri-
bution found in stable solutions from the uniform distribution, 
this was most likely the consequence of a reduced parameter 
space leading to stable solutions. Values of θ contained in stable 
solutions were compared between the two models (Fig. 3).

The lack of photorespiration clearly reduced the parameter 
space of stable solutions compared to the full model. Values of 
the saturation parameter θeSucGAP  were shifted towards 1, while θTPIGAP  
was shifted towards 0. This suggested an increasing importance 
of GAP export in order to stabilize the system, especially in rela-
tion to GAP utilization for DHAP synthesis. As starch synthesis 
occurs downstream of TPI, this indicated that starch synthe-
sis may not be able to stabilize fluctuations effectively. Taken 
together, the structure and location of photorespiration thus 
appeared to alleviate the pressure on the GAP export required 
to stabilize the system.

Previous studies and the rich history of explicit modelling 
of the CBBC and photorespiration showed that TPI operates 
close to equilibrium under physiological conditions ( Jablonsky 
et al. 2011). This suggested that θTPIGAP  should be closer to 1 (as 

was found in the full model) which indicated that the reduced 
proportion of stable solutions (see Fig. 2) was indeed of impor-
tance in relation to conditions in vivo. However, it is important 
to consider that this would also be reflected in a value of θTPIDHAP  
close to −1, suggesting reversibility. To ensure that reduced 
parameter space of θTPIGAP  was still relevant under these reversi-
ble conditions, the two models were simulated reflecting this 
change and distributions of θTPIGAP  and θeSucGAP  were again compared 
[see Supporting Information—Fig. S2]. Previous observa-
tions were confirmed with this approach suggesting that the 
observed stabilizing effect of photorespiration was not an arte-
fact of an irreversibility assumption but indeed relevant under 
physiological conditions.

Following this, the model was investigated to analyse if starch 
synthesis was indeed unable to affect the stability of the system. 
The effect of θeStarchFru6P  on the stability was analysed across the two 
models (Table 1). Both models showed no apparent effect of 
θeStarchFru6P  for the stability of the system. A change in θeSucGAP  had a 
direct effect on the partial derivative ∂( f (GAP))∂(GAP)  found within the 
Jacobian matrix. As a result of Equation (5), higher values of θeSucGAP  
resulted in an absolute increase of ∂( f (GAP))∂(GAP) , thus increasing the 
effect that a change in the concentration of GAP had upon its own 
dynamics. Furthermore, θeSucGAP  only affected ∂( f (GAP))∂(GAP) , whereas 
changes in other parameters of GAP also affected other entries 
in the Jacobian (e.g. θTPIGAP  affects ∂( f (GAP))∂(GAP)  and ∂( f (DHAP))∂(GAP) ).  
This could make GAP dynamics more resilient against effects of 
other metabolites and might constitute an overflow mechanism 
for excess carbon out of the CBBC without influencing CBBC 
dynamics. Similarly, an increase in θeStarchFru6P  affected ∂( f (Fru6P))∂(Fru6P) , 
allowing more control over its own dynamics. However, as men-
tioned previously, the most crucial junction determining the sta-
bility was found to be at GAP and its various pathways. Thus, an 
increase in the absolute value of ∂( f (GAP))∂(GAP)  appeared to be more 
beneficial than an absolute increase in ∂( f (Fru6P))∂(Fru6P) .

Full model

No Photo-
respiration

θ Value θ Value
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1

C
ou

nt

0

10000

20000

30000

θ eSUCGAP θ TPIGAP

Figure 3. Values of θ found in stable solutions. Parameters are shown in which the model without photorespiration showed the largest 
deviation from the expected distribution (dnθeSucGAP = 0.289, dnθTPIGAP = 0.245). Values for θ are shown for both the full model and the model 
excluding photorespiration.
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3.3  A shift in carbon partitioning towards sucrose synthesis 
increases metabolic stability

Based on the assumption that an increase in the absolute value 
of ∂( f (GAP))∂(GAP)  may stabilize the CBBC, it was suggested that 
an increase in the ratio of assimilated carbon going to sucrose 
biosynthesis rather than starch synthesis should increase the 
stability of the model as well. This would be a consequence of 
Equation (10).

