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ABSTRACT 
 
Photosynthetic  eukaryotes  house  two  photosystems  with  distinct  light  absorption  spectra.  Natural 
fluctuations  in  light  quality  and  quantity  can  lead  to  unbalanced  or  excess  excitation,  compromising 
photosynthetic  efficiency  and  causing  photodamage.  Consequently,  these  organisms  have  acquired 
several  distinct  adaptive  mechanisms,  collectively  referred  to  as  non‐photochemical  quenching  of 
chlorophyll  fluorescence  (NPQ), which modulate  the organization  and  function of  the photosynthetic 
apparatus.  The  ability  to monitor  NPQ  processes  fluorometrically  has  led  to  substantial  progress  in 
elucidating  the underlying molecular mechanisms. However,  the  relative  contribution of distinct NPQ 
mechanisms  to variable  light  conditions  in different photosynthetic eukaryotes  remains unclear. Here 
we  present  a  mathematical  model  of  the  dynamic  regulation  of  eukaryotic  photosynthesis  using 
ordinary differential equations. We demonstrate that, for Chlamydomonas, our model recapitulates the 
basic fluorescence features of short‐term  light acclimation known as state transitions, and discuss how 
the  model  can  be  iteratively  refined  by  comparison  with  physiological  experiments  to  further  our 
understanding of light acclimation in different species. 
 
Keywords:  photosynthesis,  light  acclimation,  state  transitions,  non‐photochemical  quenching, 
Chlamydomonas reinhardtii, mathematical modeling 
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INTRODUCTION 
 

The  light‐dependent electron  transfer  reactions of eukaryotic photosynthesis are catalyzed by 
serially  linked  protein  complexes  within  the  thylakoid  membranes  of  chloroplasts  [1‐4].  Linear 
photosynthetic  electron  flow  (LEF)  commences with  the  light  harvesting  complex  II  (LHCII)  proteins 
associated  with  photosystem  II  (PSII),  which  channel  light  energy  to  the  PSII  reaction  center  that 
catalyzes  oxidation  of  water  to  form  molecular  oxygen  and  protons  in  the  thylakoid  lumen.  The 
electrons  derived  from  PSII  water‐splitting  are  transferred  through  the  thylakoid  membrane  by 
plastoquinone  to  the  cytochrome  b6f  complex  (Cytb6f).  The  Cytb6f  catalyzes  the  translocation  of 
protons from the thylakoid stroma to  lumen while transferring the electrons to PSI via plastocyanin or 
cytochrome  c6.  Light  harvesting  proteins  associated  with  PSI  drive  the  transfer  of  these  electrons 
through  PSI  to  ferredoxin,  which  can  subsequently  reduce  NADP+  to  NADPH  via  ferredoxin‐NADP 
reductase.  The  proton  gradient  generated  by  the  activities  of  PSII  and  Cytb6f  powers ATP  synthase‐
catalysed  phosphorylation  of  ADP.  Cyclic  electron  flow  (CEF)  involves  the  flow  of  electrons  from 
ferredoxin  to  the plastoquinone pool,  resulting  in  increased  acidification of  the  thylakoid  lumen  and 
increased  production  of  ATP  at  the  expense  of  NADPH  [5,6].  A  remarkable  feature  of  oxygenic 
photosynthesis  is the extremely wide range of reaction kinetics both within the electron transfer chain 
and  the  light‐independent  reactions of  carbon  fixation  [7]. This  is  further  complicated by  the distinct 
light absorption spectra of PSII and PSI (the latter being excited by longer wavelengths than the former), 
as unbalanced excitation of the two photosystems can lead to over‐reduction (or over‐oxidation) of the 
electron carriers connecting the two photosystems,  leading to possible photo‐oxidative damage to the 
cell. To achieve “photostasis” amidst the broad range of  light quality and quantity found  in nature [7], 
photosynthetic organisms must balance the harvesting, dissipation, and utilization of light energy [8]. 

The mechanisms of dynamic  light acclimation occur across a wide  range of  time  scales. Long‐
term  responses  (LTR)  include  possible  adjustments  of  photosystem  stoichiometries  [9]  and  thylakoid 
membrane  folding  [10]. These LTR mechanisms do not  require photoreceptors and are  thought  to be 
primarily  regulated  by  the  thylakoid  redox  poise  which  controls  retrograde  signaling  from  the 
chloroplast to the nucleus [11]. Photoreceptor‐dependent LTR mechanisms can affect the re‐positioning 
of chloroplasts along  light gradients [12,13]. Motile photosynthetic organisms such as Chlamydomonas 
perceive  light  via  rhodopsins  to  trigger phototactic  responses  [14,15]. On  shorter  time  scales, excess 
energy can be dissipated through the transfer of electrons to O2 via the plastid terminal oxidase [16‐18] 
or at the PSI acceptor side via the Mehler reaction [19]. However, short‐term acclimation processes act 
primarily  at  the  level  of  PSII  and  are  collectively  referred  to  as  non‐photochemical  quenching  of 
chlorophyll  fluorescence  (NPQ)  [20,21].  NPQ  is  defined  as  the  difference  between  the  fluorescence 
maximum  of  dark‐adapted  cells  and  the  fluorescence  maximum  observed  during  subsequent 
illumination  [20].  The  deconvolution  of  NPQ  into  three  distinct  components  qE,  qT,  and  qI  can  be 
derived from the relaxation kinetics of NPQ in the dark [22]. The qE component of NPQ operates within 
seconds  to minutes  and  is  regulated  by  the  lumenal  pH  [23].  Acidification  of  the  thylakoid  lumen 
stimulates xanthophyll de‐epoxidation and/or conformational changes of the PSII antennae resulting in 
the  dissipation  of  excess  energy  as  heat  [24,25].  Lumen  acidification  also  directly  regulates 
photosynthetic electron  flow by decreasing  the  rate of plastoquinol oxidation by Cytb6f  [26]. The qT 
component,  also  referred  to  as  ‘state  transition’,  operates  on  the  scale  of minutes  and  involves  the 
reversible association of LHCII proteins with PSII and PSI to regulate the relative  light absorption cross‐
section of the two photosystems [27]. The mobilization of LHCII proteins between the photosystems  is 
regulated  by  antagonistic  kinases  and  phosphatases  [28].  The  qI  component  has  been  ascribed  to 
photoinhibition, wherein photodamaged PSII complexes are partially disassembled and repaired on the 
scale of hours [29]. 
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Although  the molecular mechanisms  of  light  acclimation  are  becoming  clear,  the  conditions 
required for their induction and their relative contribution to photostasis across variable light conditions 
remain poorly understood. Light acclimation processes also differ  substantially among photosynthetic 
species and cell types. For example, PTOX‐mediated reduction of O2  is a minor pathway  in  land plants 
but  can  absorb  up  to  50%  of  the  electrons  derived  from water  splitting  in  cyanobacteria  and  some 
eukaryotic algae [30,31]. Land plants and algae have distinct molecular mechanisms underlying qE. The 
PSBS protein  is critical for qE  in vascular  land plants [32] but  its role  in green algae  is unclear [33] and 
diatoms apparently do not encode this protein [34]. Conversely, the qE mechanism of eukaryotic algae 
such as Chlamydomonas relies heavily on the LHCSR proteins, which are absent  in vascular  land plants 
[34].  State  transitions  also  differ  substantially  between  land  plants  and  algae. Whereas  land  plants 
mobilize only 15‐20% of  the LHCII pool,  state  transitions  in  the alga Chlamydomonas  reinhardtii have 
been reported to  involve up to 80% of the LHCII antennae [36]. Some regulatory features of the LHCII 
kinase (Stt7/STN7) are shared between algae and  land plants, such as  its decreased activity under high 
light  stress  [37‐39]  and  its  activation by  the binding of plastoquinol  to Cytb6f  [40‐42].  It  is  currently 
unknown whether the LHCII phosphatase PPH1/TAP38 [43,44] is regulated, and specific orthologs have 
not been characterized outside of the land plant lineage.  

