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Abstract13

In plants, the partitioning of carbon resources between growth and defense
is detrimental for their development. From a metabolic viewpoint, growth
is mainly related to primary metabolism including protein, amino acid and
lipid synthesis, whereas defense is based notably on the biosynthesis of a
myriad of secondary metabolites. Environmental factors, such as nitrate fer-
tilisation, impact the partitioning of carbon resources between growth and
defense. Indeed, experimental data showed that a shortage in the nitrate
fertilisation resulted in a reduction of the plant growth, whereas some sec-
ondary metabolites involved in plant defense, such as phenolic compounds,
accumulated. Interestingly, sucrose, a key molecule involved in the trans-
port and partitioning of carbon resources, appeared to be under homeostatic
control. Based on the inflow/outflow properties of sucrose homeostatic regu-
lation we propose a global model on how the diversion of the primary carbon
flux into the secondary phenolic pathways occurs at low nitrate concentra-
tions. The model can account for the accumulation of starch during the light
phase and the sucrose remobilization by starch degradation during the night.
Day-length sensing mechanisms for variable light-dark regimes are discussed,
showing that growth is proportional to the length of the light phase. The
model can describe the complete starch consumption during the night for
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plants adapted to a certain light/dark regime when grown on sufficient ni-
trate and can account for an increased accumulation of starch observed under
nitrate limitation.

Keywords: sucrose homeostasis, phenolic pathway, starch, negative14

feedback, integral control, nitrate availability, day-length measurement15

1. Introduction16

Plants live in a world of competition; they need resources (light, nutrients,17

water) to grow over neighbors, and need to defend against herbivores and par-18

asites. Plant growth relies on processes of cell division, cell elongation and19

maintenance within the cell which involve mainly the primary metabolism.20

Plant defense, on the other hand, relies notably on the development of dif-21

ferentiated structures (such as trichomes, spines) and on the synthesis of22

secondary metabolites, such as phenolics, alkaloids, carotenoids and other23

products. Plant growth and defense share a common carbon (C) source,24

i.e. photosynthates (Loomis (1932); McKey (1974); Bryant et al. (1983)).25

The defense costs on plant fitness, the trade-off result between growth and26

defense, are of great interest for plant ecologists studying plant-pathogens re-27

lationships (Züst et al. (2011); Mooney et al. (2010)). This trade-off between28

growth and defense is also an important aspect for agronomists. Under-29

standing the relationships between growth and defense will help to develop30

new agricultural practices to maintain plant defense while still keeping a high31

crop production (ecological intensification concept; for review, see Doré et al.32

(2011)).33

34

During the last decades, several hypotheses have been suggested to de-35

scribe the distribution of resources to growth and defense with respect to36

the availability of resources (for review, see Stamp (2003)). Among them,37

the Growth Differentiation Balance Hypothesis (GDBH) is considered as the38

most mature one (Loomis (1932); Herms and Mattson (1992); Stamp (2004)).39

The GDBH states that the growth takes priority over the defense and distin-40

guishes three domains of resource availability: (i) a severe resource deficiency41

where C assimilation, the relative growth rate and the relative rate of sec-42

ondary metabolism are positively correlated to the limiting resource; (ii) a43

moderate resource limitation where C assimilation is no longer limited, while44

the relative growth rate still is. In this domain, most of the assimilated C45
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that is not used for plant growth is diverted to the secondary metabolism.46

It results in a negative correlation between the relative rate of secondary47

metabolism and the relative growth rate; (iii) in the third domain, the rel-48

ative growth rate is no longer limited and requires the major part of the49

assimilated C at the expense of the secondary metabolism whose rate is50

maintained at a low level (Herms and Mattson (1992); Le Bot et al. (2009)).51

52

Although the GDBH considers any plant resources (except light, which53

influences C assimilation more than growth) a large body of the literature54

aiming to test this hypothesis has been focused on the nitrate (N) availabil-55

ity and led to controversial conclusions. On the one hand, as expected by56

the hypothesis, N limited plants generally exhibit a slow growth rate and an57

increase in soluble phenolics, a large family of C-rich secondary metabolites58

involved in plant defense (Le Bot et al. (2009); Larbat et al. (2012); Royer59

et al. (2013); Stewart et al. (2001); Nguyen and Niemeyer (2008); Glynn60

et al. (2007)). On the other hand, the content of other C-rich secondary61

metabolites like terpenes, tannins and also lignin, the main compound of62

the plant structure and cell wall reinforcement, do not follow the predic-63

tions of the GDBH (Massad et al. (2012); Koricheva et al. (1998); Royer64

et al. (2013)). These examples indicate that global conceptual models could65

not properly describe the response diversity of the secondary metabolism to66

resources availability. They highlight the need to develop complementary67

models taking into account knowledge on key metabolic pools together with68

their relationships and regulations. The aim of our present work was to pro-69

vide such a model on the impact of N availability on the C flux toward the70

primary metabolism and the phenolic pathway taken as representative of the71

secondary metabolism.72

73

Nitrogen is a major nutrient for plants. It is an essential constituent of74

amino acids and proteins, nucleic acids, co-factors and the photosynthetic75

apparatus (Chlorophylls, Rubisco), making it a key element to sustain plant76

growth (Marschner (2012)). With the exception of legumes, nitrogen is as-77

similated by plants through inorganic forms, the major one being nitrate (N)78

in aerobic soils (Xu et al. (2012)). N and derived metabolites are also signal-79

ing molecules up-regulating genes involved in N assimilation, photosynthesis80

and primary metabolism (amino acid synthesis, pentose phosphate path-81

way) and repressing the expression of several genes in the phenylpropanoid82

pathway (Vidal and Gutierrez (2008); Fritz et al. (2006)). The effect of N83
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limitation on the increase in the phenolic content mentioned above is corre-84