∂( f (GAP))
∂(GAP) =

m∑
j=1

ΛGAP
j ∗ θ j

GAP,
(10)

The resulted from rules of matrix multiplication when analys-
ing a single element of J  following Equation (5). Following the 
term ΛGAP

eSuc ∗ θeSucGAP = −1 ∗ veSuc[GAP]
[GAP]

∗ θeSucGAP, a shift of assimilated 
carbon towards sucrose synthesis rather than starch synthesis 
increased veSuc[GAP] and, thus, ∂( f (GAP))∂(GAP) , resulting in a similar 
effect as observed above. To test this, the ratio of sucrose/starch 
allocation was shifted in the model by altering the correspond-
ing fluxes and the results were again simulated 106 times for each 
condition.

Supporting the hypothesis, results showed that an increased 
proportion of sucrose biosynthesis resulted in an increase in the 
stability of the system (Fig. 4). Interestingly, this effect was more 
pronounced under deficiency of photorespiration (24.4  % → 
46.2 % stability vs. 79.8 % → 86.1 % stability, see Fig. 4).

In addition to increased biosynthesis of soluble sugars, accu-
mulation of secondary metabolites is a well-known stress and 
acclimation response of plants (see e.g. Winkel-Shirley 2002; 
Doerfler et al. 2013). Following the finding that a shift from 
starch towards sucrose synthesis was able to stabilize the system, 
a model was created containing an Ery4P export to simulate the 
impact that induction of secondary metabolism via the shiki-
mate pathway might have on the CBBC. A graphical representa-
tion of this model and a model containing Ery4P export, but no 
photorespiration, is provided in Supporting Information—
Fig. S3. Similar as to what was observed for starch metabolism, 
the value of θeSecondary_Metabolism

Ery4P  had no significant effect on the 
stability of the system (Table 2).

Based on this finding, we hypothesized that GAP export for 
sucrose synthesis was particularly able to stabilize the system 
which might result from its direct ability to control GAP dynam-
ics. To test this hypothesis, the ratio of carbon going towards 
sucrose, starch or secondary metabolites was altered and the 
proportion of stable solutions under each condition was quan-
tified (Fig. 5).

In presence of the photorespiratory pathway, carbon alloca-
tion towards sucrose proved to be the most effective in stabiliz-
ing the system (Fig. 5, left panel, full model). In contrast, a lack 
of photorespiration shifted most stable parameter combinations 
towards higher activity of secondary metabolism (40–60 %). In 
both models, carbon channelling into starch biosynthesis con-
tributed least to stability (0–20  %). In summary, these results 
suggested that the presence of the photorespiratory pathway 
allows for higher rates of sucrose biosynthesis without com-
promising the stability of the metabolic network, i.e. a higher 
carbon flux has to be allocated towards secondary metabolism 
in the absence of photorespiration in order to increase met-
abolic stability. Further, the stabilizing effect of GAP export 
was only found to be efficient if a sufficiently large parameter 
space for GAP export was present, which might be achieved 
either through photorespiration or secondary metabolism [see 
Supporting Information—Fig. S4].

3.4  The role of 2-PG in stabilizing the CBBC
To analyse if regulation of the CBBC by 2-PG though inhibi-
tion of TPI and/or SBPase may change the carbon partition-
ing towards a more stable system, a BnB algorithm was applied 
with the purpose of searching for optimal strategy resulting in 
stable solutions. This analysis was challenged by the combinato-
rial problem of testing ~4 * 1012 parameter combinations. Here, 
BnB enabled a computation time of, in total, <700 h (MATLAB® 
R2021a, Intel® Core™ i7-10700 @ 2.90 GHz).