The  analysis  of  light  acclimation  mutants  has  been  useful  in  identifying  distinct  molecular 
mechanisms, however these processes do not operate in isolation and they form an interdependent and 
complex  regulatory  network.  Indeed,  the  fine  tuning  of  LEF  and  CEF  also  varies  substantially  across 
species and  cell  types, with CEF  reaching high  rates  in bundle  sheath  cells of C4  leaves whereas CEF 
rarely exceeds 10%  in C3  leaves at steady state [45,46]. The relationship between the rate of CEF and 
NPQ  also  remains  poorly  understood.  The  processes  are  evidently  linked  based  on  the  analysis  of 
mutants which are defective  in both processes. For example, mutation of PGR5/PGRL1  in Arabidopsis, 
two proteins required for the “antimycin A‐sensitive” CEF pathway [47], also suppresses qE [48], most 
likely  because  of  the  diminished  capacity  of  lumen  acidification  in  the  light.  In  Chlamydomonas,  the 
analysis of npq4 stt7 double mutants  indicates that qE and qT are functionally  linked during high  light 
stress  [49].  The  qT  component  has  also  been  linked  to  the  regulation  of  CEF  by  the  analysis  of  stt7 
mutants  [50,51] and  the enrichment of CEF  supercomplexes  in  conditions  favoring  the association of 
mobile  LHCII antennae with PSI  [52,53]. However,  this  conclusion has been  recently questioned by  a 
study demonstrating  that  although  the migration of  LHCII  antennae  to PSI  can  enhance CEF  in  light‐
limiting conditions, Chlamydomonas cells may switch from low to high rates of CEF independently of the 
LHCII kinase Stt7 [54]. 

Mathematical  modeling  is  a  useful  tool  for  studying  the  dynamic  behaviour  of  biological 
networks.  Discrepancies  between  the  predictions  of  a  mathematical  model  and  observations  from 
physiological  and  biochemical  experiments  represent  gaps  in  our  theoretical  understanding.  The 
predictive power of the mathematical model can be iteratively refined by exploring its parameter space 
and  connectivity based on  comparison with empirical data  [55‐57]. Here we present  a mathematical 
model describing short‐term acclimation of the photosynthetic electron transfer chain to changing light. 
Most of the initial parameters of the model, including reaction kinetics and the variable connectivity of 
photosynthetic  electron  transport, were  derived  from  the  literature,  and  the  dynamic  processes  are 
represented as ordinary differential equations. We demonstrate that our model can reproduce the basic 
fluorescence measurements during short‐term acclimation under conditions promoting state transitions 
and discuss how the parameter space of the model can be further refined to improve our understanding 
of the mechanisms of adaptation to changing light. 
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METHODS 
 
Experimental 
 

Chlamydomonas reinhardtii cells were grown in acetate medium (TAP) under dim light (10 µE m‐

2s‐1  from  white  fluorescent  tubes)  at  25oC  to  a  density  of  2*106  cells/mL.  They  were  collected  by 
centrifugation and resuspended in minimal medium (HSM) at a density of 2*107 cells/mL and incubated 
under agitation in dim light for one hour for anoxia‐induced state transitions and in complete darkness 
for one hour for  light regime‐induced state transitions. Fluorescence traces were recorded with a PAM 
Fluorescence Monitoring System (Hansatech, UK). 
 
Theoretical 
 

The  mathematical  model  as  described  below  and  detailed  in  the  Supplementary  Material 
comprises a set of 7 coupled ordinary differential equations. The equations are presented and explained 
in  detail  in  the  Supplementary  Information.  The  parameters  were  taken  from  literature  and 
subsequently adapted to fit the experimental curves. The numerical simulations of the equations were 
carried out with MATLAB. 
 
 
RESULTS and DISCUSSION 
 

We have built a mathematical model with the goal to provide a theoretical framework in which 
short‐term  acclimation  processes  can  be  investigated  by  computer  simulations.  The  purpose  of  the 
model  is  to  verify whether  current  concepts  are  sufficient  to  explain  experimental  observations,  to 
provide  a  platform  to  test mechanistic  hypotheses,  and  to make  theoretical  predictions  about  the 
dynamics  of  variable  quantities  which  cannot  be  monitored  continuously.  The  model  includes  all 
relevant  processes  involved  in  the  electron  transport  chain,  but  is  deliberately  kept  as  simple  as 
possible. We  here  focus  on  the  investigation  of  state  transitions  in  the  green  alga  Chlamydomonas 
reinhardtii and  thus see our work as a continuation of previous  theoretical approaches  to study NPQ, 
which addressed in particular the qE component [58,59]. 

Our experimental data were obtained for Chlamydomonas cells grown in dim light, which do not 
express LhcSR3 and have little capacity for qE‐dependent quenching [35]. This allowed us in a first step 
to  investigate exclusively the qT component and study  its dynamics and regulation. A schematic of the 
model  is presented  in Figure 1A. Since the model aims at describing adaptation processes  in the time‐
scale of seconds to minutes,  it does not  include a detailed description of the  internal processes of the 
photosynthetic  complexes,  but  rather  uses  a  heuristic  approach  to  represent  their  overall  function. 
Thus,  photosystem  II  (PSII),  cytochrome  b6f  (Cytb6f)  and  photosystem  I  (PSI)  are  treated  as 
oxidoreductases, of which the two photosystems are light‐driven. In conjunction, these three complexes 
mediate  linear electron  flow  from water  to  ferredoxin. The protons  concomitantly  translocated  from 
stroma to  lumen drive the ATP synthase, generating ATP  in the stroma. Electrons from ferredoxin can 
either be used to produce redox equivalents  in the form of NADPH by the enzyme FNR, or re‐injected 
into  the plastoquinone  (PQ) pool  (cyclic  electron  flow). A  central  aim of  the model  is  to  study  state 
transitions. Therefore, the action of the kinase Stt7 and the phosphatase Pph1 are represented  in the 
model. We  chose  to make  the  simplifying  assumption  that  the  action  of  Stt7  directly  results  in  a 
translocation of antenna from PSII to PSI and that Pph1 mediates the reverse translocation. As a result, 
the  cross‐sections  of  the  photosystems  change,  leading  to  an  altered  differential  activation.  In  the 



5 

 

model,  the  Stt7  kinase  is  regulated  by  the  redox  state  of  the  PQ  pool,  reflecting  the  existing 
experimental evidence [60]. In the current version of the model, we assume that the Pph1 phosphatase 
is constitutively active. 