lated with an up-regulation of the expression of the phenylpropanoid specific85

genes (Fritz et al. (2006); Lillo et al. (2008)). In addition, a limitation in86

the N fertilization triggers also a variety of responses in the carbohydrate87

and primary metabolisms at the metabolic level that is at least partly due88

to large regulations at the transcriptome level (Scheible et al. (2004); Fritz89

et al. (2006)). Indeed, the main features observed in plant leaves are a de-90

crease in the concentrations of individual amino acids (Fritz et al. (2006)),91

proteins (Kingston-Smith et al. (2005)) and organic (citric and malic) acids92

(Le Bot et al. (2009); Royer et al. (2013)), an increase in hexoses (Le Bot93

et al. (2009)), whereas the concentration of sucrose is maintained nearly con-94

stant or is less affected (Le Bot et al. (2009); Fritz et al. (2006); Pretorius95

et al. (1999); Abro et al. (2013); Geiger et al. (1999)).96

97

Sucrose represents a pivotal molecule for plant metabolism. It constitutes98

the major form of C transport between tissues and organs and is also a sig-99

naling molecule regulating large aspects of the cell metabolism (for review,100

Wind et al. (2010)). During the day, sucrose is synthesized in the cytosol101

from the Calvin cycle products (triose phosphates) and, during the night,102

from the breakdown of accumulated starch (Stitt and Zeeman (2012); Hu-103

ber et al. (1992)). Sucrose biosynthesis is highly regulated notably through104

a feed-forward regulation on the fructose-1,6-phosphatase (F1,6Pase) and105

a feed-back regulation on the sucrose phosphate synthase (SPS) and the106

F1,6Pase (Huber et al. (1992)). The role of sucrose as signaling molecule is107

less documented than glucose. However, sucrose was firmly proved, to repress108

the expression of plastocyanin, a photosynthetic gene (Dijkwel et al. (1996))109

and the transcription factor bZIP11 involved in the regulation of amino acids110

biosynthesis in Arabidopsis (Hanson et al. (2008)). Sucrose also up-regulates111

the expression of anthocyanin genes (Solfanelli et al. (2006)).112

113

The conceptual basis of the model we describe in this paper is to consider114

the maintenance of the sucrose homeostasis under variable nitrate (N) avail-115

ability as a determinant of the C partitionning between the primary and the116

secondary metabolisms. When sufficient N is available to the plant, sucrose117

is funneled into the primary C metabolism as N activates this pathway (for118

review, see Vidal and Gutierrez (2008)). Under these conditions, the sucrose119

homeostasis is maintained by an inflow control mechanism (for mechanis-120

tic details see next chapter), which provides the sufficient C-flux required121
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by the N activated primary C metabolism. At lower and growth limiting122

N conditions, the primary C-flux is diminished due to the lower activation123

by N. But, as a consequence of the still unchanged photosynthetic activity,124

sucrose is still formed from trioses-P. To keep sucrose at a constant homeo-125

static level, the excess of produced sucrose, which cannot enter the primary126

C-flux, is now diverted into the secondary C metabolism, by the use of an127

outflow mechanism (for mechanistic details see next chapter). The major128

metabolic pathway served is thus the soluble phenolics pathway. Besides the129

diversion of primary C-flux into the phenolic pathway the model can also130

account for the increased accumulation of starch under N limiting condition131

and the accumulation and remobilization of starch into sucrose under diurnal132

and variable light-dark conditions.133

134

2. Modeling Sucrose Homeostasis135

An essential property of all cells and organisms is their homeostatic regu-136

lation of a wide range of components. The term ’homeostasis’ was introduced137

by Cannon while showing that many compounds and physiological parame-138

ters in cells and organisms are kept within certain and often narrow limits139

(Cannon (1929)).140

141

In biochemical systems, robust homeostasis can be achieved by combining142

a negative feedback with integral control (Yi et al. (2000)). While robust reg-143

ulation by integral control is well established in control engineering (Wilkie144

et al. (2002)), kinetic principles leading to integral control in biochemical sys-145

tems were only recently found (Ni et al. (2009); Huang et al. (2012); Drengstig146

et al. (2012a,b); Thorsen et al. (2013)). These studies showed that home-147

ostatic controller motifs fall into two classes termed as inflow and outflow148

controllers (Drengstig et al. (2012a)). Inflow controllers provide homeostasis149

by adding the controlled variable to the system by a compensatory flux from150

an internal or external source. Inflow controllers compensate for outflow per-151

turbations, which act on the controlled variable. Outflow controllers work152

oppositely. They remove the excess of the controlled variable (due to inflow153

perturbations) by excreting or moving it to an internal store.154

155

In the following, we show how the combination of inflow and outflow con-156

trollers can describe sucrose homeostasis in plant and the associated daily157
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buildup and degradation of starch at different light-dark regimes. When N158

becomes limiting for the plant growth the combined controllers divert the159

primary C-flux into the secondary metabolism in order to maintain plant160

sucrose homeostasis.161

162

3. The Model163

Fig. 1 gives an overview of the model which is defined at the global plant164

scale. Rate equations and parameter values are listed in the appendices165

and figure legends, respectively. Sucrose synthesis occurs by two main reac-166

tion paths. During the day sucrose is formed by photosynthesis via triose-167

phosphates (triose-P). Photosynthetic CO2 assimilation and regulations are168

well described in the literature. For the sake of simplicity these regula-169

tions were not considered here. For details, see Farquhar et al. (1980) and170

Von Caemmerer and Farquhar (1981). During the night, when there is no171

photosynthetic activity, sucrose is formed from starch that has been synthe-172

sized during the previous day. At sufficiently high N concentrations sucrose173

is directed into the primary C metabolism, which generates compounds in-174

volved in plant growth (notably amino acids and proteins). The secondary175

C-flux leads to the production of soluble phenolics, which increase in con-176

centration when N availability is limiting for the plant growth (Fritz et al.177

(2006); Le Bot et al. (2009)). Part of the secondary C-flux leads also to the178

synthesis of lignin, but here no regulation has been demonstrated.179

180

Internal nitrate levels in plant leaves and roots have been found to be un-181

der homeostatic control (Miller and Smith (1992, 2008)). In order to account182

for this here, the uptake of N is described by an inflow-type of controller as183