In a situation where no enzymatic regulation, except for TPI 
and SBPase, was considered, both inhibition of TPI and SBPase 
by 2-PG lead to a decrease in stability (Fig. 6A). This effect was 
strongest for TPI, where the proportion of stable models fell 
from 85.3 % without inhibition to 6.1 % with strong inhibition. 
Although less pronounced, a drop of stability from 85.3  % to 
80.6  % was also observed for SBPase. This drastically changed 
when considering full enzymatic regulation of the CBBC, high-
lighting the importance of the BnB approach (Fig. 6B). In 30 % of 
near-optimal solutions (no significant difference to the best solu-
tion, P > 0.01), a weak inhibition of TPI by 2-PG was observed. 
A weak inhibition by 2-PG of SBPase was observed in 15 % of 

Figure 4. Portion of stable solutions with increasing carbon 
partitioning going towards sucrose synthesis. Each point was 
simulated 106 times at different ratios of sucrose synthesis 
randomized within an interval of 0.1; the ratio is given in 
C6-Sucrose/C6-Starch.

Table 2. Effect of θeSecondary_Metabolism
Ery4P  on the stability of the CBBC. 

The rank of θeSecondary_Metabolism
Ery4P  is shown in relation to all other 

θ parameters involved in the model. The parameter θ in general 
represents the saturation coefficient between a given metabolite and 
a reaction. Ranking was achieved according to its Pearson correlation 
with the spectral abscissa and the distance measure dn.

Model Rank Pearson correlation dn 

Full model 34 of 35 –0.01 0.001
No photorespiration 15 of 21 0.00 0.011
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all simulated models and strong inhibition in 75 % of solutions. 
This indicated a positive effect of regulation by 2-PG on the sta-
bility of the metabolic network with inhibition of SBPase taking 
a key role. Although this was more ambiguous for the regulation 
of TPI, a considerable parameter space existed also for this inhi-
bition (30 % of all scenarios).

4.   D I S C U S S I O N
Exposure to a sudden change of environmental conditions, e.g. 
light intensity or temperature, typically induces stress reactions in 
organisms to counteract and prevent irreversible damage of cells, 
tissues or organs. Stabilization of metabolism plays a central role 
in such stress response because it is preliminary to perceive and 
integrate environmental signals (Zhang et al. 2022). Here, stabil-
ity might be interpreted as the probability of transition of met-
abolic steady states, and it has been shown before that stability 
properties can be determined by network structures themselves, 
e.g., by metabolic cycles (Reznik and Segrè 2010). Stability 
properties of a biochemical reaction network can be quantified 
via an SKM approach (Steuer et al. 2006). With this approach, 
effects of single and/or multiple effectors and regulators on sys-
tem stability can be estimated to yield non-intuitive informa-
tion about metabolic pathways, pathway structures (Reznik and 
Segrè 2010) or metabolic acclimation strategies (Fürtauer and 
Nägele 2016). In case of an unstable metabolic state, slight mod-
ifications of environmental conditions might immediately result 
in an oscillating, or chaotic, dynamic behaviour of single metab-
olite concentrations or whole pathways (Fürtauer and Nägele 
2016). In photosynthetic metabolism, this might rapidly lead 
to an imbalance of, e.g., ATP/ADP or NADPH/NADP ratios 
which can easily cause generation of reactive oxygen species and 
tissue damage (Noctor and Foyer 2000). To reliably estimate 
stability properties in metabolic systems, a vast variety of reg-
ulatory interactions between proteins and metabolites needs to 
be considered which rapidly results in extensive combinatorial 
problems for computation. To overcome some limitations of 
computation time, we applied a discrete-parameter optimization 
approach. The importance of such an approach became evident 
when evaluating the effect of inhibition of CBBC enzymes by 

2-PG which finally suggested that photorespiration represents a 
trade-off between carbon assimilation rate and stability of cellu-
lar metabolism. This finding is in line with previous work which 
came to a similar conclusion using simplified ODE models with 
mass-action kinetics (Hahn 1991). Furthermore, previously 
published work in bioengineering found that a bypass, oxidizing 
glycolate completely in the chloroplast, leads to a 40 % increase 
in biomass production of tobacco plants in field experiments 
(South et al. 2019). This further suggests that the stabilizing 
effect resulting from photorespiration is tied to oxygenation of 
RuBP rather than its innate cyclic structure. This is owing to the 
fact that, considering fluctuations apparent to field experiments, 
synthetic plants showed an increase in biomass production as 
compared to wild-type tobacco.