A minimally  invasive way  to continuously monitor  the  state of  the electron  transport chain  is 
through  chlorophyll  fluorescence measurements.  In  order  to  allow  comparison  of model  predictions 
with such experimental observations, we need to calculate the fluorescence emitted from PSII. For this, 
we include in the model a simplified representation of the internal processes in PSII (see Fig. 1B). Again, 
to keep the model as simple as possible, we exploit the time‐scale separation (energy transfer within the 
photosystems are much  faster  than electron  transfer between  the  complexes of  the  transport  chain) 
and treat the internal states of PSII as being approximately in steady state (standard quasi steady‐state 
assumption, see Supplementary Material for details). 

State transitions can be  induced by altering the redox state of the PQ pool either by changing 
the  illumination  state  (dark  versus  light)  or  through  switching  between  aerobic  and  anaerobic 
conditions.  Under  anaerobic  conditions  in  the  dark,  mitochondrial  respiration  is  arrested  and  the 
demand for ATP induces an increase in glycolysis and an accumulation of reducing equivalents (Pasteur 
effect) that lead to a reduction of the PQ pool and a transition to State 2 [61]. To calibrate and test the 
model,  we  compared  the  simulations  with  fluorescence  traces  for  state  transitions  observed 
experimentally under these two schemes. 

The upper panel of Figure 2 presents experimental data (black) and simulation (grey) for dark‐
adapted wild‐type  cells  that were  illuminated  by weak  light  (100 µEs‐1m‐2)  for  10 minutes.  It  can  be 
observed that the key features of the experimental fluorescence signal are correctly reproduced by the 
simulations. The dynamics of  the saturating peaks  (FM’) reflect  the change  in antenna cross‐section of 
PSII. Illumination causes a reduction of the PQ pool (see Supplementary Figure S1), activating the kinase 
Stt7 and thus a partial transition to state 2. Antenna migration to PSI leads to a weaker activation of PSII 
and  thus  a  slower  reduction  of  the  PQ  pool.  This  negative  feedback  of  the  state  transitions  on  PQ 
reduction  leads  to  the establishment of a  stationary and  stable  redox poise.  In darkness,  the process 
slowly reverses towards state 1. The steady‐state fluorescence (FS) in the dark is also very well captured, 
including  the  slow  fluorescence decline between  consecutive peaks  caused by  re‐oxidation of  the PQ 
pool  after  its  transient  reduction  through  the  actinic  effect  of  the  saturating  flashes.  The  relative  FS 
levels in the light compared to darkness is not precisely reproduced. Why this is the case needs further 
exploration, and it is likely that a more detailed model of the internal processes in PSII will be necessary 
to refine the calculation of the fluorescence signal. However, the important feature, i.e. the tendency of 
FS to increase shortly after light exposure and then to decline on a longer time scale as shown in the first 
studies of state transitions [62], is also clearly visible in the simulation results. 

The  lower  panel  of  Figure  2  shows  experimental  data  and  simulations  for  state  transitions 
induced by shifting  low  light‐adapted wild‐type cells  from aerobic to anaerobic conditions and back  in 
darkness. Importantly, the simulations have been performed with exactly the same parameters as were 
used to fit the curves  in the upper panel. Again, the  important features of the fluorescence signals are 
well reproduced by the model. The dynamics of FM’ follow the change  in antenna cross‐section of PSII 
while FS reflects, at least qualitatively, the change of redox state of the PQ pool. Interestingly, the inter‐
flash  dynamics  of  FS  again  are  reproduced with  remarkable  accuracy. While  in  the  beginning  of  the 
anoxic period, FS remains approximately constant between two consecutive flashes, later in that phase it 
exhibits  a  slight  increase.  Investigating  the  variables which  are  not  directly  observable  explains  this 
behaviour (Supplementary Figure S2). While the PQ pool gets reduced by electrons from glycolysis, the 
cross‐section  of  PSII  simultaneously  decreases.  Early  during  anoxia,  these  processes  proceed  with 
approximately  the same  rate and  the opposite effects on  fluorescence cancel each other. Later, state 
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transition  is mostly completed and  the  reduction  in cross‐section  is slowed,  leading  to a  fluorescence 
rise resulting from PQ reduction. 

The  fact  that  the  simulations are  in good agreement with  the experimental data allows us  to 
conclude  that  our  current  knowledge  and  assumptions  about  the  molecular  mechanisms  of  state 
transitions in Chlamydomonas are sufficient to reproduce and explain most of the fluorescence changes, 
which  are  related  to  the  dynamic  allocation  of  antenna  to  the  two  photosystems.  However, 
mathematical models  are  not  only  useful  to  reproduce  and  explain  observed  behaviour,  but  also  to 
make further predictions and attempt to answer more fundamental questions. For example, to address 
the question why state transitions are more pronounced  in  low  light and seem to be repressed under 
high light conditions, we employed the model with the parameters used above to systematically analyse 
the  steady‐state behaviour  for different  light  intensities and different  relative antenna  cross‐sections. 
For  this,  the  rate  constants  for  the  kinase  Stt7  and  the phosphatase Pph1 were  set  to  zero  and  the 
relative  cross‐section was  fixed  to  different  values.  Subsequently,  the  system was  simulated  until  it 
reached  steady  state.  Figure  3  displays  the  computed  steady‐state  redox  state  of  the  PQ  pool  as  a 
function of the relative cross‐section and the total  light  intensity. A remarkable observation  is a sharp 
transition of the PQ redox state for low light intensities. If the cross‐section of PSII is too small, the pool 
is almost completely oxidised, while for too large cross‐sections, it is extremely reduced. This illustrates 
the need  to  finely  adapt  the  relative  antenna  cross‐section under  low  light  conditions  to maintain  a 
redox poise.  In contrast,  for high‐light  conditions  the  transition  from oxidised  to  reduced PQ  is much 
smoother, indicating a higher flexibility with respect to relative cross‐sections to maintain a redox poise.  

So  far  we  have  deliberately  excluded  the  qE  component  of  NPQ,  thus mimicking  low‐light 
adapted Chlamydonomas cells. With the modelling framework developed here,  it  is straightforward to 
include  equations  representing  energy‐dependent  quenching  of  chlorophyll  fluorescence, which may 
reflect  the  situation  in  high‐light  adapted  Chlamydomonas  or  plants.  In  a  first  approach,  we  have 
included  a  simplified  mechanism  [58]  in  which  one  pH‐induced  quencher  increases  the  rate  of 
chlorophyll  de‐excitation.  When  repeating  the  steady‐state  calculation  (Supplementary  Text  and 
Supplementary  Fig.  S3),  an explanation  for  the different behaviours  in different  light  regimes  can be 
found. While the presence of qE‐dependent quenching does not alter the behaviour for low light, in high 
light it results in the formation of a plateau, in which the redox state of the PQ pool remains relatively 
constant for a wide range of relative cross‐sections. These theoretical predictions lead us to hypothesize 
that  the  intrinsic  dynamic  properties  of  the  electron  transport  chain  demand  the  ability  to  adjust 
antenna  cross‐sections,  but  that  this  requirement  is  weaker  for  high‐light  conditions.  Indeed 
phosphorylation of the LHCII antenna, which is largely mediated by the STN7/Stt7 kinase in low light, is 
inhibited at high  light  intensities  [49,63]. This has been ascribed  to negative  regulation of  the  kinase 
through the thioredoxin pathway in high light [37,64] or to a conformational change in the PSII antenna 
[65]. 
 
