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To facilitate the exploration of the model for NPQ described in Chapter 1 (which will be
referred to here as NPQSM, for NPQ Systems Model), I developed a GUI for the model that
interfaces with the MATLAB code. A screenshot for the GUI is shown in figure ??. This
chapter contains a manual for the GUI, which should enable users to use the model for a wide
range of purposes without requiring extensive familiarity with MATLAB.

Figure 1: Screenshot of full NPQSM GUI.

1 Setup
1.1 Input settings
The model enables a number of different types of simulations. Currently, it is possible to
control the following settings:
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Figure 2: The two left columns of the NPQSM GUI contain inputs to the model.

• simulation mode, which describes the set of modules that are included in the simulation.
The modules are described in Chapter 1.
• quenching model, which describes the mathematical expression used for qE
• intensity and duration of incident light
• values of model parameters
Figure ?? shows the inputs to the model that can be controlled by the user. In the top
left panel, The “Simulation Mode” input specifies which modules are incorporated into the
simulation and the “Quenching Model(s)” input specifies what model is used for qE. In the
bottom left panel, the “Duration(seconds)” input specifiers the duration that each segment of
the model will be run in, and the “Intensity” input specifies the intensity of the actinic light for
each segment. On the top right, the “Parameters file” input specifies a text file that contains
the parameters needed to run the model. the “Parameter” menu bar shows all the parameters
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contained in the text file, and checking the box “Vary This Parameter” allow the user to input
a range of values for the parameter shown in the menu. On the bottom right, the input “Save
Sim As” allows the user to specify the name and location of the file to which the simulation
will be saved. At the bottom, the large button “Run Simulation” starts the running simulation
described by the inputs here. The inputs are described below in more detail.
1.1.1

Simulation mode

Figure 3: Screenshot of NPQ Systems Model GUI. The different simulation modes are outlined with the red
rectangle.

Figure ?? shows the different simulation modes available in the model. The “simulations mode” setting determines which modules are simulated, so each simulation mode corresponds to a different set of differential equations. The simulation mode used in the figures
of Chapter 1 is “PSIITrapLake, ” which has this name because the model of energy transfer in PSII that is currently implemented, and was used to generate figures in Chapter 1, is
a trap-limited lake model. The other simulations modes contain different combinations of
modules:
• PSI contains only the Photosystem I (PSI) module, which is implemented in the code
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evolvePSI.m, and is useful for troubleshooting the components of the model associated with PSI.
• LEF contains the modules for Photosystem II, qE, plastoquinone pool, cytochrome b6 f,
ATP synthase, and the stroma, which describe some components of linear electron flow.
• CEF contains all the modules in LEF, plus a module for implementing cyclic electron
flow from PSI to cytochrome b6 f. This model does not currently produce reliable simulations, but would be an important extension of the model for incorporating cyclic
electron flow and its role in the regulation of photosynthesis [?].
• PSIItest contains the modules PSII, qE, PQ, cytochrome b6 f, and the flow of ions
across the thylakoid membrane (contained in the module evolveLume.m, with equations taken from reference [?]) and is useful for testing the model without PSI. In this
simulation mode, all plastocyanin will be eventually reduced.
• PSIITrapLake is the default model described in Chapter 1. It contains the modules for PSII, qE, the plastoquinone pool, cytochrome b6 f, proton pumping through
ATP synthase, activation of ATP synthase, and the flux of ions across the thylakoid
membrane, and electron transfer through PSI.
• PSIIAntenna incorporates a model of energy transfer described in reference [?],
which represents energy transfer in PSII as a hopping through many pigment-protein
complexes. Currently, qE is not usefully incorporated into this model because doing so
would require an assignment of a specific quenching site to qE. This task is an important
future extension. It also seems likely that the model of [?] should be eventually replaced
with a model of energy transfer in PSII being currently developed by Doran Bennett
in the group of Prof. Graham Fleming. This mode has split up processes in PSII into
two modules, called evolvePSIIAntenna, which describes energy transfer, and
evolvePSIIRC, which describes electron transfer kinetics.
• PSIIAntennaTest contains the modules PSIIAntenna, which incorporates energy
transfer as hopping model between different sites, PSIIRC, qE, and flux of ions in
the lumen, as a way of testing the PSII antenna energy transfer model without the
added complication of cytochrome b6 f and the plastoquinone pool. It is only useful to
simulate this module for a short time (few seconds) because once the initial oxidized
plastoquinone is depleted, the model stops turning over.
These simulation modes are defined in the file initChloroplastSim.m, and new
simulation modes can easily be added in that file.
1.1.2