done previously (Huang et al. (2012)). However, for the sake of simplicity N184

storage and remobilization, which take also part in the nitrate homeostatic185

mechanism, are not considered here.186

187

Internal N favors photosynthesis and growth through gene activation (for188

review, see Vidal and Gutierrez (2008)).This is represented in the model by189

a N-activation of the triose-P formation and the activation of sucrose entry190

to the primary C-flux. In the model, the N-activations are described by the191
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Figure 1: Plant model for sucrose homeostasis under variable nitrate (N) availability.
Grayed sections are successively included. During the day, triose-phosphate formed from
the photosynthesis is shared between the synthesis of starch and the synthesis of sucrose.
Sucrose is used for the formation of primary carbon (C) compounds as well as secondary
compounds (phenolics) and lignin. The demand for sucrose is regulated by at least one
inflow controller including SnRK1. In the model, this inflow control is represented by
EtrioseP

infl (see discussion). During the night, sucrose is formed from starch via a remobi-

lization pathway and regulated by inflow controller Estarch
infl . The adaptation to a minimal

starch level at dawn at different light/dark regimes is performed by a starch inflow con-
troller ETP

infl (outlined in gray). Because internal N is kept at a homeostatic level, max-

imum activation of the primary C pathway by EtrioseP
infl is ensured by sufficient external

N concentrations. When external N is getting so low such that the high affinity uptake
system of N is not able to maintain ingternal N homeostasis, the primary C-flux decreases
due to a lower N-activation on k5. Since photosynthesis is less sensitive to N limitation
than growth (due to the different activation constants k13 and k33 in fpcf

act and f trioseP
act ,

respectively, the N activation on the photosynthetic activity (k29) is still maintained and
sucrose is still formed. To avoid a build-up of sucrose and to keep sucrose at a homeostatic
level, excess of C is diverted by outflow controller Ephe

outfl into the phenolic pathway (see
discussion).
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activating function192

fX
act = fX

act,max

(

N

KX
act +N

)

(1)

where N is the concentration of nitrate and KX
act is an activation constant.193

X is a variable, which describes the target of the activation, i.e., either194

triose-phosphates (triose-P) or the primary C-flux (pcf). When N is high195

compared to KX
act, f

X
act reaches its maximum value fX

act,max. Different f
X
act,max196

and KX
act values are assumed for the activation of the primary C metabolism197

and triose-P. N exerts also a repressing effect on the phenolic pathway (Fritz198

et al. (2006)), which we have included in the model by inhibitory functions199

of the form200

fY
I = fY

I,max

(

KY
I

KY
I +N

)

(2)

where Y denotes the target compound of the inhibition.201

202

Remobilization of sucrose from starch is described by an inflow controller203

Estarch
infl with its own homeostatic set-point, considering that the plant has a204

demand for sucrose also during the night. To keep sucrose at a robust home-205

ostatic level, two other control steps are included into the model. When the206

demand for sucrose is high at light and high N concentrations leading to207

increased growth rates, the inflow controller EtrioseP
infl enables the necessary208

sucrose delivery for the primary C metabolism while maintaining sucrose209

homeostasis. When N concentrations become growth-limiting (domain ii of210

the GDBH; see above), the primary C-metabolism is reduced, while pho-211

tosynthesis is still maintained. Thus, as photosynthesis remains practically212

unaltered at growth-limiting conditions, sucrose is still produced and will213

eventually exceed the set-point of the inflow controller EtrioseP
infl . To avoid a214

build-up of sucrose at low N availability, the excess of produced sucrose is215

now redirected into the phenolic pathway by outflow controller Ephe
outfl, which216

acts concomitantly with the de-repressing effect described by f phe
I .217

218

To get a stable production of starch, the triose-P level was kept constant219

due to an inflow-type of controller ECO2

infl . To describe the experimentally ob-220

served starch synthesis and degradation at different light-dark regimes molec-221

ular mechanisms to measure the amount of received light by the plant are222

suggested (see below).223

224
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Rate equations were solved numerically by using the FORTRAN subrou-225

tine LSODE (Livermore Solver of Ordinary Dierential Equations) (Radhakr-226

ishnan and Hindmarsh (1993)) and MATLAB/SIMULINK (www.mathworks.com).227

To make notations simpler, concentrations of compounds are indicated by228

compound names without square brackets.229

230

4. Sucrose Homeostasis and Secondary Carbon Flux Induction231

To illustrate the dynamic behaviors of the model and the diversion of the232

primary carbon flux into the phenolic pathway at low external N concentra-233

tions, we first consider the situation when different external N concentrations234

are present. Fig.2 shows a calculation where the external N concentration235

successively decreases as N is taken up by the plant. Due to the inflow con-236

troller Enitrate
infl , the internal N concentration is kept approximately constant237

during its uptake, but decreases rapidly when the external N source becomes238

exhausted (Fig 2a). During the uptake of N, the starch content in the cell239

increases. During this period, sucrose homeostasis is maintained by inflow240

controller EtrioseP
infl , while the primary C-flux, jpcf , is relatively high compared241

to the secondary C-flux into the phenolics pathway, jscf (Figs. 2b and 2c).242

For the sake of simplicity the set-point of sucrose was defined to 1. When the243

external and internal N concentrations are getting low, there is a phase when244

photosynthesis is still operating but the primary C-flux jpcf is decreasing.245

During this stage, starch is still synthesized and sucrose level temporarily246

rises (arrow, Fig. 2b). The temporary rise in sucrose level is due to the247

decrease in the jpcf flux by the diminished internal N activation (via f pcf
act ,248

Fig. 1) and because the outflow controller Ephe
outfl has not fully established249

its function. Once the outflow controller Ephe
outfl has taken control, sucrose250

is diverted into the phenolic pathway. At this stage, sucrose homeostasis251

is re-established and jscf is at a high level relative to jpcf (Fig. 2c). When252