CONCLUSIONS and PERSPECTIVES 
 

This work  further extends previous  studies on modelling high  light acclimation  in plants  [58]. 
Here  our  aim  is  to  recapitulate  the  basic  fluorescence  features  of  short‐term  light  acclimation  in 
Chlamydomonas known as state transitions, which take place in low light (or in the dark under particular 
environmental conditions), and which are prominent in Chlamydomonas reinhardtii. To do so, we have 
implemented the representation of the photosynthetic electron transport chain  in the model (Fig. 1A). 
In particular, we have included a heuristic description of cyclic electron flow which enhances the proton 
gradient and thereby triggers qE. We also have taken into account the chlororespiratory pathway which 
modulates  the  redox  state  of  the  plastoquinone  pool  in  the  dark,  thereby  activating  the  Stt7  kinase 
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under anaerobic conditions (Fig 2B). We have also implemented a mechanistic representation of the PSII 
catalytic cycle (Fig. 1B), to reproduce the changes of fluorescence yield induced by the saturating pulses, 
which are used to monitor changes in the PSII absorption cross section in vivo (Fig. 2).  

Overall,  the  fact  that key experimental  features of  fluorescence  traces are  reproduced by  the 
model  with  good  agreement  indicates  that  our  model  provides  a  reliable  representation  of  state 
transitions in the light, and in the dark upon changes from aerobic to anaerobic conditions, despite the 
quantitative differences that simulations and experimental data show. This implies that this description 
of photosynthesis as a global process (from light capture to carbon assimilation) is sufficiently accurate 
to simulate redox changes  in the electron transport chain, which take place either  in the  light through 
PSII  and  PSI  photochemistry,  or  in  the  dark  through  metabolic  exchanges  with  the  cell  cytosol 
surrounding the chloroplast. 

We can  foresee several applications  for  this model,  in particular mechanistic  issues  related  to 
photosynthetic  activity.  This  is  exemplified  by  the  finding  that, while  the  overall  changes  in  the  PSII 
absorption cross section  in  the  light are well  reproduced by  the model,  the  large  reduction of  the PQ 
pool  in the  light cannot be properly simulated. This could suggest that the model  is unable to describe 
the in vivo changes of the redox state of the PQ pool. However, this could also indicate that the “classic” 
picture of state transitions in Chlamydomonas is not entirely correct. This view assumes that all the light 
harvesting complexes migrate from PSII to PSI during a transition to state 2. By equilibrating their  light 
harvesting capacity, qT  leads to a balance between PSII and PSI, which  in our simulations restores the 
redox poise of the PQ pool between state 1 and state 2 more extensively than  in our experiments. On 
the other hand, previous studies have suggested that a substantial fraction of LHCII detaches from PSII 
during  a  transition  to  state 2, but does not  associate  to PSI  and  remains  in  a quenched  state  in  the 
thylakoids  [52].  In this case, state  transitions are not expected to  induce a complete redox balance of 
the PQ pool, because the decreased activity of PSII is not compensated by a concomitant enhancement 
of PSI activity. Obviously, the model can be used to test this hypothesis. Moreover, our model can bring 
essential information concerning the physiology of light acclimation by simulating the relative weight of 
qE and qT under changing light conditions, and therefore allows an exploration of the interplay between 
the two processes (e.g. [49]) under a wide range of simulated environmental conditions. Eventually, the 
model opens the possibility to investigate evolutionary issues. For example, it can be used to explore the 
different qE and qT capacity of plants and algae by modifying the appropriate parameters. It can also be 
used to understand why other ecologically relevant organisms (like diatoms) have evolved a strong qE 
response, without any need for qT development in their marine environment (e.g. [66,67]). 
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Figure 1A 

 
 
Figure 1B 

 
 

Figure 1‐ A)  Schematic  representation of  the model of  the photosynthetic electron  transport 
chain and state transitions. All processes  included  in the mathematical model are depicted. The model 
includes  linear and  cyclic electron  flow, ATP generation and a dynamic adjustment of antenna  cross‐
sections.  Linear  electron  flow  (purple  arrow)  comprises  photosystem  II  (PSII),  the  cytochrome  b6f 
complex  (Cytb6f), photosystem  I  (PSI) and  the  ferredoxin‐NADPH  reductase  (FNR). PSII  is  treated as a 
light‐activated oxidoreductase transferring electrons from water to plastoquinone (PQ), resulting in the 
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reduced  form PQH2.  In  this process,  two protons are  taken up  from  the stromal side of  the  thylakoid 
membrane  and  two  protons,  resulting  from  splitting  water,  are  released  to  the  lumen.  Cytb6f  is 
modelled  as  an  oxidoreductase  transferring  electrons  from  PQH2  to  plastocyanin  (PC),  which 
simultaneously uses a process called the Q‐cycle to release four protons in the lumen. PSI is treated as 
the  second  light‐activated oxidoreductase,  transferring electrons  from  reduced PC  (PC‐)  to Ferredoxin 
(Fd). The final step  in the  linear electron transport chain  is catalysed by FNR, which transfers electrons 
from reduced Fd (Fd‐) to NADP+ resulting in the formation of NADPH. Cyclic electron flow (green arrow) 
is represented by a single pathway involving ferredoxin‐plastoquinone reductase (FQR), which transfers 
electrons  from  Fd‐  back  to  PQ.  Additionally,  the model  includes  processes  of  the  chlororespiratory 
pathway. Under aerobic conditions, the plastoquinone terminal oxidase (PTOX) oxidises the PQ pool. In 
anaerobic  conditions,  electrons,  e.g.  from  glycolysis,  are  imported  into  the  chloroplast  and  lead  to  a 
reduction of the PQ pool by NADH dehydrogenase (NDH). Linear and cyclic electron flow  lead to a net 
translocation of protons into the lumen. The resulting proton gradient drives the ATP synthase (ATPase). 
The  net  products  of  photosynthetic  electron  transport,  ATP  and  NADPH,  are  consumed  by  external 
processes  that  are  simulated  as  lumped  reactions.  State  transitions  are modelled  by  two  processes, 
relocation of antenna complexes from PSII to PSI and vice versa. The former  is triggered by the kinase 
Stt7, while the latter is dependent on the phosphatase Pph1. In the model, Stt7 is activated by a reduced 
PQ pool while Pph1 is constitutively active. For details on the kinetics, see the Supplementary Text.  