Quenching model

The simulation mode “PSII Trap Lake” currently incorporates qE quenching as an additional
dissipation pathway in Photosystem II. It is known that full expression of qE depends on
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Figure 4: Screenshot of upper left portion of the NPQSM GUI. The different quenching modes are outlined
with the yellow rectangle. The quenching model will only be incorporated into the simulation if the module for
PSII is present in the simulation mode. These simulations modes are PSIItest, PSIITrapLake, LEF, and CEF.

both PsbS and the presence of zeaxanthin or antheraxanthin, but a complete understanding
of the relative contribution of these two components, and the extent of their interdependence,
remains elusive [?]. NPQSM can be used to examine the effect of various quenching models
on predictions of PAM fluorescence and other model variables. The location in the GUI to
select one or more quenching models for simulation is shown in Figure ?? Currently, the
model has implemented four different quenching models:
• Model 0: No Quenching.
• Model 1 : Zeaxanthin and Lutein, with PsbS
Both zeaxanthin-dependent and zeaxanthin-independent quenching. This model is
discussed in Chapter 3. The variable z is the fraction of total qE quenching that is
xanthophyll-dependent, and is a parameter that can be controlled by the user. By default, it is set to be 0.5. This quenching model uses the expression
[Q] = [P sbS] ∗ (z([Zea] + 0.5[Anth]) + (1 − z)[Lut])
Where [Lut] is the concentration of lutein in a PsbS-dependent quenching site. Studies
of the lutein-deficient mutant lut2 suggest that lutein is important for full expression of
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qE, [?], as discussed in Chapter 3. Mathematically, the value of [Lut] is currently set to
be 1 because lutein is assumed to always be present in a qE-relevant site. This model
also assumes that total quenching is proportional to the xanthophyll de-epoxidation
state, which is equivalent to assuming that antheraxanthin is half as effective a quencher
as zeaxanthin. This assumption may not be entirely accurate, as reports have suggested
that antheraxanthin and zeaxanthin are equally good quenchers[?].
• Model 2: Only Lutein and PsbS Only xanthophyll-independent quenching. This
model could be used to describe qE in the npq1 mutant, which lacks Violaxanthin
Deepoxidase. This model uses the expression
[Q] = [P sbS] ∗ [Lut]
• Model 3: Only Zeaxanthin and PSbS Only zeaxanthin-dependent quenching. This is
the model used in chapter 1, except that in this expression antheraxanthin is assumed
to be half as effective at quenching as zeaxanthin. The expression is
[Q] = [P sbS] ∗ (z([Zea] + 0.5[Anth]))
• Model 4 Only PsbS determines quenching. Mathematically, this is currently similar
to model 2 with zeaxanthin-independent quenching. In the future, it could be useful
to have a model for PsbS-induced aggregation and/or dissociation, which has been
suggested to play a role in qE by some studies [?, ?].
In the GUI, the existing models are described in the list box shown in Figure ??. The simulation can be run with one or more quenching models. To run a single quenching model,
input the number of that model into the text box labeled Quenching Model(s), and to run
multiple quenching models, input the number of all quenching models, separated by either spaces or commas, into that same text box. Currently, the numbers of the quenching
models used in the simulation must be entered in the text box; selecting quenching models from the list box that contains descriptions of the different quenching models does not
do anything, though this is something that should be improved in the future to make the
GUI more user-friendly. The code that runs these different GUI expressions is in the file
getStaticQuencherValues.m, and new quenching models could be added to this file
and then run from the GUI.
1.1.3 Parameter values
The NPQSM contains a large number of parameters. Some of these parameters have known
values, but the values of many others are unknown or may not have well-defined values (i.e.
may fluctuate from organism to organism or from leaf to leaf). One of the advantages of the
large-scale systems model developed here is the ability to calculate the effect of changing one
or more parameters on the behavior of the system. The GUI displays all the parameters of
the model in a drop-down menu, as shown in Figure ??. The parameters file, which is named
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params.txt in the figure, contains all the parameters necessary for the model. The formatting for the parameters file is described in the file getparamsfromfilename.m. The
drop-down menu under “parameter” will display all the parameter values in the parameters
file, and when a parameter is selected, its value and units will be displayed in the text box
labeled “Default Value”.
The GUI currently has the capability to vary the value of a single parameter at a time, as
shown in Figure ??. It is currently possible to vary multiple parameters in code, and in the
future, it will be useful to incorporate the ability to vary multiple parameters directly in the
GUI.

