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A Simple Model of the Calvin Cycle Has Only One Physiologically Feasible Steady State

under the Same External Conditions

Xin-Guang Zhu, Eric de Sturler, Rafael Alba, Stephen P. Long
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Abstract. Most current photosynthesis research implicitly assumes that the
photosynthetic process occurs only at one steady state. However, since the rate of each
reaction in photosynthesis depends nonlinearly on its substrates and products, in theory,
photosynthesis can have multiple steady states under given external conditions (i.e., in a
given environment). The number of steady states of photosynthesis under the same
external conditions has not been studied previously. Using the root finding program
POLSYS PLP (Wise et al 2000, ACM Transactions on Mathematical Software), we
study the number of potential steady states of a simplified model of the Calvin cycle. Our
results show that the simplified model of the Calvin cycle can reside in multiple steady
states, but that only one of these is physiologically feasible. We discuss the results from

an evolutionary perspective.

This work was supported, in part, by the U.S. National Science Foundation under
Grant IBN 04-17126.


Eric de Sturler
Text Box
This work was supported, in part, by the  U.S. National Science Foundation under Grant IBN 04-17126.
  


O© 0 9 O »n B~ W N =

W W N DN NN NN NN NN === == = = = =
— O O 0 9 N U kA WD, OO XN N R W N = O

Introduction

Photosynthesis is inherently a complex system. It includes biophysical and biochemical
reactions associated with light energy absorption, conversion of light energy into
chemical energy in the form of ATP and NADPH, and complex biochemical reactions
involved in the photosynthetic carbon metabolism. The rate of each reaction in
photosynthesis depends nonlinearly on the concentrations of its substrates and products.
Photosynthesis shows the typical characteristics of complex dynamical systems, such as
oscillations, see, e.g., [1, 29, 30]. In fact, leaves show oscillations of CO, uptake, O,
evolution, and chlorophyll fluorescence when either light or CO, varies, see e.g., [32].
Another important characteristic of most dynamical systems is that they have multiple
steady states [29, 30, 38]. For example, in a recent numerical study [38], Zwolak et al.
showed that the cell cycle can exists in four different steady states if total cyclin is within
a certain range. Even though photosynthesis is one of the most important plant
physiological processes on earth, the number of potential steady states has not been well

studied.

Although it is extremely difficult to study the number of steady states for the complete
photosynthetic process, some previous studies suggested that the CO, fixation process in
photosynthesis, i.e., the Calvin cycle, might be able to exist in two different steady states
[24, 25]. For example, Poolman et al. [25] showed that photosynthesis resided in two
different steady states in leaves of different age when capacities to utilize the final
carbohydrate product of photosynthesis were different. Pettersson and Ryde-Pettersson
[24] suggested that the Calvin cycle showed two different steady states when the
cytosolic phosphate concentration was below 1.9 mM. In contrast with this theoretical
study [24], experiments only showed one steady state, e.g., [6, 10, 24]. These
observations however lead to the important question, how many steady states
photosynthesis can potentially reside in under the same external conditions. Currently, no
experimental protocol is available to screen the number of potential steady states of
photosynthesis. However, building mathematical models of photosynthesis and then

identifying all steady-state solutions of the model appears a feasible route to tackle this
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problem. Recently, robust numerical methods for solving polynomial systems of
equations have become available. In particular, the globally convergent, probability-one
homotopy method is guaranteed to find all isolated solutions to polynomial systems of
equations; this method has been implemented in the numerical package POLSYS PLP
[34]. The use of this package to analyze steady states of a biological problem is described
in [5]. Following the approach in [5], we explore the number of steady states in a
simplified model of the Calvin cycle derived from our photosynthesis model in [37].
Specifically, we first rewrite the differential equations into a system of polynomial
equations and set (equate) the right hand sides of the differential equations to zero. Next,
we use the POLSYS PLP package to compute all isolated solutions of the polynomial
system. Finally, we evaluate the physiological feasibility of the solutions found to
identify biologically relevant steady states. Based on our results we discuss implications
of the number of steady states from an evolutionary perspective and provide comparisons
with previous studies [24, 25]. Under rare conditions it is possible that a dynamical
system has steady-states that are not isolated (and hence POLSY S-PLP may not identify
them); we assume this is not the case for the Calvin cycle and we will not consider this

here.