B)  Schematic  representation  of  the  internal  processes  modelled  in  PSII.  This  simplified 
description of PSII  is  implemented  to calculate  the  reaction  rate of PSII and  the  fluorescence emitted 
from PSII (see Supplementary Text for details). Open reaction centres (DA) are excited by  light (yellow 
flash).  The  excited  state  (D*A)  can  either  relax  to  the  ground  state  DA  by  heat  emission  (H)  or 
fluorescence  (F),  or  it  can  perform  charge  separation  and  recharge  the  donor  side  through  water 
splitting, resulting in the closed state (DA‐). The closed state is also excited by light, resulting in state D*A‐

, which can only relax back to the unexcited state DA‐ either by heat  (H) or  fluorescence  (F) emission. 
Closed reaction centres are re‐opened by electron transfer to the PQ pool. 
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Figure 2 

 
 

 
Figure  2  –  Experimental  (black)  and  simulated  (grey)  fluorescence  traces.  A  Dark‐adapted 
Chlamydomonas cells were further incubated in the dark for 5 minutes, exposed for 10 minutes to weak 
light  (100  μE m‐2s‐1),  and  then  returned  to  darkness.  Saturating  light  flashes were  applied  at  regular 
intervals and the  fluorescence signal  (black) was recorded. The same protocol was simulated with  the 
mathematical model and the calculated fluorescence signal (grey)  is shown. The dynamics of FM reflect 
the  transition  to  state 2  in  the  light  and  the  reverse  transition  to  state 1  in darkness. B Anoxia was 
induced  by  sealing  the  culture  and  allowing  respiration  to  consume  the  available  oxygen.  After  15 
minutes  of  anoxia  air was  re‐applied  by  bubbling  in  the  sample.  Saturating  flashes were  applied  at 
regular  intervals. The experimental (black) and simulated (grey) fluorescence are shown. Again, the FM 
dynamics represent transitions to state 2 in anoxic and to state 1 in aerobic conditions. The Fs dynamics 
between flashes reflect the redox poise of the PQ pool. 
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Figure 3 

 
Figure 3 – Predicted stationary states of the reduction level of the PQ pool for different light intensities 
and different states. For  these predictions, state  transition were modelled by  imposing values  for  the 
relative antenna cross‐sections (x‐axis) between 0, representing all antennae on PSI, and 1, representing 
all  antennae  on  PSII  and  keeping  them  fixed  throughout  the  simulations.  Light  intensity  (y‐axis) was 
varied  and for each combination of light intensity and antenna cross‐sections, the system was simulated 
until steady state was reached. On the z‐axis the reduced fraction of the PQ pool  in stationary state  is 
plotted. For low light intensities, a sharp transition between a strongly oxidised and a highly reduced PQ 
pool is observed, demonstrating that only tightly controlled cross‐sections can ensure a balanced redox 
poise and  thus explaining  the  importance of state  transitions  in  this  low  light  regime. For higher  light 
intensities  the  transition  is  smoother,  indicating  a  higher  flexibility  in  cross‐section  to  achieve  redox 
poise. 
 
 
 
 
 
 
 
 
 
 



Supplementary Figure S1 
 

 
 
Simulated temporal evolution of the plastoquinone redox state (red) and the antenna cross‐
section of PSII  (blue) as a  response  to  light‐induced state  transitions. The same simulation 
protocol as for Fig. 2A in the main text was used. In the dark periods, the saturating flashes 
lead  to  a  transient  reduction  of  PQ, which  is  re‐oxidised within  several  seconds.  During 
constant  illumination,  the  PQ  pool  is  reduced,  triggering  state  transitions.  As  a  result, 
antenna cross‐section associated with PSII is reduced. In the model simulation, only 10% of 
all antenna are relocated from PSII to PSI, reducing the relative cross‐section of PSII from 0.7 
to 0.6. This relocation is sufficient to establish redox poise, which is achieved near the end of 
the  illumination  period  when  approximately  45%  of  PQ  oxidised.  This  process  is  slowly 
reversed in the dark. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Figure S2 
 

 
 
Simulated temporal evolution of the plastoquinone redox state (red) and the antenna cross‐
section of PSII (blue) as a response to anoxia‐induced state transitions. The same simulation 
protocol as for Fig. 2B in the main text was used. Under aerobic conditions, saturating flshes 
lead  to  a  transient  reduction  of  PQ, which  is  re‐oxidised within  several  seconds.  During 
anoxia, PQ  is permanently reduced, thus  inducing state transitions. In contrast to the  light‐
induced case, reducing the cross‐section of PSII does not lead to a less reduced PQ, thus the 
regulatory  feedback  is  not  operating.  This  results  in  a more  complete  state  transition  in 
which approximately 40% of the antenna are relocated from PSII to PSI. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Figure S3 

 
 
Same as Figure 3 in the main text, but with a qE‐dependent quenching mechanism included 
in the model. For varying  light  intensity (x‐axis) and varying relative antenna cross‐sections 
(y‐axis),  the  stationary  fraction of  the oxidised  fraction of  the  PQ pool  is plotted  (z‐axis). 
Comparison to Figure 3 of the main text shows little difference for low light intensity, where 
a  sharp  transition between oxidised and  reduced PQ  can be observed. However,  for high 
light intensities, qE‐dependent quenching leads to the establishment of a plateau, where for 
a  wide  range  of  antenna  cross‐sections  the  redox  state  of  the  PQ  pool  remains 
approximately  constant.  This  demonstrates  how  qE‐dependent  quenching  establishes  a 
redox poise and explains why state transitions, at least in the presence of qE quenching, do 
not play an important role under high light. 
 



A mathematical model of the

photosynthetic electron transport chain

S1 Stoichiometry of the model

The mathematical model of the electron transport chain including dynamics of the state
transitions is represented as a system of seven ordinary differential equations governing
the temporal evolution of seven variables. These variables are 1) the oxidised fraction of
the plastoquinone pool (P), 2) the oxidised fraction of the plastocyanin pool (C), 3) the
oxidised fraction of the ferredoxin pool (F), 4) the stromal concentration of ATP (T), 5)
the stromal concentration of NADPH (N), 6) the lumenal proton concentration (H) and
7) the fraction of mobile antenna which are associated with photosystem II (A).

The system of equations reads

dP

dt
= −vPSII + vb6f − vFQR + vPTOX − vNDH (1)

dC

dt
= −2vb6f + vPSI (2)

dF

dt
= −vPSI + 2vFNR + 2vFQR (3)

dT

dt
= vATPsynthase − vATPconsumption (4)

dN

dt
= vFNR − vNADPHconsumption (5)

bH ·

dH

dt
= 2vPSII + 4vb6f −

14

3
vATPsynthase − vleak (6)

dA

dt
= −vStt7 + vPph1. (7)

The various rates are functions of the dynamic variables, external constants and pa-
rameters. Their functional form is described and explained below. Parameters are given
in Table S1. Unless stated otherwise, the units used in the model are all given in moles
per mole chlorophyll. As in [1], we assume a Chlorophyll content of 350 · 10−6 mol per m2

thylakoid membrane and lumen and stroma volumes of 0.0014 l m−2 and 0.0112 l m−2,
respectively [2]. Thus, 1 mmol(mol Chl)−1 corresponds to 2.5 · 10−4M in the lumen and
3.2 · 10−5M in the stroma. Also as in [2], we assume a constant buffering of protons in
the lumen, represented by the constant bH .
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S2 Rate equations

Most rate equations are formulated based on the maximum parsinomy principle. If no
other evidence is given, we employ the simplest functional form that appears reasonable.
The rationale behind this approach is to determine the simplest set of equations which
realistically describes the system. Most rate equations therefore are described by simple
mass-action or Michaelis-Menten kinetcs. Exceptions are those for the two photosystems
vPSI and vPSII, which are described in more detail in a separate section below.

