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Lecture - 22
Flux Sampling, Optknock and Optstrain

Welcome to metabolic engineering course, today we will discuss about flux sampling
optknock and optstrain. Flux sampling is very important concept where you can sample the
solution space of the metabolic network that you are actually analyzing. It can be E. coli
metabolic network or yeast metabolic network and optknock is a strain design algorithm and
optstrain is also a strain design algorithm or you can design the strain in silico. And then once
we have a better prediction you can go in the lab and perform the experiment.
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CONCEPTS COVERED

» Sampling Flux Solution Spaces \/
» OptKnock \/

» OptStrain

So, this involves the sampling flux solution space that we are going to learn today and the
strain design algorithm optknock and optstrain. These are very popular algorithm which is

used by industries, academia and then we have a lot of success.
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So, this is a constraint based method which we discuss every class for last 2, 3 days, where

you can see that we learned about flux variability analysis, which is shown over here and then
yesterday we learned about flux sampling and then today we are going to learn about
sampling. And flux coupling we learned in previous class robustness analysis also we learned
in previous class.

So, dynamic simulation we learned in previous class, gene deletion also we learned in
previous class. So, this today we are going to learn about the sampling and also optknock. So,

these are the 2 things we are going to learn today.
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Introduction

1) Convex basis vectors

* Methods exist to characterize metabolic solution spaces such
as extreme pathway analysis

* The effect of imposing constraints can also be studied using
randomized sampling methods by defining the ‘size” of the i
solution space and how the space changes 3

* Randomized sampling can be used to characterize flux

solution space, concentration space, kinetic solution space

* Randomized sampling can be used to understand network
capabilities, enzyemopathy, and diseases states (e.g.
ischemia, diabetes) —

* It can be applied to spaces that are linear or non-linear

(cwr non-convex)

Price, Reed, and Palsson Nat, Reviews Microbiol.2004

So, I will just introduce how you can actually characterize the metabolic solution space. So,
the solution space you can see is actually bounded by the constraint and how you can sample

the solutions with a dot-dot you can see we can have to sample the solutions space that you



can get and get your metabolic network very well defined. That is the generally use a FVA
flux variability analysis to get the range of fluxes but sampling is the best way where you can

sample the solution space accurately and then characterize your metabolic network.

So there are method to characterize metabolic solution space, such as extreme pathway
analysis, this we will learn in subsequent classes and then the effect of imposing constraint
can also be study using randomized sampling methods. Defining the size of the solutions

space and how the space changes. So, you define the space of the solution space.

And then how the solution space changes with the constraint or, with there is a function of
time, you can see how the solution spaces are actually changing with time. And randomize
sampling can be used to characterize flux solution space concentration solution space also
kinetic solution space and the randomized sampling can be used to understand the network
capabilities enzyemopathy disease state that is their diabetes condition of the cell or ischemia

condition.

These are the disease condition which you can characterize using the flux sampling method.
So it can be applied to spaces that are linear or nonlinear can be applied to convex or non
convex spaces, and solution spaces. So mostly we will be applying in convex solution space
where the sampling is needed to understand the type of network, the network capabilities in

different disease conditions that also can be evaluated.
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So let us see what is a sampling a space? What do you mean by sampling a space? What is
the area of this object can you calculate the area of the object it is very complicated. To
calculate this 2 dimensional object I am showing over here. So a 3 dimensional object can be
more complicated. Make it simple, we considered a 2 dimensional object and the 2

dimensional objects you can actually calculate the area just by sampling.

So if you do uniform sampling of this area, then you will be able to calculate the area just by
calculating the number of points hitting the area so this 1 am just doing random sampling. So
you can see the points are getting filled up in the designated box, so, | define a red color box
and within that box | have my object, | have a very weird object. So you cannot calculate the

area of that object.

So if you sample the space, so | am sampling the space | just uniformly I am putting dot so
that no 2 dots are actually overlapping each other and they are actually equally spaced and
they are equally far apart. So, after some time, you can see that the box is filled with points
and then you calculate what is the absolute volume? That is the size of the space, the size of

the space is basically hitting fraction.

So, how many dots is actually hitting the blue area that is your hitting pressure is the number
of points hitting and divided by the total number of points. Total number of points, you know
the total number of points you are supplying and the how many points are actually hitting the
area that you calculate by counting the number of points and that becomes the fraction of
points, which is hitting the area of object and then the size of the box then you multiplied by

the size of the box that becomes the size of the space.