Figure 5: Popup menu of various parameter values.
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Figure 6: When the box “Vary This Parameter” is checked, the input box “Param Values” becomes visible and
the user can enter the desired parameter values for the selected parameter. Currently, it is only possible to vary
one parameter at a time.
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Figure 7: There are two ways to input light intensity to the model: directly enter intensity and duration into
text boxes (left) or specify intensities for PAM fluorescence experiment and load pulse times and actinic light
on/off times from a saved file (right). The semicolon separates intensities of different segments, so the two
intensities within the same segment indicate that two separate simulations at two different light intensities should
be performed.

1.1.4

Light intensity and duration inputs

NPQSM is able to simulate the evolution of PSII parameters at light intensities between 0
and 2000 µ mol photons/m2 /s, which corresponds to the range of realistic terrestrial sunlight
intensity. The model can also simulate very intense pulses of light (intensities of 10,000 µ mol
photons/m2 /s or more, which correspond to flashes that close all reaction centers), although
running the simulation with such a high input for more than a few seconds may drive the
model to give unphysiological results.
Each function call of the differential equation solver takes a single light intensity as an
input.1 To run the model, it is necessary to specify light intensity input in segments of constant
light intensity, and the duration of each segment. This is done in the boxes labeled “Duration”
and “Intensity”, shown at the top of both left and right panels in Figure ??.
To create multiple simulations in which some of the light intensity segments are the same
but some vary, separate each segment of light intensity be a semicolon. The simplest example
of this situation is the simulation sequence dark-light-dark, where the light intensity for the
“dark” portion would always be the same but the light intensity for the “light” portion would
vary. To run two simulations, where the light intensity for the first is 0.1- 1000- 0.1 and for
the second is 0.1 -500 -0.1, the light intensity input would be 0.1; 500 100; 0.1.
PAM fluorescence [?] is a common experiment done to study NPQ in plants, so the
NPQSM GUI has a separate input mode for setting up simulations to reproduce PAM fluorescence experiments. PAM fluorescence uses a combination of actinic light and saturating
flashes to probe the fluorescence yield of the plant, and can probe the amount of NPQ that the
1