Cytochrome b6f The chemical formula for the net reaction of cytochrome b6f is

PQH2 + 2PC + 2H+
stroma

−−⇀↽−− PQ + 2PC− + 4H+
lumen. (8)

The equilibrium of this reaction is therefore dependent on the stromal and lumenal pro-
ton concentration. How equilibrium constants are determined as functions of the pH is
described below. We approximate the rate of the b6f complex by a simple mass-action
kinetics:

vb6f = max

(

kb6f ·

(

(PQtot
− P ) · C2

−

P · (PCtot
− C)2

Keq,b6f(H)

)

, vmin
b6f

)

. (9)

Here, PQtot and PCtot are constants reflecting the (conserved) total plastoquinone and
plastocyanin pools, respectively. Thus, PQtot

−P denotes the reduced fraction of the plas-
toquinone pool and likewise for plastocyanin. The minimal rate vmin

b6f has been introduced
to avoid an extremely rapid export of protons if the lumenal pH drops below a value at
which the direction of the reaction of cytochrome b6f is reverted.

FNR The reaction mediated by FNR is

2 Fd− +NADP+ +H+
stroma

−−⇀↽−− 2Fd + NADPH. (10)

Since for this enzyme KM-values have been determined, we use a more realistic rate
equation by employing the convenience kinetics developed in [3], resulting in

vFNR = V max
FNR ·

f−2
· n+

− (f 2
· n)/Keq,FNR

(1 + f− + f−2) · (1 + n+) + (1 + f + f 2) · (1 + n+)− 1
, (11)

where f, f−, n+ and n are the normalised concentrations

f =
F

KM,F

, f− =
Fdtot

− F

KM,F

, n+ =
NADPtot

−N

KM,N

, n =
N

KM,N

, (12)

where Fdtot and NADPtot are constants reflecting the total pools of ferredoxin and nicoti-
namide nucleotide phosphates, respectively and Keq,FNR is the equilibrium constant de-
termined by standard potentials as described below.
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Cyclic electron flow We assume that electrons from ferredoxin can be re-injected into
the plastoquinone pool by the ferredoxin-plastoquninone reductase FQR, resulting in a
cyclic electron flow, according to the chemical equation

2Fd− + PQ+ 2H+
stroma → 2Fd + PQH2. (13)

For this, we employ a simple mass-action kinetic rate law.

vFQR = kFQR · (Fdtot
− F )2 · P. (14)

This reaction is practically irreversible. In principle, electrons can also be re-injected
into the PQ pool from NADPH. Both mechanisms lead to the same overall effect. For
simplicity and due to the fact that the molecular details as well as the kinetic properties of
the proteins mediating the cyclic flow are not yet fully understood, we decided to include
only one cyclic flow, by assuming that FQR catalyses the reduction of plastoquinone
by the oxidation of ferredoxin. With the information currently available, including one
or two mechanisms to re-inject electrons into the PQ pool does not result in significant
differences.

ATP synthase ATP synthesis is modelled as in [1] with a mass-action kinetics and a
lumenal pH-dependent equilibrium constant.

vATPsynthase = kATPsynthase ·

(

APtot
− T −

T

Keq,ATPsynthase(H)

)

, (15)

where APtot is the constant total adenosine phosphate pool.

Proton leak A small leak current of protons over the thylakoid membrane is introduced
and modelled with mass-action kinetics.

vleak = kleak · (H − H+
stroma). (16)

Consuming reactions For simplicity, we model ATP and NADPH consuming pro-
cesses as simple mass-action kinetics. This is certainly an over-simplification and does
not reflect the coupled demand through the Calvin-Benson cycle, the main consuming
process. However, it already allows to assess how changes in the ratio affect the electron
transport chain. We employ the following equations for the consumption processes

vATPconsumption = kATPconsumption · T, (17)

vNADPHconsumption = kNADPHconsumption ·N. (18)

Oxidation and reduction of the PQ pool In the presence of oxygen, the plas-
toquinone terminal oxidase catalyses the oxidation of the plastoquinone pool. This is
modelled as a simple mass-action rate law.

vPTOX = kPTOX ·Oext
2 · (PQtot

− P ). (19)

In the absence of oxygen, electrons from external sources, such as glycolysis, lead to a
slow reduction of the plastoquinone pool, which can be mediated by the NADH reductase
NDH. We assume a simple mass-action rate law according to

vNDH = kNDH · P. (20)
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Figure S4: Schematic representation of Photosystem I. Y0 (P700) is activated by light to
Y1 (P⋆

700), which reduces ferredoxin (F) with its concomitant oxidation to Y2 (P+
700). Y2

is reduced by plastocyanin (C−) to Y0.

S3 Photosystems

Activation by light The light intensity (photon flux density – PFD) is given in µmol
photons m−2 s−1. A conversion factor cPFD which is fitted is applied to convert the
photon flux density into activation rates. The activation rates for the two photosystems
are multiplied by the relative cross-sections σI and σII. These are calculated from the
fractions of antenna fixed to PSI and PSII (σ0

I and σ0
II, respectively) and the variable A

representing the fraction of mobile antenna associated with PSII by

σI = σ0
I + (1− A) · (1− σ0

I − σ0
II), (21)

σII = σ0
II + A · (1− σ0

I − σ0
II). (22)

With this, the activation rates for PSI and PSII are

kLI = cPFD · σI · PFD, (23)

kLII = cPFD · σII · PFD. (24)

Photosystem I Photosystem I is described as a light-activated oxidoreductase per-
forming the net transformation

PC− + Fd → PC + Fd−. (25)

The transformation can be simplified to work according to the scheme in Fig. S4 The
single steps are assumed to proceed according to mass-action kinetics. To determine
the overall activity, the fraction of open PSI (Y0) is determined by a quasi steady-state
approximation. For the calculation, the two differential equations

0 =
dY0

dt
= kPCox · (PC

tot
− C) · Y2 −

kPCox

Keq,PCP700

· C · Y0 − kLIY0 (26)

0 =
dY1

d1
= kLIY0 − kFdred · F · Y1 +

kFdred
Keq,P700Fd

· (Fdtot
− F ) · Y2. (27)

are set to zero and Y0 is determined from the two resulting algebraic equations under
consideration of the conserved quantity

PSItot = Y0 + Y1 + Y2, (28)
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resulting in

Y0 =
PSItot

1 + kLI

kFdred·F
+
(

1 + F
Keq,P700Fd(Fd

tot
−F )

)

·

(

PCtot
−C

Keq,PCP700C
+ kLI

kPCox(PC
tot

−C)

) . (29)

Here, kPCox is the rate constant for oxidation of plastocyanin at P700, kFdred is the rate
for reduction of ferredoxin by PSI and kLI is the light activation rate of PSI, which is
determined by the total light intensity and the antenna cross-section of PSI. The overall
rate of the oxidoreductase activity of PSI is then

vPSI = kLI · Y0. (30)

Photosystem II For PSII, a similar approach is chosen and the simplified reaction
scheme is shown in Fig. 1B in the main text. Here, it is assumed that the excited states
(B1 and B3) can revert to the ground state by either non-radiative decay (with rate kH)
or by fluorescence (with rate kF ). State B1 can exert photochemistry (with rate kPchem),
which comprises several internal steps in PSII including recharge of the donor side at the
oxygen evolving complex.