So, this is the size of the space that and the object you have defined and that become the size
of the space keeping the red point that fall within the shape leaves a uniform sample of
points. So, you want to make sure that it is a uniform sampling and the error is given by the p
you have calculate that is heat fraction 1 - p and multiplied by p divided by N. So, this N is
the number of points so, this way you can calculate the error and also the size of the space

that you are actually considering here.

So, goals for shape choice: Easy to generate a uniform point within an easy to calculate

volume. So any shape you can generate and any and the volume of the shape can be



calculated by sampling that space. So, this is widely used in various fields, where you can
calculate the surface area of any object.
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So, this to make it more clear in the metabolic network | can consider a confined null space
that is a that | have a network with 1 metabolite so we have a 1 metabolite network A. And
which is actually the reaction which is producing metabolite A is v 3 and v 3 is goes from 0

to 10, so it is greater than 0, so v 3 is greater than 0 and less than 10. And then it is going to
reaction v1 and v 2.

Sov1andv2is actually goes from 0 to 6, and v 2 goes from 0 to 8. Now, | want to plot this
flux in 3 dimensions so how it looks like that. And in 3 dimensional, you want to plot these 3
fluxes, so 1 v 3 goes from 0 to 10, v 1 goes from 0 to 6, and v 2 goes from 0 to 8.
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If you put a rectangular box, then what we will see, that all the fluxes states are allowed in
this box. So any point in this box is actually a solution for this small network, which has 3
reaction. So the boxes defined by you can see this is v 2 this is v 1 and then we have v 3. So
these are the 3 axis. For the 3 fluxes, we have 3 axes, which you can see from the network. So
| am just removing v 1, v 2, v 3.

Now, you can see that any point in this box is a solution. So, it is not a steady state solution.
So this is a solution total solution space, which is given by v 1, v 2, v 3 and then | define a
steady state condition or the null space vector. So | consider a plane so plane which is
intersecting the box that is S dot v the plane is defined by S dot v = 0 that is the steady state

approximation.

So this is S dot v is nothing but a plane. So the stoichiometric mathematics for this network is
basically minus 1 minus 1, 1. We have only 1 metabolite that is why | have 1 row. So the s is
basically minus 1, that is the v 1, then minus 1 for v 2 and then 1 for v 3 so this | have 3
components. So this if I multiplied s with v, then 1 getv 3 -v 1-v 2 =0 this is the equation

of a plane.

And if | draw the plane and the plane which is intersecting the box and the plane and that is
the intersection region you can see the plane while intersect the box is the plane where the
steady state condition is valid that is, the steady state fluxes are defined on that plane only.
So, this plane actually cutting the box and on that plane there is also a steady state solution

lies which obeys S dot v = 0. So, this obeys S dot v = 0 as the steady state solution space.

And now, using this to the steady you know steady state solution space is basically a null
space S dot v is nothing but a null space. Any matrix S you can calculate the null space any
matrix you can see from any other literature where you can see that how we can calculate the
null space of a matrix. So, S is a matrix and that call the matrix you are calculating the null

space and S dot v = 0 gives you the null space.

(Refer Slide Time: 11:27)



The Simple Flux Split ?
\

3 ( ’ How the 1, planes in the 30

1 Flux Space Shape the 20 Null
\/ Fim " ® Space

oV, andV
i
P
|
Py
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So, what is the null space for this equation S dot v = 0, which is nothing but the null space
vectors are actually given by p 1 and p 2. So, we can see that the p 1 if | define p 1 and p 2
are the null space vector and the span covered by these null space vector actually you will see
this a solution lies. So, here we can see the null space vector p 1 and p 2 it can easily be
calculated.

So, because | have an equation of v 3 equal to v1 + v2, previous question you can see that v 3
=v1+v2 I|rearrange this equation v3 =v 1+ v 2 So,if | assume that the null space vector
it says that v 1 if | define the vector v = alpha 1 p 1 + alpha 2 p 2 then your total flux will be
alpha 1 multiplied by () plus alpha 2 () and this p 1 will be because v is (v 1, v 2 and v 3). So,
here, since v3=vlandv2tov1l=(10, 1) and this one will be (0, 1, 1) so, that if you
multiply that, you will getv3= v1+v2

So, here you see that this is v 1 and then this is v 2. So,v1,v2=v1+v3andthenvl=v1l
andv2=v2andv3=v1+v2according to this equation. So, this is the null space vector
which is given by p 1 and p 2 which is basically you can express as a linear combination. So,
the total flux which is given by the net flux is actually given by alpha 1 p 1 +alpha2p 2,p 1
p 2 are the null space vector and alpha 1 goes from 0 to 6 and alpha 2 goes from 0 to 8 says

that alpha 1 + alpha 2 is less than or equal to 10.