Our findings supplement and extend the previously suggested 
regulatory role of 2-PG for adjustment and allocation of chlo-
roplast carbon flow (Flügel et al. 2017). The amount of 2-PG is 
tightly regulated by 2-PG phosphatase, PGLP, and its activity was 
shown to be essential for efficient carbon fixation and allocation 
(Flügel et al. 2017; Levey et al. 2019). Altogether, this suggests a 
strong impact of PGLP activity on stabilizing whole-cell carbon 
metabolism after environmental perturbation. Further, simula-
tions revealed that differential allocation of fixed carbon in either 
soluble carbohydrates, storage compounds or other (secondary) 
metabolism differentially affects stability of the whole CBBC 
network. As a consequence, under sudden temperature and/or 
light changes, when ratios of Rubisco-driven carboxylation and 
oxygenation significantly deviate from the current homeostasis, 
metabolism needs to be reprogrammed to maximize stabiliza-
tion capacities.

The capability of re-stabilizing carbon fixation, and all 
downstream carbohydrate biosynthesis, is a critical variable 
in plant ecology and evolution because it significantly deter-
mines cell and tissue fate as well as growth and developmen-
tal success. Hence, combining biochemical and physiological 
experiments with stability analysis, e.g. by SKM, represents a 
promising approach to yield detailed insights into metabolic 
regulation. This information is essential to interpret experi-
mental data on metabolite dynamics because underlying reg-
ulation might comprise non-intuitive patterns, e.g. metabolic 

Figure 5. How carbon allocation affects the stability of the CBBC. The ternary plot was constructed from 231 data points each simulated 104 
times per model. Arrows indicate the proportion of carbon flux in direction of sucrose, starch and/or secondary metabolites. Colour indicates 
proportion of stable solutions.
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cycles (Reznik and Segrè 2010) or nested structures (Schaber 
et al. 2009) which limit interpretation of experimental findings. 
Further, it indicates the dependency of structural kinetic prop-
erties within a metabolic network which interconnects path-
ways across diverse subcellular compartments. We found that 
stabilization is achieved by increasing the parameter space of 
θeSucGAP  and θTPIGAP  resulting in a stable solution (see Fig. 3). Owing 
to this and the noticeable correlation of θeSucGAP  with max(Re(λ)) 
but not for θeStarchFru6P , a shift from starch accumulation towards 
sucrose synthesis was able to stabilize the kinetic models (see 
Table 1 and Fig. 4).

It has been described earlier that under stress, e.g. due to 
low temperature, carbon allocation is redirected from starch to 
sucrose biosynthesis (Strand et al. 1997, 1999). While this can 
be explained by the metabolic role of soluble carbohydrates as 
substrates for other pathways or osmotically active substances 
(Obata and Fernie 2012), we hereby provide evidence for an 
additional role of this metabolic reprogramming in structural 
kinetic stabilization of carbon metabolism against environ-
mentally induced perturbations. Owing to limitations set by 
this approach, only a small subset of pathways found within a 

cell could be analysed. For example, in the simulated models 
photorespiration was treated as a closed loop. The addition of 
further pathways (e.g. nitrogen, sulfate and C1 metabolism), 
which are tightly linked to photorespiration, might lead to 
further regulatory insights (Hodges et al. 2016). The speed 
of convergence towards the steady state could be increased, 
as reflected by large negative eigenvalues, when photorespira-
tion was treated as an open loop, which would further empha-
size the stabilizing effect observed, bringing the model more 
towards the unrealistic scenario where 2-PG possesses an 
unspecific efflux (see Fig. 2).