As an improvement to the model to enable the simulation of continuously varying light intensities, it may
be possible to write a function I(t) that describes light intensity as a function of time and input that function to
the ode solver.
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plant is able to do. To access this mode, check the “Simulate PAM” checkbox, as shown in
the right panel of Figure ??. The PAM fluorescence experiment requires the following inputs:
1) the actinic light intensity (which ranges from 0 to 2000 µMol photons/m2 /second), 2) the
intensity of saturating flashes (which is typically 5,000-10,000 µMol photons/m2 /second), 3)
the duration of the saturating flashes, which is usually between 0.1 second - 1 second, 4) the
times in the simulation when the actinic light is turned on and off, and 5) the times in the
simulation when the saturating flashes are turned on and turned off. Inputs 1-3 can be input
to the GUI using the text boxes that appear when the box ”Simulate PAM” is checked. Inputs
4 and 5, which related to the times of actinic light turning on and the times of the saturating flashes, can be input as a text file. An example of the contents of such a textile, named
pulsetimes.txt, is shown below.
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Contents of pulsetimes.txt:
125
actOn
130
140
160
190
220
250
280
310
340
370
401
432
493
552
612
672
732
792
852
actOff
862
882
913
943
973
1004
1034
1064
1094
1124
1185
1244.5
1305

1.1.5

Estimating run time of model

Figure ?? illustrates the built in functionality of the GUI to estimate the time the program will
take to run all the combinations of quenching modes, light intensities, and parameter values.
The GUI calculates the number of total simulation runs for the set of quenching models and
parameter value that have been provided. Figure ?? shows a set of inputs with two different
quenching models (yellow), four parameter values for the PsbS pKa (green), and three light
intensity segments for one simulation (blue), giving a total of 8 simulations (red). To estimate
the time it will take the computer to run, the user should input the quantity “t per single run,”
since this quantity is dependent on the speed of the processor on which the model is being
run. In Matlab, it can be estimated by using the commands tic and toc around a single call
of the ode solver in the script runChloroplastSim.m. The program multiplies the total
number of runs by this input time value to get a time estimated total time. The actual time
per run will vary for different parameters because of variations in how quickly the differential
equation solver converges to a solution, which depends on the parameters that determine the
slope of the variables being simulated.
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2 Quenching Models

4 parameter values

3 segments per simulation
8x3x6 = 144
seconds total
2x4 = 8 total
simulations

Figure 8: Overview of the factors that affect the length of time that running a simulation will take: the number
of quenching models (yellow box), number of light intensity segments (blue box), number of parameters values
being varied (green box) are all multiplied by each other to give the estimated time for the simulation to run.
The “Total # Simulations” (red box) shows the product of the number of quenching models and the number of
parameter values.
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1.2 Running a simulation
To run a simulation, press the “Run” button at the bottom center of the GUI, as shown in
Figure ??. If the simulation is able to run successfully, the MATLAB command window will
display an output similar to the one shown in the left panel of Figure ?? , which is a set of
outputs from the ODE solver. If there are problems with the simulation, they typically show
up as errors in red text in the command window.

Figure 9: Sample Simulation of a PAM fluorescence measurement

After a simulation is successfully completed, it will automatically be saved so that it can
be loaded and displayed in the future. The format for saving a simulation is a .mat file, so
that the simulation can easily be loaded as a MATLAB variable. The right panel of Figure ??
shows the section of the GUI where the name of the .mat file can be specified. The yellow
square circles the text box for entering the name of the file with which the simulation will be
saved, and the folder in which the simulation will be saved. The “Browse” button can be used
to select the folder in which to save the simulation file.
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Figure 10: Left: Output from the model ode solver to the MATLAB command line when the model is running
successful after the button “Run Simulation” has been pressed. Right: controls for specifying the name and
location of a saved simulation.
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2 Displaying and exporting results
After the simulation has been saved as a .mat file, it can be loaded and the simulation
results can be displayed in the future and exported as a text file for further manipulation.
Figure ?? shows the values of oxidized QA for a simulation of PAM fluorescence displayed
in the GUI. The simulation to display can be loaded with the “Browse” button on top (green
box). The type variable to display can be selected from the pop up menu (red box). The
types of variables that could be displayed are grouped into three categories: quantities that
are calculated from chlorophyll fluorescence (labeled “From Chl Fluorescence”), dynamic
variables that have a differential equation associated with them, and static variables that are
calculated from the dynamic variables. Lists of static and dynamic variables are shown in
Figure ??. The spikes in the figure arise from the saturating flashes of the PAM fluorescence
simulation.