Now, you consider this small flux split that the simple flux split. Now your flux vector
changes fromv 1,v 2, v3top 2 p 1 So, these are the vector the basis vector for this matrix

and the basis vectors that you get by calculating the null space you can calculate the basis



vector p 1 and p 2 and if you plot then what is your final solution space is governed by is
actually govern by this p1and p 2.

So, if you draw the small 2 dimensional flux split as a function of p 1 and p 2 you see that
because of the constraint the first box in the yellow color you can see there that rectangular
boxes form and then the other rectangular boxes because of the constraint of p 2, and which is
in blue color and then the other box, then if you intersect this all 3 box and what you get? The
common region of all the 3 boxes that is there is a region the flux plate which is actually
feasible or the steady state solution space lies. So, that is the region your steady state solution

lies.
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Adapted from: Palsson, B. 2006. Systems Biology

And in 3 dimensions, you can see this is shown over here. So, this is a 2 dimensional map and
this is a 3 dimensional map. The more clear you can see if you plot the smallest
parallelepiped is chosen and the points are generated uniformly now we sample this space
shape. After applying constraint, you can actually sample the space and you can see that;
your, final v 1, the v 1, v 2, v 3 looks like this after sampling.

So, it goes from 0 to 6, and the maximum the values are shown over here, it goes from 0 to 10
and 0 to 8 and 0 to 6. And how the maximum value changes you also can be visible from this
histogram. So, this is a histogram plot 3D histogram where you can know how much fluxes
are actually going through the reaction. So the null space actually represents all the possible
function or a phenotype state of a network at a particular point in the phenotype represent one

function or one particular phenotypic state.



And then how do you sample now the next point and once you find the flux split, so this is
the way you can calculate the flux speed by applying constraint. And then how do you
sample the solution space?

(Refer Slide Time: 17:05)

Hit-an!-Run Sampling

Markov Chain Monte Carlo Sampler

* One initial point x, _/

* Random direction and step size choice to go to the next point

Crucial point: reducing number of steps needed to converge to a uniform distribution
Key parameters include:

* How the random direction is chosen?

* Number of steps ‘bounced’ between saving points?

Hit-and-Run Sampling

And then how do you calculate the solution space that is one of the routine algorithm is the
hit and run sampling. So you start with a Monte Carlo sampler Markov chain Monte Carlo
sampler to one with one point. So you start with point x = 0 and the random direction and
step size choice to go to the next point. So, randomly you choose the direction and go, it will
go to the next one and the crucial reducing number of steps needed to converse to a uniform

distribution.

So here, you have to make sure that you should converge to a uniform distribution and the
key parameter including the in the sampling is basically how the random direction is chosen
and the number of steps you take. You have to save those points and so these, number of step
bounced, so you actually some of these steps are bounced that you have to save so that you

do not have to repeat those bounced step.

So, this is an example where you can hit run on sampling, we have 3 flux vector ul, u2, u3
and then you want to sample the solution space. So, you start with the initial point X 0 which
is shown in green color, and then you start the sampling and randomly choose the direction.
So randomly, you can see that you go to a blue point and then the next day we go to another

and another point randomly.



And then you can see that at this point it is getting bounced so it cannot go further direction it
cannot go in that line. So and then it will go bounce back and go into another direction in this
way randomly simple sample the solution space.
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Artificially Centered Hit-and-Run (ACHR)

* First estimates the center of the solution space

* Then the estimated center is used to inform the direction of further sampling
such that the full solution space is covered in fewer steps

* Qvercomes the edge-trapping limitation of the standard hit-and run algorithm

Adtificial Centering Hit-and-Run

And then artificially centre hit run another sampling method, where you can fast estimate the
centre of the solution space and then estimate a centre is used to inform the direction of
further sampling such that the full solution space is covered in few steps. Then the estimated
centre is used to inform the direction of further sampling such that so you can cover it in a
fewer number of steps and overcomes the edge trapping limitation of the heat and run

sampling.

So, in the heat and run sampling it may trap it is found that the edge trapping limitation is not
there in ACHR and this is how it is done. So, you first estimate the centre of the solution
space and then estimate the centre, estimated centre is used to uniform the direction of the
sampling. So using that centre you try to sample uniformly these flux solution space in a few

number of steps.