Method

This section is divided into three subsections. First, we describe a simplified kinetic
model of the Calvin cycle; second, we describe the procedure to find the steady state
solutions of a dynamical system; and third, we describe the numerical experiments to
identify all physiologically feasible solutions of the simplified model for the Calvin

cycle.

I. A simplified model of the Calvin cycle
Our simplified model of the Calvin cycle has two sets of equations, namely, (a) rate

equations and (b) differential equations.

a) Rate equations

The reactions in the Calvin cycle are shown in Fig 1. Although the diagram represents a
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simplified Calvin cycle, it includes the two major characteristics of the Calvin cycle: the
autocatalytic cycle and photosynthate (including 3-Phosphoglycerate (PGA) and
Glyceraldehyde 3-phosphate (GAP)) utilization. We assume that all reactions obey
Michaelis-Menten kinetics. For a non-reversible reaction, A+B — C + D, the generalized

rate equation is:

AxB

v=y — "= (1)
(A + I<mA )(B + I<mB)

after [27], where K,a and K5 are the Michaelis-Menten constants of substrate A and B
respectively, and 4 and B represent the concentrations of the respective substrates. The
complete set of rate equations is summarized in Appendix A. We obtained the relevant
constants/parameters by surveying the peer-reviewed literature (see Appendix B for
sources). The Michaelis-Menten constants for the PGA and GAP utilization were

estimated to ensure realistic rates of PGA and GAP utilization.

b) Differential equations

The rate of change of each metabolite concentration is given by the difference between
the rate(s) of the reaction(s) generating the metabolite and the rate(s) of the reaction(s)
consuming the metabolite. For example, RuBP is generated from the phosphorylation of
Ru5P (v;3) via Ru5P kinase and consumed through RuBP carboxylation (v;) via Rubisco

(Fig. 1). Thus, the rate of RuBP concentration change is

d[RuBP]
. Vi
dt

-V, ee(2)

The differential equations describing the rate of change for each metabolite concentration
form a system of coupled differential equations that represents a simplified model of the
Calvin cycle (Appendix A). We use the routine odel5s from MATLAB ® [19] to solve
this system of differential equations, using the following initial concentrations: [RuBP]=2
mM; [PGA]=2.4 mM; [DPGA] = 1mM; [GAP]=1 mM; and [Ru5P]=1 mM cf. [9]. After
400 s (seconds), the system reaches a steady state. Subsequently, at 650 s, we perturb the

system with a constant RuBP concentration for 50 seconds to check how the system
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responds to a perturbation in an individual metabolite concentration. The photosynthetic
CO; uptake rate is calculated based on the rate of RuBP carboxylation. The
photosynthetic CO, uptake rate calculated from the model has a unit of mmol I"' s™ on
stroma volume basis (stroma is the space where the reactions in the Calvin cycle take
place). This calculated rate is converted into leaf area basis by assuming that 1 mmol 1" s
! corresponds to 33.3 umol m™ s on leaf area basis [9]. Furthermore, we assume 1 gram

of chlorophyll in 1 m? leaf area and 30 ml stroma per gram chlorophyll [9].
I1. The procedure to find all isolated steady-state solutions

The system of ordinary differential equations describing the simplified Calvin cycle can
be succinctly represented as:

i’l_Yz SO, . (3)
t

where Y is a vector of metabolite concentrations, ¢ is time, and C represents parameters or

constants used in the model.