The four states B0, B1, B2 and B3 are determined by a quasi steady-state approxima-
tion. For this, the three differential equations for B0, B1 and B3 are set to zero and the
conservation rule for PSII is exploited, leading to the algebraic linear equation system

−

(

kLII +
kPQred

Keq,QAPQ

(PQtot
− P )

)

B0 + (kH + kF )B1 + kPQredPB3 = 0, (31)

kLIIB0 − (kH + kF + kPchem)B1 = 0, (32)

kLIIB2 − (kH + kF )B3 = 0, (33)

B0 + B1 + B2 + B3 = PSIItot, (34)

which is solved numerically by matrix inversion in every integration step. The overall rate
of the oxidoreductase activity of PSII is then

vPSII = kLII ·B1. (35)

Fluorescence The status of PSII allows the calculation of the fluorescence signal. In a
fluorescence monitoring system, the measuring beam is considered as non-actinic. Similar
to [4], we calculate the fluorescence as the probability that an excited state is reverting
to a ground state by fluorescence [5]. Thus, the fluorescence signal resulting from state
B1 is proportional to kF/(kH + kF + kPchem) and that resulting from B3 is proportional
to kF/(kH + kF ). Further, the fluorescence signals are proportional to the occupation of
the two respective ground states and both are proportional to the cross-section of PSII.
These assumptions result in the following formula for the fluorescence

Φ = σII

(

kF
kH + kF + kPchem

B0 +
kF

kH + kF
B2

)

. (36)

Base fluorescence F0 is observed when all reaction centres are open (dark, PSII pre-
dominantly in state B0). In the model, this corresponds to a fluorescence value of
Φ = kF/(kH+kF +kPchem). Maximal fluorescence FM is observed under saturating flashes,
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which close all reaction centres (PSII predominantly in state B2). This corresponds to
Φ = kF/(kH + kF ).

The calculated fluorescence signal is not normalised. For comparison with experiments,
it is normalised to the highest peak determined by simulating a saturating flash in the
dark-adapted state.

S4 State transitions

For the model, we make the simplifying assumption that the kinase Stt7 is directly re-
sponsible for the relocation of antenna from PSII to PSI, while the phosphatase Pph1 is
performing the reverse translocation from PSI to PSII. We further assume that antenna
are always either associated with PSI or PSII. As discussed in the main text, this as-
sumption may be incorrect and possibly lead to the underestimation of the steady-state
fluorescence signal. We assume that the redox state of PQ regulates the kinase such
that a reduced plastoquinone pool activates kinase activity. Thus, reduced PQ leads to a
translocation of antenna to PSI. We model the activity of the kinase Stt7 by a Hill kinetics
with moderate cooperativity (n = 2). The phosphatase is considered to be constitutively
active.

vStt7 = kStt7 ·



1−

(

P/PQtot

KM,ST

)nST

1 +
(

P/PQtot

KM,ST

)nST



 · A (37)

vPph1 = kPph1 · (1− A). (38)

Together, these kinetic rate laws lead to a plausible behaviour in that the antenna cross-
section reaches a stationary state which is dependent on the redox state of the PQ pool.
Reduced PQ pushes antenna towards PSI while oxidised PQ pushes antenna towards PSII.
In this way, a regulatory feedback on the PQ redox state is achieved.

S5 Equilibrium constants

The equilibrium constants for the various redox reactions are calculated from midpoint
potentials. For those processes involving a translocation of protons across the thylakoid
membrane or the release of protons into the lumen, the resulting equilibrium constant
depends on the lumenal pH. In general, the standard Gibbs free energy change ∆G0 of a
redox reaction

Ox + ne− +mH+
−−⇀↽−− Red (39)

is
∆G0 = −nFE0 +mRT ln(10) · pH + nFE, (40)

where pH refers to the pH in the compartment of the free protons, E0 is the standard
redox potential of the redox couple (at pH 0), E is the redox potential of the medium, F is
the Faraday constant, R the universal gas constant and T the temperature [30]. Since an
overall reaction does not involve free electrons, the terms nFE will cancel in the following
calculation for the overall equilibrium constant.
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Table S1: Rate Parameters used throughout the paper as a reference.

parameter value reference/comment

Pool sizes

PQtot 17.5 mmol(mol Chl)−1 [6]
PCtot 4 mmol(mol Chl)−1 [7]
APtot 60 mmol(mol Chl)−1 2mM, [8]
NADPtot 25 mmol(mol Chl)−1 0.8mM, [8]
Fdtot 5 mmol(mol Chl)−1 [7]
PSItot 2.5 mmol(mol Chl)−1 [9]
PSIItot 2.5 mmol(mol Chl)−1 [9]

Rate constants

kb6f 2.5 mmol−2(mol Chl)2 s−1 estimated from PQ→Cytf half-life ≈ 14ms, [10]
vmin
b6f

−2.5 mmol(mol Chl)−1s−1 ad-hoc estimate to avoid strong reverse currents
V max
FNR 1500 mmol(mol Chl)−1s−1 [7, 11]

kFQR 1 mmol−2(mol Chl)2 s−1 ad-hoc value, needs to be refined as model becomes more elaborate
kATPsynthase 20 s−1 fitted to allow a maximal production of ≈ 400 mmol(mol Chl)−1s−1,

which allows for the maximal reported CO2 fixation rate of
500 µmol reduced CO2(µmol Chl)−1h−1 [12]

kATPconsumption 10 s−1 fitted to yield reasonable ATP:ADP under various light regimes
kNADPHconsumption 15 s−1 fitted to yield reasonable NADPH:NADP+ ratios
kPCox 2500 mmol−1(mol Chl) s−1 estimated from PC→P700 half-life ≈ 0.2ms, [13]
kFdred 2.5 · 105 mmol−1(mol Chl) s−1 estimated from FB→Fd half-life ≈ 2µs, [14]
kPQred 250 mmol−1(mol Chl) s−1 estimated from QB→PQ half-life ≈ 1ms, [15]
kH 5 · 108s−1 similar to [4], where kH = 1/1.8ns = 5.56 · 108s−1 was used
kF 6.25 · 107s−1 [4]
kPchem 1.2 · 109s−1 estimated as a composite rate from various parameters from [16, 4]
kPTOX 0.01mmol−1(mol Chl) s−1 fitted to inter-flash FS-dynamics in aerobic conditions (Fig. 2A)
kNDH 0.004 s−1 fitted to inter-flash FS-dynamics in anaerobic conditions (Fig. 2B)
kStt7 0.0035 s−1 fitted to FM-dynamics (Fig. 2A and 2B)
kPph1 0.0013 s−1 fitted to FM-dynamics (Fig. 2A and 2B)
kepox 0.05 s−1 [17], only needed for qE
kdeep 0.004 s−1 [17], only needed for qE
k0
H

5 · 108 s−1 [4], only needed for qE

kdynamic
H

5 · 109 s−1 [4], only needed for qE

Michaelis constants

KM,F 1.56 mmol(mol Chl)−1 0.05mM, [18]
KM,N 0.22 mmol(mol Chl)−1 0.007mM, [19, 20]
KM,ST 0.2 estimated to yield a PQ redox poise of ≈ 1:1
KM,Q corresponding to pH 5.8 [17], only needed for qE

External concentrations

H+
stroma 6.34 · 10−5 mmol(mol Chl)−1 corresponds to pH 7.8

Oext
2 8 mmol(mol Chl)−1 (0) corresponds to 250µM or 20% in air (0 in anoxic conditions)

Other constants

bH 100 [2]
σ0
I 0.2 inspired by [21, 22, 23] and fitted to FM-dynamics (Fig. 2A and 2B)

σ0
II 0 inspired by [21, 22, 23] and fitted to FM-dynamics (Fig. 2A and 2B)

nST 2 ad-hoc value to use a reasonable cooperativity
cPFD 1/3 fitted
nQ 5 [17], only needed for qE