So the number of steps will be lesser then standard heat and run sampling, we start with X 0
point and then you calculate your centre of this solution space and try to connect it and then
you define your next point and this way you choose another point and then so on you
calculate the direction. So, using the centre you calculate the direction what should be the

next iteration step and this way you can actually sample the entire solution space.
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So, using the sampling of the human red blood cell metabolic layer network has been
simulated. And here you can see the humans cell metabolic network is shown over here and
then the steady state flux solution space of the human red blood cells have been studied
through randomized sampling, which was previously studied. And the probability distribution
of each flux in the network can be shown on the reaction map. The probability distribution is

shown over here.

So, this is the probability distribution the y axis is the probability and the x axis is the flux
value, how much probability it may have that is shown in the y axis. This allow one to
visualize all the allowable flux values for all the reaction in the network simulation these
studies have led to several notable results 3 of which | will discuss briefly. The histogram

provide information about shape of the solutions space.

So, the histogram you can see that each flux has the glycolysis and the PPV pathway, you can
see that the histogram. These simple histogram actually provide the shape of the solution
space and how likely the flux are to fall into certain numerical values. For instance, some of
the histograms are flat implying that every numerical value for a flux with a particular

reaction is equal likely.

So, some reaction fluxes are actually flat in this case, in this case, you can see that it is flat.
So, all these values are equally probable. So many of them are actually flat. So, all these

value on this range is actually equally probable and the cross correlation between any pair of



flux can be computed. So, you can go also correlate 2 fluxes and correlation of values also

can be computed.

And you can see how the flux values are correlating and this is another way you can actually
say how 2 reactions are correlated. The measurement of poorly correlated flux is likely to be
more informative than measuring highly correlated fluxes. So, some reactions are very highly
correlated, but there are many reactions which are very less correlated. So, those poorly

correlated reactions are also have values for higher importance.

The pairs of fluxes that are correlated can be studied further. So, the pair of fluxes which are
actually correlating each other can also be studied further. So, this way you can actually
sample the solution space and for the red blood cell which is reported earlier and then the
histogram classification also you can do and the some histograms are left peak some
histograms are right peak some histogram are central peak and some histograms are actually
broad peak. So, based on that, you can know how the probability changes for a left peak

reaction histogram and then identify which of the reactions are actually highly probable.
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And then the flux sampling is also applied to study the network robustness. So, this is another
example where network robustness is actually applied in a network where the environment is
changing. So, environmental conditions are changing where robustness have been calculated.

The sampling as I told is a powerful tool to study metabolism under changing environment.



So, sampling can be used to actually study the metabolic network, where the environments
are actually changing the environmental condition, the moment the environmental conditions,
the regulation changes and the network changes and the network especially the genetic
circuit. The wiring diagram of the life of the cell is also changing. It has been implemented to
study metabolic changes that underlie photosynthetic condition to a cold.

So, we have a control condition and have a condition cold. So, these are the 2 condition
where the sampling, have been compared. So, the blue ones are actually in the cold condition
and the red ones are actually in the control. So, the flux histogram that has been calculated in
2 different conditions and then you compare how the fluxes are actually the probability of the

fluxes are changing with time in photosynthetic organism.

Here the overlaid FBA result for maximum biomass condition under the same model, as
applied for the sampling has been shown over here where are the blue colors are actually
represent the, the change in the condition while the cold condition is applied and the red bars
is actually the control. And you compare how we the flux values are changing by applying a

different environmental condition.
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So, now, we will move into another concept that is the strain design algorithm as | told the
strain design algorithm, this is the FBA problem statement, you can see that you maximize
the objective function and then apply the steady state condition and then boundary condition.
This is a FBA problem statement, which we have discussed earlier. Now, how you can design

this strain?
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Computational Design of Mutant Strains: OptKnock
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And for strain design algorithm the optknock is very popular as | told you. Using optknock,
you can actually design a strain. So, the strain design has been applied for lactate production,
succinate production, propanediol production, charismate production, alanine, serine,
aspartate, glutamate these are the molecules it has been already applied for a while you can

design the strain for better output.

So, optknock actually find gene deletion so, what it does? Optknock actually gives you a set
of gene which you need to delete such that so, it does by the algorithm works in a way that it
maximize the biomass and that is coupled with the metabolic engineering objective function,
which is exactly given over here. So, we have a metabolic bioengineering objective function

that is the product you are looking for suppose you are looking for succinate.