To obtain all steady-state solutions of this dynamical system (for a number of parameter
sets), we consider the system of nonlinear equations obtained from setting the right hand
side of (3) to zero. The solutions to this system of nonlinear equations are the steady state
solutions of (3). For example, the differential equation for RuBP can be transformed as
follows:

V13max X RUBP — O

(RuSP+K_,)x(ATP+K_,,,) RuBP+K_

x RuSP x ATP V

Imax

Following the procedure of Zwolak et al [38], we transform all the differential equations
(Appendix A) into nonlinear polynomial equations, and then we use POLSYS PLP to
identify all the isolated roots. We develop a PERL script (RootFinder.pl) to generate the
required input for POLSYS PLP.

I11. Identifying all isolated solutions of the simplified model of the Calvin cycle.
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We compute all the (isolated) solutions of the simplified model of the Calvin cycle for

the default values of all parameters (the maximal enzyme activities, i.e., V__, for each

chemical reaction) and identify the physiologically feasible ones. In addition, we explore
solutions of the model when the V., of each enzyme (governing a chemical reaction)
involved in the model is varied between 50% and 300% of the default (Appendix B).

When varying the V., of one enzyme (the V__ for a specific reaction), we kept activities

max

of all other enzymes at their default values.

Results
Fig 2 shows that the system of coupled differential equations quickly moves to a steady
state (at about 400 s), where the steady-state concentration of each metabolite is within its
physiologically relevant concentration range, cf. [9]. Moreover, the photosynthetic CO,
uptake rate is also within the range of field-measured rafes [36]. This suggests that the
system of coupled differential equations (Appendix A) effectively simulates the CO,
uptake rate. At 650 s, the system is perturbed from its steady state by enforcing a constant
RuBP concentration for 50 seconds. This external perturbation effectively drives the
concentrations of all metabolites in the system away from their steady-state
concentrations. Upon removal of this perturbation, the system returns to its (original)
physiologically feasible steady state in about 200 s, suggesting that our simple model is
consistent with photosynthesis performance of actual plants in the lab, cf. [22]. For the
default values of the model parameters (see Appendix B), POLSYS PLP finds 40
solutions. A solution is considered to be physiologically feasible only if the concentration
of each metabolite falls within its physiologically relevant range (0.0001 ~5 mM) [9].
Out of 40 solutions, 39 solutions have concentrations with values that are too close to
zero or negative or complex. Only one solution is physiologically feasible (see Appendix
C for a sample solution). Under variation of the V. (parameter) for each reaction the
total number of solutions does not change; more importantly, the system still has only
one solution that is physiologically feasible. This demonstrates the relevance of our study
to a wide variety of plant species, which may have different enzyme concentrations and
hence different maximal reaction rates. Table 1 shows the total number of solutions, the

number of real solutions, the number of physiologically feasible real solutions, and the
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number of physiologically non-feasible solutions when V.. of one enzyme is doubled

(Table 1).

The physiologically feasible solutions and solutions with values close to zero are shown
in Fig 3 and 4. The substrate or product of the reaction for which V,,,, is modified (shown
at top left corner) shows the greatest steady-state concentration change (Fig 3). For
example, when Vi.x, the maximal rate of the GAP dehydrogenase, is modified, the
concentration of DPGA shows the greatest change in its steady-state concentration. For
low GAP dehydrogenase activity, the DPGA concentration is higher than for high GAP
dehydrogenase activity (Fig 3B), because with a higher enzyme activity a lower substrate
concentration is needed to maintain the same flux rate through the reaction. On the other
hand, metabolites that are ‘far’ from the reaction with modified enzyme activity show
little or no change in concentration, where ‘far’ refers to the minimum number of
reactions that link a metabolite to the reaction with modified activity. For example, when
Vimax, the maximal activity of the enzyme Rubisco, is modified, the steady state

concentration of Ru5P shows a negligible change (Fig 3A).

We observe that the Calvin cycle has a physiologically feasible steady state for a wide
range of maximal activities of Rubisco, GAP dehydrogenase, Phosphoribulose kinase,
and the enzyme converting GAP to Ru5P (Fig. 3). However, when the maximal activities
of either PGA kinase or PGA utilization are altered, the simplified model of the Calvin
cycle loses its physiologically feasible solution and switches to a steady state where the

concentrations of all metabolites are (too) close to zero (Fig. 4).