N availability becomes so low that photosynthesis can no longer be main-253

tained, sucrose is synthesized from the starch pool and sucrose homeostasis254

maintained by outflow controller Ephe
outfl until all starch is used up (Fig. 2a).255

Fig. 2d shows how jscf and jpcf levels from Fig. 2c depend on the amount256

of external N and shows their respective up- and down-regulation when ex-257

ternal N levels are getting low.258

259
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Figure 2: Sucrose homeostasis and the partitioning from the primary C-flux into the
secondary metabolism at low external N (without the grayed sections in Fig. 1). (a)
Internal N levels are kept under homeostatic control while external N levels are decreas-
ing. During this period, photosynthesis is maintained and triose-P is transformed into
starch and sucrose while sucrose levels remain at their homeostatic level. (b) Sucrose
homeostasis (with a set-point of 1). (c) Primary and secondary C-fluxes. When external
N concentrations become very low, the internal N concentration decreases, which leads
to a decrease in the primary C-flux jpcf and a temporary increase of sucrose (arrow,

panel b), but outflow controller Ephe
outfl increases jscf and maintains sucrose homeosta-

sis. (d) jpcf and jscf levels at different Next. Rate constant values and initial con-
centrations (in au): k1=1.0, k2=1.0, k3=1.0×10−5, k4=1.0, k5=8.0, k6=10.0, k7=9.8,
k8=1.0×10−6, k9=1.0, k10=10.0, k11=0.2, k12=1.5, k13=1.0, k14=k15=0.2, k16 − k25
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sucr0=2.84, EtrioseP

infl,0 =8.06, Ephe
outfl,0=1.0×10−5, N0=5.00, starch0=0.0, Next,0=500.0,

Enitrate
infl =7.5×10−2, trioseP0=1.10, ECO2

infl,0=1.0 (kept constant), and EStarch
infl,0 =1.0×10−4.
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We tested the model under high (Fig. 3) and low (Fig. 4) external N260

availabilities for three successive nycthemeral periods. In each simulation261

the day/night transition was simulated by switching off the constant k29,262

related to the photosynthesis, which was put back to its initial values at263

the end of the night period (Fig 3a). Evolution of triose-P, sucrose, and264

the starch pool were followed over the three nycthemeral periods. Triose-P265

quickly reached a plateau during the day and then went to zero during the266

night, as a consequence of the photosynthesis switch off.267

Sucrose concentrations show a transient de- or increase after respective light268

to dark (L → D) or dark to light (D → L) transitions (Fig 3a), which are269

also seen in experiments (see Fig. 4 in Lu et al. (2005)). However, compared270

with the experimental results the model transient peaks are relatively large,271

which we consider as a model artefact due to the abrupt changes made in272

k29.273

Starch evolution exhibited, as found by experiments (Smith and Stitt274

(2007); Gibon et al. (2004)), a typical saw-tooth profile, characterized by a275

linear accumulation during the day and an almost complete linear degrada-276

tion during the night (Fig. 3c). At high external N availability, the primary277

C-flux jpcf was much higher than the secondary C-flux jscf (Fig. 3b). Both278

fluxes behaved similar to the sucrose evolution, i.e., with an artifactual peak279

at the start of light period, then maintaining a steady state level during the280

day and the first part of the night, before decreasing at the end of the night281

(Fig. 3b). Under limited external N availability, the daily steady state level282

of triose-P was increased by about 25% (Fig. 4a). Sucrose was maintained at283

its homeostatic set-point as under high N availability, but did not decrease284

during the second half of the night (Fig. 4a). The secondary C-flux jscf was285

now clearly higher than jpcf , although the primary C-flux showed an increas-286

ing trend (Fig. 4c). Compared to the high N availability, starch evolution287

was characterized by an increased accumulation during the day and a limited288

degradation during the night, resulting in starch accumulation day after day289

(Fig. 4b). Sucrose-forming fluxes during light (jdaysuc ) and dark (jdaysuc ) condi-290

tions maintain sucrose homeostasis (Figs. 4a and 4d).291

292

5. Starch Content During Different Light-Dark Regimes293

Starch accumulation and mobilization is under circadian regulation (Lu294

et al. (2005)). The rate of starch degradation is set by mechanisms that295
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Figure 3: Model calculation at 12h/12h light/dark (LD) changes. At light conditions
k29=10.1, while during darkness k29=0.0. The concentration of external nitrate (Next)
is at a relative high level (20.0) and kept constant. (a) Level of sucrose and triose-P
during LD changes. The spikes at the LD transitions are due to the sudden change
in k29 and considered as artefacts. (b) At this relative high value of Next the primary
C-flux, jpcf , is higher than the secondary one, jscf . (c) Starch levels show constant
synthesis and degradation rates. Rate constant values and initial concentrations (in
au): k1=1.0, k2=1.0, k3=1.0×10−5, k4=5.0, k5=5.5, k6=10.0, k7=9.8, k8=1.0×10−6,
k9=1.0, k10=10.0, k11=0.2, k12=15.0, k13=1.0, k14=k15=0.2, k16 − k25 not used,
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k34=9.8, k35=10.0, k36=1.0 × 10−4, k37=0.1, k38=2.0×10−2, k39=1.0×103. sucr0=0.748,
EtrioseP

infl,0 =2.825, Ephe
outfl,0=9.751×10−7, N0=4.998, starch0=6.041, Next,0=20.0 (kept con-

stant), Enitrate
infl,0 =18.742, trioseP0=0.0, ECO2

infl,0=1.0 (kept constant), and Estarch
infl,0 =5.950.
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’measure’ the amount of starch in leaves at the end of the day and anticipate296

the length of night in order to maintain a constant supply of C through the297

night (Smith and Stitt (2007)). Arabidopsis plants, which are adapted to298

different light-dark periods, have been found to regulate their starch con-299

tent in such a way that at the end of the night period approximately all300

daily produced starch is utilized (Gibon et al. (2004)). The dark circles in301

Fig. 5a show the starch content of plants which have been adapted to a 6:18302

light:dark regime, while the open squares show the starch content in plants303

adapted to a 12:12 light:dark regime. How plants manage to optimize their304

starch usage under different light dark conditions is still not well understood305