Figure 11: The right panel of NPQSM GUI displays simulated quantities from saved simulations. To retain
the plot of the previous variable, check the “hold on” checkbox (black rectangle) and to change the color of the
plot, enter a different color string into the color text field. The current plot color is blue (’b’), and the possible
colors are red (’r’), blue (’b’), green(’g’), cyan (’c’), magenta (’m’), yellow (’y’), and black (’k’).

Figure ?? highlights the controls for specifying the types of variables to be displayed
in the plot, along with controls about retaining the previous plot and how to specify the
color of the new plot. Figure ?? shows the lists of the “Static Variables” and “Dynamic
Variables” that can be displayed with the GUI. The Dynamic Variables are ones that have
been simulated directly in the model, i.e. ones for which an explicit differential equation has
been written. Some examples of Dynamic Variables are number of excited chlorophylls, QA
redox state, and concentration of protons in the lumen. The Static Variables are quantities
that are calculated from the Dynamic Variables, such as lumen pH, the electric field across
the thylakoid membrane, the proton motive force, and the fraction of activated cytochrome
b6 f. The Static Variables are calculated from the Dynamic Variables of the simulations in the
functions getStaticQuencherValues.m and getStaticThylakoidValues.m.
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Figure 12: Lists of Static variables (left) and Dynamic variables (right) of the model.

The GUI can export figures as .eps files and lists of variable values as text files. Figure
?? shows the controls on the GUI for saving the plots of variables as .eps files. Specify
the name of the saved figure file in the first text field (currently set to “Fig”) and the target
location of the file in the second text field (currently set to “figures/”, and can be navigated
with the “Browse” button). To export the figure, push the “Save Figure” button. This will
open the figure in a new window and save it to the specified location.
Figure ?? highlights the controls for exporting variable values as text files. Select the
variable to be exported in the variable menu (black box), the press “Add Variable to Export
List” (red box). Note that the quantities associated with chlorophyll fluorescence can not
currently be exported. The variable to be exported will be added to the “Vars to Export”
list (green box). To remove a variable from the list of variables to be exported, select that
variable and press “Remove Variable from Export List (Right Panel, magenta box). To export
the variables into a text file (blue box), enter the name of the text file in the first text field
(currently set to “vars”), the location in the second text field (currently set to “simulations/”)
and press Export Variables. To include the names of the variables in the text file, check the
“With Header” box.

16

Figure 13: The controls for exporting the figure as an image file are outlined with the red box.

Figure 14: The GUI can export the numerical values of simulated quantities (Static or Dynamic Variables) ,
along with the time axis, into a text file.
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3 Conclusions and future work
The GUI for the NPQ Systems model should prove to be useful to computational researchers,
physical chemists, and plant biologists who are interested in learning how to use and extend
the model. Using the model for more complicated computational projects will require integration with the MATLAB code, but the GUI should still act as a useful introduction to the
capabilities and limitations of the model.
There are numerous changes to the GUI that would increase its functionality and ease of
use. To improve the GUI’s functionality, it would be useful to:
• Enable the variation of multiple parameters in a given simulation
• Make it possible to specify light intensity as a continuous function of time, rather than
as discrete segments
To improve the GUI’s ease of use, it would be useful to:
• Separate the simulations inputs (first two columns) and the display (last column) into
separate tabs.
• Allow the user to enter an expression for the quenching model from the GUI.
• Make it easier for the user to obtain information directly from the gui about the different
simulations modes. One way in which this could be done is by incorporating popup
boxes with more detailed information.
• Add a legend onto the figure for situations when more than one curve is displayed in
the figure axes.
• Replace the “Vars To Export” popup menu with a list box to make the process of adding
and removing variables from the Vars to Export List more intuitive.
• Combine the file name and folder in the inputs for exporting variables and figures.
• Enable exporting quantities derived from chlorophyll fluorescence, namely chlorophyll
fluorescence and simulated NPQ.

18