Discussion

As photosynthesis, including both the light reactions and the carbon metabolism, is a
complex dynamical system governed by coupled nonlinear differential equations, one
might expect photosynthesis to have multiple steady states under the same light, CO, and
O, conditions (the external conditions considered). So far, there has been no analysis to

characterize the number of steady states of the entire photosynthesis system, partly due to
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the lack of appropriate tools for such an analysis. As the first step, this study uses the
package POLSYS PLP to identify steady-state solutions corresponding to isolated
solutions of the associated polynomial system of equations representing a simplified
model of the Calvin cycle. It is surprising that even though 40 solutions are identified for

the simplified Calvin cycle, only one of them is physiologically feasible.

Although the model of the Calvin cycle we use in this study is relatively simple, it
possesses the two key characteristics of the Calvin cycle: (1) the autocatalytic cycle and
(2) the utilization of photosynthate (i.e., GAP and PGA) (Fig 1). It is intriguing that only
one physiologically feasible steady state is found under the given external conditions
(CO,, Oy, light intensity). Studies in the past have suggested multiple steady states. In
[25] Poolman et al. demonstrated that the Calvin cycle can potentially exist in different
steady states for leaves at different ages and at different external conditions. However,
whether photosynthesis can reside in two different states for the same leaf age under the
same external conditions was not studied [25]. Pettersson and Ryde-Pettersson [24]
showed that the Calvin cycle had two feasible steady states, one with high flux rate and
another with low flux rate. The Calvin cycle model used in this study is simpler than that
of Pettersson and Ryde-Pettersson [24], which might explain the differences in the
number of steady states identified. On the other hand, all previous experiments on real
plants showed that photosynthesis only exists in one steady state under a fixed set of
external conditions [16, 31], while dramatic changes in the external conditions (for
example, from very low light to very high light) may lead to long transient phases marked
by significant oscillations [8, 32]. The accuracy of the Farquhar et al [4] model to predict
the photosynthetic CO, uptake rate under a wide variety of external conditions also
suggests that photosynthesis exists only in one steady state under fixed conditions. Given
these partially contradictory results, a detailed analysis of the number of potential steady
states for a complete model of the photosynthetic carbon metabolism [37] will be
required to ultimately determine whether photosynthesis has the potential to exist in
multiple steady states in a leaf and if so what mechanisms prevent it from switching

freely between different steady states.
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Existing experimental evidence suggests that in the field photosynthesis stays
predominantly if not always in one steady state under given external conditions [4, 10,
24]. If this is true, then what is the advantage of staying in only one steady state? If
photosynthesis has multiple steady states with each having different photosynthetic CO,
uptake rate, it would be advantageous for photosynthetic cells to stay in the steady state
with a higher photosynthetic CO; uptake rate. It is possible that during evolution
mechanisms evolved to keep photosynthesis operating only in the state with high
photosynthetic CO, uptake rate. In line with this idea, the structure of the Calvin cycle
has been conserved from cyanobacteria all the way through high plants [20, 33], possibly
for the purpose of staying in the steady state with the higher photosynthetic CO, uptake
rate. It is possible that various mechanisms of enzyme activity regulation, e.g.,
modification of the redox state of Ferrodoxin-Thioredoxin system, or pH of stroma, or
Mg*" concentration [18, 26] might be involved in keeping photosynthesis operating in a

state with high photosynthetic CO, uptake rate.