and different approaches have been suggested (Feugier and Satake (2013);306

Scialdone et al. (2013); Pokhilko et al. (2014); Seaton et al. (2014); Pokhilko307

and Ebenhöh (2015); Scialdone and Howard (2015)). In the following we give308

a brief description of these approaches.309

310

In the work by Feugier and Satake (2013) the optimization of starch us-311

age is accomplished by a feedback relationship between the circadian clock312

affecting the sucrose/starch metabolism which feeds back to the clock and313

induces phase shifts. Their modeling results show that almost all features of314

experimental starch profiles can be explained by their feedback hypothesis.315

Scialdone et al. (2013) and Scialdone and Howard (2015) suggested a mech-316

anism which can be associated with a arithmetic division calculation that317

anticipates dawn. They introduce a set of models where the starch degra-318

dation rate is determined by the concentration of T-molecules, which reflect319

the remaining amount of time (∆t) until the next dawn, together with the320

concentration of S-molecules, which reflect the total starch content. Their321

model assumptions lead to the starch degradation rate322

r = f ·
∆Stot

∆t
(3)

The factor f depends on several structural parameters and kinetic constants.323

In order to get a complete starch consumption by the time of expected dawn324

f needs to meet the requirement f=1. The work by Seaton et al. (2014) used325

three models to explain the control of starch turnover by the circadian clock.326

All three models involve different interlocked feedback loops, but lead to sim-327

ilar results. The authors conclude that additional experiments are needed to328

elucidate pathway structure together with an identification of the involved329

molecular compounds. Seaton et al. (2014) further show how their models330

14



provide simple biochemical realizations of the arithmetic division calculation331

that have been proposed by Scialdone et al. (2013). The modeling approach332

by Pokhilko et al. (2014) and Pokhilko and Ebenhöh (2015) focus on the333

regulation of the carbon metabolism using a circadian timer. The regula-334

tion of the C-status is mediated by the kinase SnRK1, while the timing is335

achieved by the osmotic sensitive kinase OsmK via a circadian regulation of336

a Ca2+-dependent kinase. Interestingly, in our homeostatic approach the C-337

status sensing kinase SnRK1 is related to the inflow homeostatic regulation338

of sucrose (see below).339

340

When testing our model for the behavior shown in Fig. 5a by using dif-341

ferent day lengths ΦL, a linear relationship between k5 and ΦL is found342

(Fig. 5b). This relationship predicts that the primary carbon flux increases343

proportionally with the day length. This fits very well with many observa-344

tions that plant growth is generally proportional to the length of the daily345

exposure to light in the absence of other limiting factors (Garner and Allard346

(1920); Romberger (1963)). Fig. 5c shows the model’s starch synthesis and347

degradation behavior for different but constant day lengths. In good agree-348

ment with experimental results (Eimert et al. (1995); Gibon et al. (2004);349

Lu et al. (2005); Zhang et al. (2005), the model shows that for ΦL < 12h350

the rate of starch synthesis is higher during the shorter light period than the351

rate of starch degradation during the longer dark period. For ΦL > 12h the352

reverse is observed, i.e., the rate of starch synthesis is now lower during the353

longer light period than the rate of starch degradation during the shorter354

dark period. When ΦL =12h the rates of starch synthesis and degradation355

are approximately equal.356

357

Thus, the model predicts that the ability of the plant to measure the358

amount of received light, i.e., the day length, is crucial for the regulation359

of its starch utilization. How organisms get information about day length360

and use it for physiological purposes such as flowering or growth has been a361

long-standing topic within circadian rhythm research (Bünning (1973); Taiz362

et al. (2015)).363

364

We have investigated two hypothetical mechanisms for sensing the day365

length with respect to primary carbon metabolism/growth. The first one is366

based on two compounds M1 and M2, where M1 is synthesized/activated by367

light and is a precursor of M2. The conversion from M1 to M2 is suppressed368
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Figure 5: Starch regulation at different light-dark (LD) cycles. (a) Starch levels in Ara-
bidopsis plants adapted to 6h/18h and 12h/12h L/D cycles. ΦL describes the day length.
In the LD adapted plants, the production of starch during the day matches precisely its
consumption during the following night (Gibon et al. (2004)). (b) In order to achieve that
the amount of produced starch during the day matches the amount of starch consumed
during the next night, the model predicts that k5, i.e., part of the primary C-flux, needs
to be proportional to the day length ΦL. The arrow indicates the plant’s compensation
point, i.e., a minimum day length is required to maintain the system even when no starch
is produced. (c) Behavior of starch levels at different day lengths ΦL when k5 follows
the relationship in panel b. The other rate constants and initial concentrations are as in
Fig. 3.
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by light and occurs only in darkness, while the deactivation of M2 occurs369

also in light and at the same rate as M1 is formed. Fig. 6b shows that the370

sum of M1 and M2 is directly proportional to the length of the light phase371

ΦL. Both M1 and M2 activate the primary C-flux by the relationship372

k5 = α(M1 +M2)− β (4)

The parameter α is a scaling factor, while β is related to the light compensa-373

tion point, i.e., accounting for that a certain amount of the light/photosynthesis374

is required to maintain respiration at zero growth at which (arrow in Fig. 5b).375

The level of M2 is constant during darkness and reflects the total amount of376

light received during the previous light period. Fig.6c shows the levels of M1,377