Besides soluble carbohydrates, also secondary metabolites, 
e.g. flavonoids via the shikimate pathway, are well-known to 
be involved in plant abiotic stress reactions, acclimation and 
tolerance mechanisms (Winkel-Shirley 2002; Schulz et al. 
2016; Naikoo et al. 2019). Yet, previously, evidence has also 
been provided for significant variation of the extent of accumu-
lation of secondary metabolites even across different natural 
accessions of Arabidopsis thaliana (Schulz et al. 2015). While 
significant correlation between tolerance measures, e.g. freez-
ing tolerance, and flavonoid metabolism has been observed in 

Figure 6. Effects of inhibition of TPI and SBPase by 2-PG. (A) Effects of inhibition by 2-PG without considering regulation of the CBC. Each 
point was simulated 105 times. The blue line represents the effect of 2-PG on TPI. The orange line depicts the effect of 2-PG on SBPase. (B) 
Effects of inhibition by 2-PG when considering regulation of the CBC. Depicted are results of parameter optimization. The bar plot shows the 
distribution of regulatory interactions between 2-PG and TPI or SBPase found at the optimal solution and solutions which are not significantly 
worse (P > 0.01). A: activation (θ = 1), NR: no regulation (θ = 0), WI: weak inhibition (θ = −0.1), SI: strong inhibition (θ = −0.99).
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these studies, some of the underlying mechanisms remain elu-
sive. For example, transcript levels were found to be associated 
much stronger to freezing tolerance than absolute metabolite 
levels (Schulz et al. 2015). In context of findings of the present 
study this might highlight and support the hypothesis of met-
abolic stabilization by modification of efflux/influx capacities 
of the CBBC and photorespiratory pathways towards starch, 
sucrose and secondary metabolism (see Fig. 5). While our 
analysis revealed that in the full model partitioning of carbon 
towards sucrose biosynthesis improved the stability more than 
allocating carbon towards secondary metabolism, secondary 
metabolism was structurally able to provide a similar effect by 
increasing the admissive parameter space when oxygenation 
of RuBP was decreased. Finally, the optimal carbon partition-
ing was shifted under these conditions towards 40–50 % into 
secondary metabolism and 50–60  % into sucrose synthesis. 
Such a scenario might reflect a stress-acclimated state of plant 
metabolism when rates of photorespiration are decreased again 
after initial stress response while sugars and secondary metab-
olites are significantly increased in their amount (Savitch et al. 
2001; Doerfler et al. 2013). It further emphasizes the regula-
tory interaction between pathways with differential subcellular 
localization and indicates how stability may affect evolution of 
metabolism.

In conclusion, our study suggests a stabilizing role of pho-
torespiration on the dynamics of cellular metabolism, thus rep-
resenting a trade-off between carbon assimilation and metabolic 
stability in a dynamic environment. Finally, shifting carbon par-
titioning from starch accumulation towards sucrose synthesis 
significantly increases system stability which might be related to 
stress tolerance mechanisms of plants.

SU P P O RT I N G  I N F O R M AT I O N
The following additional information is available in the online 
version of this article—

Figure S1. Graphical representation of models. (A) Full 
model. (B) Model lacking photorespiration. (C) Model with 
unspecific 2-PG efflux.

Figure S2. Values of θ found in stable solutions for TPI 
reversibility. Values for θ are shown for both the full model and 
the model excluding photorespiration.

Figure S3. Graphical representation of models with export 
for secondary metabolism. (A) Full model with Ery4P export. 
(B) Model lacking photorespiration with Ery4P export.

Figure S4. Effect of carbon partitioning between sucrose syn-
thesis and secondary metabolism. Top: Changes to model stabil-
ity. Bottom: Effect on admissible parameter space.

MATLAB Scripts. All scripts used in this work. Each model 
and the Branch and Bound algorithm are present in a separate 
folder.

Pseudocode BnB. A brief overview of the functions involved 
in the Branch and Bound algorithm.
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