Standard potentials

E0(QA/QA−) −0.140 V [24]
E0(PQ/PQH2) 0.354 V [25]
E0(PC/PC−) 0.380 V [26]

E0(P+
700/P700) 0.480 V [27]

E0(FA/FA−) −0.550 V [28]
E0(Fd/Fd−) −0.430 V [29]
E0(NADP+/NADPH) −0.113 V [30]
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Table S2: Redox pairs used for the calculation of equilibrium constants

reaction e− donor e− acceptor

PQ reduction at PSII QA/QA− PQ/PQH2

Cytb6f PQ/PQH2 PC/PC−

PC oxidation at PSI PC/PC− P+
700/P700

Fd reduction at PSI FA/FA− Fd/Fd−

FNR Fd/Fd− NADP+/NADPH
FQR Fd/Fd− PQ/PQH2

We illustrate the calculation for the example of the overall redox reaction mediated
by cytochrome b6f. The overall reaction is (see Eq. 8)

PQH2 + 2PC + 2H+
stroma

−−⇀↽−− PQ + 2PC− + 4H+
lumen. (41)

We split this into two redox half-reactions and one transport process:

PQ + 2 e− + 2H+
lumen

−−⇀↽−− PQH2 (42)

PC + e− −−⇀↽−− PC− (43)

H+
stroma

−−⇀↽−− H+
lumen. (44)

The overall reaction is the stoichiometric sum

−1 · (42) + 2 · (43) + 2 · (44). (45)

The three contributions to the standard Gibbs free energy change are

∆G0
1 = −2FE0(PQ/PQH2) + 2RT ln(10) · pHlumen, (46)

∆G0
2 = −FE0(PC/PC

−), (47)

∆G0
3 = RT ln(10)(pHstroma − pHlumen). (48)

According to the stoichiometry (45), the overall standard Gibbs free energy change
amounts to

∆G0 = −∆G0
1 + 2∆G0

2 + 2∆G0
3. (49)

Finally, it is important to note that the standard redox potentials have to be used for the
calculation. These are determined from the mid-point potentials E ′ 0 by (see [30])

E0 = E ′ 0 +
RT ln(10)

F
·∆pH ·

m

n
= E ′ 0 +

m

n
· 0.414V. (50)

Similarly, all equilibrium constants were calculated from pairs of standard redox poten-
tials. Table S2 specifies for each reaction which redox pairs were used for the determination
of the equilibrium constant.

S6 Extending the model by qE-dependent quenching

To investigate how the system behaves if also a qE-dependent quenching mechanism is
included, mimicking high-light adapted Chlamydomonas cells, we extend the model by
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an additional differential equation simulating the state of a qE-dependent quencher. We
here employ an extremely simple model, which assumes that the xanthophyll cycle is the
only mechanistic cause for qE-dependent quenching. Although this is a crude simplifica-
tion and does not exactly reflect the current hypotheses of NPQ mechanisms, it has been
shown in [1] that reasonable agreement with experimental fluorescence measurements in
Arabidopsis leaves can be obtained and that steady-state quenching levels can be accu-
rately described. For Chlamydomonas acclimated to high light, the induced accumulation
of LHCSR3 allows a strong qE component. For the present investigation, a simple mech-
anism that represents the fundamental principle that a low pH triggers energy-dependent
quenching, is sufficient, because we are interested in the key differences between scenarios
with or without qE-dependent quenching. A more detailed representation of the molec-
ular mechanisms of the qE-component, such as proposed for higher plants in [4], will
become necessary in future models, in particular to understand and predict the dynamics
of quenching induction and relaxation. We expect that a future refinement of the model
will also support to discriminate between alternative hypotheses regarding the precise
mechanisms that induce NPQ.

Here, we assume that a quencher, corresponding to zeaxanthin and described in the
model by the variable Q, is activated enzymatically by a process corresponding to the de-
epoxidation of violaxanthin. This process is reversed by an enzymatic step corresponding
to the expoxidation of zeaxanthin back to violaxanthin. The quencher variable Q assumes
values between 0 and 1. Its dynamics are governed by the equation

dQ

dt
= vdeep − vepox, (51)

where vdeep and vepox describe the activities of quencher activation and de-activation,
respectively. As in [1] and [4], we assume the de-epoxidase to be activated by a low lumenal
pH and describe its dynamics by a Hill-type equation. The epoxidase is considered to be
active constitutively.

vepox = kepox(1−Q)
HnQ

HnQ +KM,Q
nQ

, (52)

vdeep = kdeepQ. (53)

Activity of the quencher leads to a faster dissipation of energy as heat. Its effect is
simulated by making the parameter kH of the previous sections dynamic such that it
becomes faster if the quencher is more active:

kH = k0
H +Q · kdynamic

H . (54)

The linear increase of the heat-dissipation rate with active quencher was adopted from [4].
However, it should be noted that no mechanistic evidence exists that any quencher, what-
ever its precise nature, should indeed lead to a linear increase in the heat-dissipation
rate kH . By modifying Eq. 54 other modes of activation can easily be reflected. Because
changing the mechanism by which the quencher induced heat dissipation will result in dif-
ferent numerical values, as depicted for example in Fig. S3, modifying Eq. 54 provides a
method to test different mechanistic hypotheses and validating these with systematically
obtained experimental data.
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[1] O. Ebenhöh, T. Houwaart, H. Lokstein, S. Schlede, K. Tirok, A minimal mathemat-
ical model of nonphotochemical quenching of chlorophyll fluorescence., Biosystems
103 (2) (2011) 196–204. doi:10.1016/j.biosystems.2010.10.011.
URL http://dx.doi.org/10.1016/j.biosystems.2010.10.011

[2] A. Laisk, H. Eichelmann, V. Oja, C3 photosynthesis in silico., Photosynth Res 90 (1)
(2006) 45–66. doi:10.1007/s11120-006-9109-1.
URL http://dx.doi.org/10.1007/s11120-006-9109-1

[3] W. Liebermeister, E. Klipp, Bringing metabolic networks to life: convenience
rate law and thermodynamic constraints., Theor Biol Med Model 3 (2006) 41.
doi:10.1186/1742-4682-3-41.
URL http://dx.doi.org/10.1186/1742-4682-3-41

[4] J. Zaks, K. Amarnath, D. M. Kramer, K. K. Niyogi, G. R. Fleming, A kinetic model
of rapidly reversible nonphotochemical quenching., Proc Natl Acad Sci U S A 109 (39)
(2012) 15757–15762. doi:10.1073/pnas.1211017109.
URL http://dx.doi.org/10.1073/pnas.1211017109

[5] W. L. Butler, Energy distribution in the photochemical apparatus of pho-
tosynthesis, Annual Review of Plant Physiology 29 (1) (1978) 345–378.
arXiv:http://www.annualreviews.org/doi/pdf/10.1146/annurev.pp.29.060178.002021,
doi:10.1146/annurev.pp.29.060178.002021.
URL http://www.annualreviews.org/doi/abs/10.1146/annurev.pp.29.060178.002021

[6] H. Kirchhoff, U. Mukherjee, H.-J. Galla, Molecular architecture of the thylakoid
membrane: lipid diffusion space for plastoquinone., Biochemistry 41 (15) (2002)
4872–4882.
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