M2, and their sum when the light dark regime is changed (see arrow) from378

8h:16h light:dark cycles (short day, SD) to 16h:8h (long day, LD) occurring379

at time t=48h. M1 increases during the light phase and is converted to M2380

in the beginning of the night. During the night M1 is zero, while M2 stays381

at the maximum level of M1, which has built up during the preceding day.382

At the beginning of the day M1 increases again while M2 decreases.383

384

Another mechanism, based on the homeostatic behavior of a negative385

feedback loop is shown in Fig. 6d. Here, compound M is generated by386

light where M induces its own repressor E, which inactivates/removes M.387

For low KE
M values, M is under a robust homeostatic control (Drengstig388

et al. (2012a)). Under such conditions the steady state level of E reflects389

the amount of light received, i.e., it is proportional to the day length ΦL390

(Fig. 6e). In Fig. 6f we show how the day length sensing mechanism works391

when going from short days (ΦL=8h) to long days (ΦL=16h). The system392

needs a certain adaptation time until homeostasis in the average level of M393

is achieved. The corresponding value of E is a measure for the day length.394

The time needed for M to reach its set-point is dependent on the magni-395

tudes of the rate constants k52 and k53, which also determine the set-point396

value Mset. Mset can be found by setting the rate equation of E to zero, i.e.,397

Mset=k53/k52·(E/(KE
M+E))≈k53/k52, when KE

M≪E. The adaptation time398

of the controller can be varied by in- or decreasing k52 and k53 while keep-399

ing their ratio constant. This generally will lead to a de- or increase in the400

adaptation time while Mset remains unchanged.401

402

An interesting observation (Lu et al. (2005)) is that during the first night403

after the transition from a short day (SD) to a long day (LD), the starch404
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Rate constants: k40=0.05686, k44=1.0×103, KL
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are changed from 6h/18h to 18h/6h, respectively. M10=0.0, M20=3.34. (d) Mecha-
nism for day length measurement based on robust homeostasis of light-induced species
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KL
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degradation rate is already increased (Fig. 7a). We have tested the model in405

this respect, which clearly shows this behavior (Fig. 7b). However, in order406

to keep the starch content at the end of the dark period adapted to low levels407

an additional negative feedback together with Michaelis-Menten kinetics is408

introduced, which in Fig. 1 is outlined in grey. Fig. 7c shows the LD starch409

adaptation when going from SD (ΦL=8h) to LD (ΦL=16h). The curve from410

48h to 72 is identical to the one dotted in Fig. 7b.411

412

6. Discussion413

The main features of the model are based on the observations that su-414

crose serves as a hub between primary and secondary metabolite pathways415

(Wind et al. (2010)), that N activates and inhibits primary and secondary416

metabolism, respectively, and that sucrose levels are under homeostatic con-417

trol. Sucrose is the major transport form of carbohydrates in higher plants418

and is also the major osmotic compound in the phloem sap. The appar-419

ent constancy of sucrose levels in the phloem sap were first demonstrated420

by Milburn and coworkers when investigating variable sucrose and potas-421

sium exudation rates along with the respective concentrations and fluxes for422

sucrose and potassium (Smith and Milburn (1980)). By using NMR spec-423

troscopy, the study by Peuke et al. (2001) indicated a diurnal variation of424

sucrose in 35-45 days old Ricinus plants with an approximately 25% increase425

in sucrose concentration during the light period. Recently, Kallarackal et al.426

(2012) reviewed the literature on sucrose homeostasis and by quantifying427

sap sucrose levels using an enzymatic technique concluded that the sucrose428

concentrations in young Ricinus plants showed only a marginal diurnal vari-429

ation. Le Bot et al. (2009) determined the concentrations for several primary430

and secondary compounds in leaves of young tomato plants as a function of431

external N concentration, including various sugars and sucrose. The studies432

by Le Bot et al. showed clearly the up-regulation of secondary metabolites433

at low N availabilities, while average sucrose levels remained unchanged. Al-434

though diurnal variations in sucrose levels cannot be excluded, these studies435

strongly indicate that sucrose is under a homeostatic regulation.436

437

Homeostasis (Cannon (1929)) involves a combined set of controller motifs,438

which adjust the inflow and outflow fluxes of the controlled variable in such439

a way that the concentration of the controlled variable is kept within tolera-440
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Figure 7: Starch transition kinetics from short days (SD) to long days (LD). (a) Ex-
perimental starch profiles of SD adapted Arabidopsis plants directly after the SDLD
transition (Lu et al. (2005)). Panel b shows the overlay of the calculated starch pro-
files (see also panel c) between SD-adapted plants (24h-48h) and the first cycle at
LD-conditions (48h-72h). (c) Adaptation behavior in starch profile when going from
short days (ΦL=8.0h) to long days (ΦL=16.0h) at t=48h. The mechanism shown
in Fig. 6a is used to measure day length ΦL. To describe the behavior predicted
in Fig. 5b, k5 is calculated according to the relationship: k5=M1+M2−0.85. To
achieve a stable average starch concentration at different LD phases, the gray outlined
parts in Fig. 1 are included using ETP

infl as an inflow controller with respect to starch.

The set-point of this controller is determined by the condition dETP
infl/dt=0, which is

given by (k54/k53)·E
TP
infl/(k55+ETP

infl)≈(k54/k53). Rate constant values and initial con-

centrations: k1=1.0, k2=1.0, k3=1.0×10−5, k4=5.0, k6=10.0, k7=9.8, k8=1.0×10−6,
k9=1.0, k10=10.0, k11=0.2, k12=15.0, k13=1.0, k14=k15=0.2, k26=0.5, k27=0.1,
k28=1.0×10−6, k29=10.1, k30=0.1, k31=2.0, k32=1.0×10−6, k33=1.0×10−11, k34=9.8,
k35=10.0, k36=1.0×10−4, k37=0.1, k38=2.0×10−2, k39=1.0 × 103, k40=5.68×10−2,
k44=1.0 × 103, KL

I =1.0×10−4, KM2

M =1.0×10−6, k49=1.0×10−3, k53=2.5×10−4,

k54=6.25×10−3, k55=1.0×10−4. sucr0=5.140×10−5, EtrioseP
infl,0 =6.012, Ephe

outfl,0=38.677,

N0=5.0, starch0=1.046×10−7, Next,0=20.0 (kept constant), Enitrate
infl,0 =18.75, trioseP0=0.0,