In summary, this theoretical study explored a number of potential steady states of a
simplified model of the Calvin cycle. Results from this and previous studies suggest that,
although the Calvin cycle has the potential to stay in multiple steady states, it seems to
stay only in one steady state. This property of the Calvin cycle might be a result of the
natural selection for a higher CO, uptake rate. A detailed study of the number of steady
states for a complete model of photosynthesis is needed to identify the total potential

number of steady states of photosynthesis in the field.
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Table 1 The number of different types of roots when doubling maximal activities of

enzymes in the simplified model of the Calvin cycle. When doubling the maximal

activity of one enzyme, the maximal activities of other enzymes are assumed to be at

their default values. The concentration of ATP is assumed to be 0.5 mM [2, 11, 35]. The

column Total indicates the total number of solutions; the column Real solutions indicates

the number of real solutions. The real solutions were further differentiated as either

physiologically feasible solutions or physiologically nonfeasible real solutions.

Category Total Real Physiologically — Physiologically non-
V nax solutions feasible real feasible real
solutions solutions

Vimax 40 5 1 4

Vamax 40 4 0 4

Vimax 40 4 1 3

Vimax 40 5 1 4

Vsmax 40 4 0 4

Vi3max 40 5 1 4

13
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Figure 1. The diagram showing reactions in the simplified model of the Calvin cycle.
RuBP: Ribulose 1,5-bisphosphate; PGA: 3-Phosphoglyerage; DPGA: 1,3-
Bisphoglycerate; GAP: Glyceraldehyde 3-phosphate; RuSP: Ribulose 5-phosphate. The
symbol such as vi,...vi3 represents the rate of each reaction in the diagram. Arrow
indicates the direction of a reaction. Sink represents utilization of PGA and GAP through

sucrose synthesis or starch synthesis.

14
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Fig 2.The simulated time evolution of different metabolite concentrations in the

simplified model of the Calvin cycle. The system (Appendix A) is perturbed at the 650

second by keeping the RuBP concentration at a constant 0.5 mM. At the 700 second, the

perturbation is removed. The system quickly moves to (and stabilizes at) its previous

steady state. A: photosynthetic CO; uptake rate.
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Figure 3 The physiologically feasible and the close-to-zero steady-state concentrations of
four metabolites in the simplified model of the Calvin cycle under different maximal
enzyme activities. In each panel, the maximal enzyme activity of one enzyme varies from
50% to 300% of its default value while the maximal enzyme activities of all other
enzymes are set to be at their default values. This figure shows that there is only one

physiologically feasible steady-state solution under the same external conditions.

v v v v v v v v 1.2
56T A Vimax RUBP T B V3max
o u
a2 b° o PGA 1t 109
v DPGA
v  Ru5P ¢ ¢ ¢ °
28} iT . 10.6
| |os E
% 1.4} ; v ] 0.3 E
v e v v v ° ° © v [
g 00 [e] g o 0 0 N X X X X 00 _‘.g
o v v v v v v v v v v v v o
I C Vamax D V13max {09 =
= )
5 o :
u v [ ) [ ) [ ) [ ) [ ] [ ] o
c |
o v v v v v v v 0.6 o
O 4
2t . 10.3
R ° ’ : [ ] g o] o] o] o] o]
o Q Q ] ] 5 Y X kva 00

50 100 150 200 250 300 50 100 150 200 250 300

Enzyme activity (Percentage of default%)

16



Fig 4. The physiologically feasible and the close-to-zero steady-state metabolite
concentrations in the simplified Calvin cycle under different Vo and Vspmay (see

Fig 3 for detailed legend).
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Appendix A Equations used in the simplified model of the Calvin cycle

The differential equations:

dRuBP

dt =V =V,
dPGA

" =2XV,=V, =V,
dDPGA

a
dGAP

dt =V3 =V, =V
dR(;ltSP =0.6xv, =V,

The rate equations:

o = Vi XRuBP
' (RuBP+K,))
Ve X PGA x ATP

2max

VvV, =
> (PGA+K_,)x(ATP+K_,,)

o Vins X DPGA

* DPGA+K,,
o = Vins X GAP

‘' GAP+K_,
v. = V. .. xPGA x ATP

> (PGA+K_)x(ATP+K_,)
16— Vons XGAP

GAP +K
Visma X RuSP x ATP

Vis

 (RuSP+K,, ;) x(ATP +K ;)
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Appendix B Parameters used in the simplified model of the Calvin cycle