Suppose you are looking for lactate, that becomes your objective function that the flux for
those reaction becomes your objective function and then we have a cellular objective
function. So, we have 2 objective functions, it is a bi level optimization, where 2 objective
functions were considered and the cellular objective function this is nothing but the FBA. So,
this is nothing but the FBA and but the maximization of the biomass, bioengineering

objective function is actually controlled by the number of knockout we were doing.

So, the number of knockout that is the limit you can put that is number of knockout you want
to perform by doing that limit. Suppose | choose | just want to have 3 knockouts. So then you

can put your limit equal to 3 less than equal to 3. So, that actually it looks for the network, the



combination of the gene that to be knocked out. So that your, chemical production goes high.

So here you can see that this is a mutant network.

So, here this is the optimal condition with the originally have the optimal quantity, the
maximum biomass is here, but the maximum biomass you decrease the biomass, so that your
production become high. So initially, there is no production of the chemical. So v chemical
can be any compound you are targeting. So, initially at point A, for the wild type strain, there

IS no way you can produce a chemical that you are looking for.

But when once you apply the knockout, the gene deletion, the combination of gene deletion
says that you are the v chemical increases and at the same time the biomass decreases. So, the
biomass decreases, and your chemical increases, this is a play between the biomass growth

rate and then the chemical you are producing.
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So, this optknock has been applied for succinate production. So for succinate production the
optknock has been applied and you can see that the wild type strain is actually having a
growth rate of 0.38 and the succinate production in the wild is only 0.12 millimole per hour.
And the moment you apply 2 gene knockout 2 gene in the sense they have removed 2

reactions.

So they have remove 2 reactions and that is the pyruvate formase lyase and the lactate
dehydrogenase and so they found that the biomass has reduced 1.38 to 0.31 and then the

production of succinate has really improved 0.1 to 10.7. And then in the set, second set of



calculation, they found that they delete 3 genes. So, these 2 genes are actually already deleted
and they have added one more gene deletion that is acetaldehyde dehydrogenase they found

that the production of this succinate has not improved or not the biomass has improved.

But when they go went for 3 reaction deletion, then they found that the production of
succinate has improved to 15.15 and the biomass reduced significantly. So biomass has
reduced, become half less than half and this succinate has actually really improved. Similarly,
the optknock has been applied for the production of lactate. So, lactate they removed 3

reactions and then 4 reactions.

So, this many number of reaction they have removed and they found that when they remove
acetate kinase and phospho transacetylase, and acetaldehyde dehydrogenase and they found
the production of lactate has improved to 10.46 whereas in the wild type it was 0. And then
they remove another set of reaction and then they found that the production of lactate has
improved from 10.46 to 80.

And further they have removed reaction and it has not improved significantly, but at the same
time it is compensated by the biomass. So, we can see that biomass is reducing to actually
improve the production of the chemical that you are looking for. And these on the parallel
you can see these are the MOMA production, how much MOMA is predicting based on this

gene deletion is also shown over here.
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the primal problem, in addition to the primal constraints



So, the optknock problem is actually is a maximization of the chemical subject to maximize
the biomass. So, you maximize chemical at the same time, you actually delete some of the
genes. So, these are the genes you want to delete. So, the cell you give a condition that this
target biomass would be greater than the biomass you want to target so, we can provide that
target biomass.

So, in that biomass range, it will calculate the number of gene deletion. So, if the reaction is
to remove then y j will be 0. So that v j has to be equal to 0. So, this way, y j is actually the
binary number that is goes from 0 to 1. So, the binary number and y j is actually O, that means
that reaction is actually removed. So, this way, you can check for all the reaction which
combinations of the gene deletions are actually helpful for improving the chemical

production.

And also specify the maximum number of reactions that need to be deleted that is given by K.
So, first, you allow the cell to grow that is giving a target biomass and then specify the
number of reaction that you want to remove from the network, which is given by K. So, to
solve this problem, you actually need to transform it is because this is a bilevel optimization,
which you have to use the dual constraint from the primal problem. So, in addition to the
primal constraints, so, there is algorithm which actually take care of this bilevel problem can
be addressed by considering dual constraint.
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So, this succinate production strain, you can see that the mutant A, B, C they have produced

mutant A, B, C and this mutant A the production is actually less and then mutant B. their the



production has improved and so on then they found that these are the modifications they have
done in the network. This is one knockout, this is another knockout and then they removed
the competing pathways for acetate they have removed in order to improve the production of

succinate.