ECO2

infl,0=2.773, Estarch
infl,0 =55.574, M10=0.0, M20=3.342, and ETP

infl,0 = 0.0.
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ble limits for the cell/organism (Drengstig et al. (2012a)). While homeostasis441

also includes storage and remobilization of a controlled variable (Huang et al.442

(2012)), we have for the sake of simplicity omitted the vacuolar storage of443

sucrose and its remobilization from the store (Endler et al. (2006)).444

445

The negative feedback loop containing EtrioseP
infl,0 (Fig. 1) is described as446

an inflow controller motif, which keeps sucrose at a constant level when447

the demand for sucrose is high, i.e., when sufficient resources are available,448

the plant is growing and the primary C-flux is high. A molecular compo-449

nent involved in an inflow negative feedback regulation of sucrose is SnRK1450

(Sucrose non-fermenting -1- Related protein Kinase), which is activated by451

sucrose (Tognetti et al. (2013)). SnRK1 on its side inactivates Sucrose 6F-452

phosphatase, an enzyme involved in the synthesis of sucrose. Thus, SnRK1453

and sucrose are linked by a negative feedback loop that has an inflow control454

structure with respect to sucrose (motif 2, Drengstig et al. (2012a)). Another455

important factor which is related in the control of the primary C-flux and456

plant growth is the kinase TARGET OF RAPAMYCIN (TOR) (Menand457

et al. (2002)). Growth stops when TOR is silenced in Arabidopsis plants by458

using different RNA interference strategies (Deprost et al. (2007); Dobrenel459

et al. (2011); Caldana et al. (2013)). While these studies indicate that TOR460

is involved in plant growth and in the regulation of the primary C-flux, the461

feedback mechanisms from the primary C-compounds regulating TOR are462

presently not well understood.463

464

The negative feedback including Ephe
outfl and responsible for the induction465

of the secondary C-flux, i.e., the upregulation of phenolics under low N con-466

ditions, is described as an outflow controller, which moves the accumulating467

sucrose (due to the decreased primary C-flux at these conditions) into the468

secondary metabolism. The feedback loop is based on a sucrose-specific in-469

duction of PAP1 (Teng et al. (2005); Solfanelli et al. (2006)). PAP1 induces470

TT8, which together with TTG1 and PAP1 activate the phenolic pathway471

(Baudry et al. (2006); Dubos et al. (2008); Matsui et al. (2008)), and thereby472

consumes sucrose. Interestingly, this sucrose regulating feedback loop con-473

tains a positive and a negative feedback loop both regulating the global474

transcription factors PAP1, TT8 and others (Baudry et al. (2006); Dubos475

et al. (2008); Matsui et al. (2008)). TT8 has been found to be produced in a476

self-amplifying (autocatalytic) manner (Baudry et al. (2006)) and associating477

in the ternary complex MBW, which includes TT8 and TTG1. MBW acti-478
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vates the synthesis of anthocyanins. Fig. 8a shows a possible scenario of the479

negative feedback regulation. The autocatalytic formation of TT8 combined480

with a first-order removal of TT8 provides an effective control (Drengstig481

et al. (2012b)) of PAP1, while the activation of the anthocyanin synthesis482

by MBW closes the negative feedback regulation of sucrose. The set-point483

of sucrose for this outflow controller is determined by the rate equation for484

PAP1. In case k65 (which is considered as the Michaelis constant for the485

PAP1-removing/inactivating enzyme) is low compared to the concentration486

of PAP1, the sucrose set-point is given by the ratio k64/k63 (Drengstig et al.487

(2012a)). The set-point for PAP1 is determined by the rate equation for TT8488

and given as the ratio k67/k66. Fig. 8b shows the behavior of the system when489

the steady state is perturbed by a sudden increase of sucrose at t=50 time490

units. The adaptation of sucrose and PAP1 to their respective set-points is491

clearly seen and is in qualitative agreement with experimental results (Figs.6a492

and 6b in Solfanelli et al. (2006)). Fig. 8c shows a comparison of the system’s493

response behavior with and without an autocatalytic production in TT8. To494

keep PAP1 still under a homeostatic regulation, rate constant k70 (which495

corresponds to the Michaelis constant of a TT8-removing/inactivating en-496

zyme) has been added. When k70≪TT8 the set-point for PAP1 is the same497

as in the autocatalytic case, i.e. PAP1set=k67/k66. The response time of the498

system when TT8 is formed autocatalytically is considerably shorter, while499

no practical differences in the MBW and TT8 kinetics were observed. The500

increased effectiveness of PAP1 regulation by autocatalysis may be a reason501

why a control structure with a positive feedback has developed.502

503

The transcription factor MYBL2 has been identified as a negative regu-504

lator of the anthocyanin biosynthesis pathway (Dubos et al. (2008); Matsui505

et al. (2008)). High external sucrose levels down-regulate MYBL2 signifi-506

cantly, while under normal growing conditions the transcript levels of MYBL2507

appear unaffected (Nemie-Feyissa et al. (2014)). To what extent MYBL2 par-508

ticipates in the switch to secondary metabolism/antocyanins when N levels509

are low is presently not known and we have therefore not included MYBL2510

in the model.511

512

N has been found to be a global regulator of a variety of processes includ-513

ing activation of photosynthesis, chlorophyll production, primary metabo-514

lites (Scheible et al. (2004)) and repression of starch metabolism (Scheible515

et al. (1997)). On the other hand, N inhibits the synthesis of phenylalanine516
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Figure 8: Comparison of autocatalytic and non-autocatalytic regulation of PAP1 and su-
crose. (a) Reaction mechanism. For rate equations see Appendix. (b) At time t=50
(arrow) k61 is increased from 4.0 to 10.0. PAP1 is regulated more rapidly by the autocat-
alytic mechanism. Set-points for sucrose and PAP1 are 1.0 and 2.0, respectively. (c) Be-
havior of the controller molecules MBW and TT8. Rate constants: k62=0.1,k63=k64=1.0,
k65=1.0×10−4, k66=0.5, k67=1.0, kTTG1