Table B1 The maximal activities (V) of each enzyme in the simplified model of the

Calvin cycle

Maximal Enzyme name Reaction “Vin Reference
Activity mmol I s

A\ Rubisco RuBP+CO,—2PGA 3.78 [15, 23, 35]

Vs PGA Kinase PGA+ATP — ADP + DPGA 11.75 [15, 23, 35]

V; GAP dehydragenase DPGA-+NADPH —GAP + 5.04 [15, 23, 35]

OP+NADP
V4 Conversion of GAP GAP—->0.6Ru5P 3.05 Model estimate
into Ru5P
Vi Ribulose Ru5P+ATP—RuBP+ADP 8 [15,23, 35]
biphosphate kinase
Vs Sink capacity PGA-> Sink 3 [15, 23, 35]
Vs Sink capacity GAP-> Sink 0.1 Model estimate
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Table B2 The Michaelis-Menten constants of enzymes used in the simplified model of

the Calvin cycle

RN"  Reaction Paramet Value Descript Reference
er’ (mM) ion®
1 RuBP+CO2—2PGA Koz 1 RuBP Model estimate, cf. [31]
2 PGA+ATP —ADP + DPGA Ko 0.240 PGA [12, 14]
2 PGA+ATP —ADP + DPGA Kz 0.390 ATP [12, 14]
3 DPGA+NADPH —GAP + OP+NADP Kz 0.5 DPGA Model estimate, cf. [3, 5,
17, 28]
4 GAP~-> 0.6Ru5P K 0.84 GAP Model estimate
5 PGA-> Sink Kis 0.75 PGA Model estimate
6 GAP - Sink K 5 GAP Model estimate
13 Ru5P+ATP—RuBP+ADP K 0.15 Ru5P [7,21]
13 Ru5P+ATP—RuBP+ADP Kz 0.059 ATP [7, 13, 21]

*RN: Reaction number corresponding to the number in Fig. 1.
® Parameters beginning K, represent the apparent Michaelis-Menten constant of the
metabolite listed in the description column

¢ The description column lists the compounds to which the kinetic constant applies.

O 0 9 N n B
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Appendix C Sample real solutions of the simplified model of the Calvin cycle

Given a set of V¢ values, the system of nonlinear polynomials derived from the
differential equations representing the simplified model of the Calvin cycle has 40 roots.
Among them 4 - 5 were real definite roots. A set of sample real solutions for the model is
shown below. In this sample, the V. 1s set to be 200% of the default V. and the Vi
values of all other enzymes are set to be at their default values. X(1): RuBP, X(2) : PGA,
X(3) : DPGA, X(4) : GAP, X(5): Ru5P. We can see that only the first real solution is a
physiologically feasible solution.

Real soluation 1

X(1)=2.56097627171181E-01
X(2)=1.38098652799639E-01
X(3)=5.39698924750138E-01
X(4)=4.48565670978998E+00
X(5)=4.11198559296765E-02

Real soluation 2

X(1)=-3.57848262985460E-17
X(2)=8.75644031437841E-18
X(3)=2.61129825157095E-18
X(4)=1.75408016482927E-16
X(5)=17.04135520029619E-18

Real soluation 3
X(1)=4.09031898442628E-01
X(2)=-5.50930499218444E-01
X(3)=-8.29333703387913E-01
X(4)=-5.05596520084859E+00
X(5)= 6.62434472205359E-02

Real soluation 4
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X(1)=-1.00000000089146E+00
X(2)=-2.40000000104034E-01
X(3)=-5.00000000152509E-01
X(4)=-8.40000000156337E-01
X(5)=-1.50000000126720E-01

Real soluation 5

X(1) =5.55406405928947E-01
X(2)=3.80006541425408E-01
X(3)=3.37815725345562E+00
X(4)=-2.60784352798313E+00
X(5)=9.06998056463301E-02

22



	a) Rate equations 
	b) Differential equations 


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