So, the 1, 2, 3; 3 genes they have removed 3 reactions, they have removed in order to
improve the production of succinate the glucose uptake rate is 10 and the oxygen uptake rate
is 0. And then in the lactate production, they removed 1 reaction that is from glucose to
glucose 6 phosphate and then there will be competing pathway that is ethanol and acetate
they and then also the remove fructose 6 phosphate. 1, 2, 3, 4; 4 reactions they have removed.
So they keep on increasing the number of reaction, deletion of reaction and then they found
this is the point while they get the maximum lactate.

(Refer Slide Time: 34:22)

OptStrain:

1. Currate KEGG database to find balance reactions.

2. Identify reactions for database with highest
production yields for product

3. Identify fewest number of reactions needed from
database
1atang;

4. Run OptKnock to find reaction deletions which couple

growth and production rates
T e
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So opstrain is another algorithm, where you can design the strain. First you get the KEGG

database to find balance reaction, and identify the reaction from database with highest
production of yield. In this case in optstrain, you add gene rather than in optknock, you have
seen that you have removed the gene or remove the reaction but here you add the reaction
from the database.

Identify the fewest number of reactions that is needed from the database and you add it and
then you run optknock to find the reaction deletion which couple both growth and production
rate. So, here also you can apply optknock algorithm to find in a reaction deletion, which

could couple the production rate of the chemical that you are looking for, but you first you



have to add the reaction. The fewest number of reactions that need to be added from the
database, and then you run the optknock again to find the reaction which needs to be removed

and for improvement of the production rate.

(Refer Slide Time: 35:26)

«Solution spaces can be studied by randomly sampling points contained within them
#Flux sampling generates a sequence of feasible solutions (called a chain) that satisfy the network
constraints, until the entire solution space is analyzed.

e TR A ol o
o[t can be run with or without a specified objective function and can provide a range of feasible
solutions space

il
* The dynamic metabolic properties can be estimated by capturing all the feasible solutions of
metabolic model in a condition specific manner.

el
-Identifyﬁ'g'm key parameters may be useful in directing experimental efforts to select criti
parameters that must be measured with precision, as well as determining the most sensitive,
constraints for computational modeling and pathway simplification.
——————

So, in summary, we learned about the solution space that can be studied by randomly
sampling points contained within them the solution space, you need to be randomly sample
and then found the random sample what you get is basically the histogram of fluxes and that
the probability of the fluxes can be calculated and the flux sample is generally a sequence of
feasible solution called a chain that satisfy the network constraint until the entire solution

space is analyzed.

So actually this is a chain of feasible solution that satisfy the network constraint. So, all those
points which are generated actually obey the network constraint, and when you sample those
points, those points are actually satisfying the metabolic network until the entire solution
space is analyzed, it will resampling and will keep on running. So, sometimes it takes a lot of

time to sample the solution space.

So, you have to wait for several hours to sample your network depending on the size of the
network if it is a very big network, then it takes several hours to sample the solution space, it
can be run with or without specified objective function and can provide a range of feasible
solution space. So it can be run without an objective function, it is the beauty of sampling.

So, because the microorganism you are good with objective function of growth or biomass.



But if you come to mammalian cell then you cannot consider the biomass as the objective
function. Because multicellular organism, the mammalian cells, you may or may not be good
to actually consider the objective function as biomass. Because the cell does not grow after
some time it does not grow. So, that is the problem with the multicellular organism. So there
the multicellular sampling is one of the most powerful tools to actually get the fluxes.

So, there are dynamic metabolic properties can be estimated by capturing the feasible
solutions of metabolic model in a condition specific manner. The metabolic properties can be
estimated by capturing all feasible solutions in a conditioned space. Because in the previous
example, where the photosynthetic organism which | considered, in that they have used it

control and also a cold condition.

So, 2 different conditions they have calculate the flux solution and they try to make a
difference and identify see such key parameters may be useful in and directing experimental
efforts. So, this important parameter that you are identifying from this solution space can be
used to design the experiment or to select the parameter that must be measured with
precision. And as well as determining the most sensitive constraint for computational
modeling and pathway simplification. This way, you can determine the most sensitive
constraint of the computational modeling.

(Refer Slide Time: 38:16)
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So, these are the references you can follow you can further read about the optknock
algorithm. The bilevel algorithm which is given in this paper and then we have other

references of strain differences given over here. And then the photosynthetic organism why



did they calculate the robustness of the photosynthetic organism by flux sampling is also
given here. You can read in more detail. Thank you, thank you for listening will meet you on

next lecture.