68
=2.0, k69=1.0, k70=1.0×10−4. Initial concentra-

tions: sucr0=1.0, PAP10=2.0, TT80=10.0, MBW0=40.0.
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(Scheible et al. (2004)) as well as the production of anthocyanins by inhibit-517

ing the production/activities of PAP1 and PAP2 using the LBD-family of518

transcription factors (Rubin et al. (2009)). These various activation and inhi-519

bition processes by N are described in the model by the respective activating520

and inhibition functions fact and fI originating from internal N (Fig. 1). N521

is also a signal contributing to transcriptional regulation of genes coding for522

key enzymes of the phenylpropanoid pathway (PAL, C4H, 4CL; Fritz et al.523

(2006)).524

525

The typical saw-tooth behavior of starch build-up and consumption is526

well reflected by the model. During the day, triose-phosphate levels are kept527

approximately constant such that the rate of starch synthesis under light con-528

ditions is approximately constant. During the night, the Estarch
infl controller529

maintains sucrose homeostasis and compensates for the (constant) rate of530

total sucrose consumption by primary and secondary C-fluxes. In this re-531

spect, the constant synthesis and degradation rates for starch in the model532

are closely related to the regulation of triose-phosphate and sucrose home-533

ostasis.534

535

Thus, sucrose homeostasis, regulation of starch content and its adaptation536

to light-dark regimes, and the diversion of primary C-flux into secondary537

metabolism are integrated and interconnected mechanisms. The fine-tuned538

regulation of the allocation of C to secondary metabolism plays a prominent539

role in plant defense responses under abiotic and biotic constraints and allows540

to optimize costs of defense.541
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Appendix A. Rate Equations of Model547

Grayed sections in Fig. 1 are added in the calculations of Fig. 7. Abbre-548

viations: N, internal nitrate; Next, external nitrate; trioseP, triose phosphate;549

sucr, sucrose.550

24



d sucr

dt
= k4·E

trioseP
infl ·trioseP − k9·sucr·E

phe
outfl·f

phe
I − k5·sucr·f

pcf
act

−(k14+k15)·sucr+k37·starch·E
starch
infl ; f phe

I =
k38

k38+N
; f pcf

act =
N

k13+N
(A.1)

dEtrioseP
infl

dt
= k1 −

k2·sucr·E
trioseP
infl

k3 + EtrioseP
infl

(A.2)

dEphe
outfl

dt
= k6·sucr·f

E
phe
outfl

I −

k7·E
phe
outfl

k8+Ephe
outfl

; f
E

phe
outfl

I =
k39

k39+N
(A.3)

dN

dt
= k11·Next·E

nitrate
infl − k12·N (A.4)

dNext

dt
= −g·k11·Next·E

nitrate
infl (A.5)

g: scaling factor due to the size of the external volume551

552

553

d starch

dt
= k10·trioseP − k37·starch·E

starch
infl (A.6)

dEnitrate
infl

dt
= k26 −

k27·N ·Enitrate
infl

k28 + Enitrate
infl

(A.7)

d trioseP

dt
=k29·f

trioseP
act ·ECO2

infl −

(

k4·E
trioseP
infl +k10

)

·trioseP (A.8)

f trioseP
act = N

k33+N
554

555

556

dECO2

infl

dt
= k30 −

k31·trioseP ·ECO2

infl

k32 + ECO2

infl

(A.9)

dEstarch
infl

dt
= k34 −

k35·sucr·E
starch
infl

k36 + Estarch
infl

(A.10)
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When the adaptation to minimum starch levels at different LD regimes557

using MM kinetics is included (grayed sections in Fig. 1; results given in558

Fig. 7) the rate equations for triose-phosphate, starch, and ETP
infl change to:559

d starch

dt
=

k10·trioseP ·fI
k49 + trioseP

− k37·starch·E
starch
infl (A.11)

with fI =
k56

k56+ETP
infl

560

561

d trioseP

dt
=k29·f

trioseP
act ·ECO2

infl −

(

k4·E
trioseP
infl +

fI ·k10
k49+trioseP

)

·trioseP

(A.12)
f trioseP
act and fI are as described under Eq. A.8 and Eq. A.11, respectively.562

dETP
infl

dt
= k53·starch−

k54·E
TP
infl

k55 + ETP
infl

(A.13)

563

564

Appendix B. Rate Equations for Daylength Measuring Mechanism565

in Fig. 6a566

dM1

dt
= k29·k40 −

k44·K
L
I ·M1

KL
I + k29

(B.1)

dM2

dt
=

k44·K
L
I ·M1

KL
I + k29

−
k29·k40·M2

KM2
M +M2

(B.2)

567

568

Appendix C. Rate Equations for Daylength Measuring Mechanism569

in Fig. 6d570

dM

dt
=k50−k51·M ·E; with k50=fM

act=
k29

KL
a +k29

(C.1)
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dE

dt
= k52·M −

k53·E

KE
M + E

(C.2)

571

572

Appendix D. Rate Equations for Sucrose and PAP1 Regulation by573

TT8/MBW (Fig. 8a)574

d sucr

dt
= k61 − k62·sucr·MBW (D.1)

dPAP1

dt
=k63·sucr−

k64PAP1

k65+PAP1
− kTTG1

68 ·PAP1·TT8+k69·MBW (D.2)

dMBW

dt
= kTTG1

68 ·PAP1·TT8− k69·MBW (D.3)

575

Non-autocatalytic regulation of PAP1:576

d TT8

dt
=k66·PAP1−

k67·TT8

k70+TT8
−kTTG1

68 ·PAP1·TT8+k69·MBW (D.4)

577

Autocatalytic regulation of PAP1:578

d TT8

dt
=k66·PAP1·TT8−k67·TT8−kTTG1

68 ·PAP1·TT8+k69·MBW (D.5)
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