MetFBA: A WEB BASED TOOL FOR
FLUX BALANCE ANALYSIS

Project report submitted in partial fulfililment of the requirement for the degree of
Bachelor of Technology
In
Bioinformatics
Under the supervision of
Dr. Ragothaman M. Yennamalli
Dr. Tiratha Raj Singh
Submitted by
Shubhangi Kaushik(131517)
Devesh Thapar(131507)

W

{f
’i

\\\!.‘.1-
Vel ‘::

j ll'lt
DEPARTMENT OF BIOTECHNOLOGY AND BIOINFORMATICS
JAYPEE UNIVERSITY OF INFORMATION AND TECHNOLOGY

7

|
1

WAKNAGHAT, HIMACHAL PRADESH 173234



CERTIFICATE

This is to certify that the project report entitled “MetFBA: A WEB BASED TOOL FOR FLUX
BALANCE ANALYSIS”, submitted by DEVESH THAPAR and SHUBHANGI KAUSHIK
in partial fulfillment for the award of degree of Bachelor of Technology in Bioinformatics
Engineering to Jaypee University of Information Technology, Waknaghat has been carried out

under our supervision.

This work has not been submitted partially or fully to any other University or Institute for the

award of this or any other degree or diploma.

Date : Dr. Ragothaman M. Yennamalli

Assistant Professor (Grade I1)

Dr. Tiratha Raj Singh

Assistant Professor (Senior Grade)



ACKNOWLEDGEMENT

This work would not have been possible without the guidance and the help of several individuals
who in one way or another contributed and extended their valuable assistance in the preparation

and completion of this study.

First and foremost, our utmost gratitude to Dr. Ragothaman M. Yennamalli, Assistant
Professor (Grade - Il) and Dr. Tiratha Raj Singh, Assistant Professor (Senior Grade) at the
Department of Biotechnology and Bioinformatics (JUIT), for their unfailing support as our

project advisers and for their patience and steadfast encouragement to carry on with this study.


http://www.juit.ac.in/faculty.php?id=108&dep=bio&page=1
http://www.juit.ac.in/faculty.php?id=108&dep=bio&page=1

Abbreviations

FBA — Flux Balance Analysis

SBRT - Systems Biology Research Tool
MATLAB — Matrix Laboratory

SDLC — Software Development Life Cycle
GUI - Graphical User Interface

HTML — Hypertext Markup Language

CSS — Cascading Style Sheets

XAMPP — (X stands for cross platform) Apache, MySQL, PHP, Perl
CGI — Common Gateway Interface

SBML - Systems Biology Markup Language
LPP — Linear Programming Problem

GLPK — GNU Linear Programming Kit



Abstract

Flux Balance Analysis (FBA) is a constraint based approach used for the analysis of metabolic
networks. FBA calculates the flow of metabolites through the metabolic networks. This method
enforces constraints on a metabolic system and using mathematical approach of linear
programming, gives optimal solution for a given objective function. FBA has been gaining
ground since the past few years because of increase in the availability of pathway data in
multiple databases.

We have developed a web based tool, MetFBA (Metabolic Flux Balance Analysis), for
analyzing the metabolic networks. For the optimization, we have used GNU Linear
Programming Kit (GLPK). This tool gives the final output as the optimized value of the

objective function and also the values involved with each of the fluxes.
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CHAPTER 1 - Introduction

1.1 Background:

With the large amount of data, that is available in various biochemical pathway databases and
biochemical data stored in the literature, it is possible to apply various approaches for the
analysis and simulation of metabolic pathways. Some of these approaches are: (a) interaction
based methods, (b) mechanistic approach and (c) constraint based methods [1]. Interaction based
methods uses a graphical approach to map metabolic networks, whereas mechanist approach
uses stoichiometry and kinetic parameters. The drawback to these approaches is the lack of all
kinetic parameters for all the reactions. The constraint based method is the most popular. The
approach uses constraints like physico-chemical, gene regulatory and environmental constraints.
Using the available data one can model the biochemical pathway as the first step. Once the
pathway has been modeled we can apply any of the three approaches to study the various aspects
of metabolic networks, metabolism and cellular operations. The analysis and simulation of these
networks is used mainly for drug discovery, in food industry and in bio-engineering where the

aim is to increase the functionality of micro-organisms [2].

In this project the approach we are focusing on is Flux Balance Analysis, a constraint-based
approach to develop a web based tool with enhanced usability and user friendly implementation

of intermediate processes to generate robust and correct output.



1.2 Constraint Based Approach

In general, a constraint based method enforces constraints on a metabolic system [3]. The
success of this methodology is due to the availability of the resources required for reconstruction

of effective metabolic networks [1]. Some of these resources are mentioned in following table:

Table 1 : Resources that are available for reconstruction of metabolic networks:

Resource URL Reference
Kyoto Encyclopedia of Genes and http://www.genome.jp/kegg/ [4]
Genomes(KEGG)
BioCyc http://www.biocyc.org/ [5]
Reactome http://reactome.org/ [6]
BRENDA http://brenda-enxymes.info/ [7]

The genome-wide annotation of protein sequences is used as the foundation in metabolic
network reconstruction. This is possible due to constraint-based method, Flux Balance Analysis,
which requires only stoichiometry information for carrying out the analysis of biological

networks. Thus, such approach requires very less information as compared to others.

1.3 Flux Balance Analysis

Flux Balance Analysis (FBA) generally is carried out by doing steady state analysis of a system
using the stoichiometry matrix. The steady state analysis requires the creation of an objective
function. The objective function is created by using the assumption that the cell performs

optimally at steady state [8]. FBA consist of the following steps (Figure 1):


http://reactome.org/
http://www.biocyc.org/
http://brenda-enxymes.info/
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Figure 1 - Overview of FBA. Image adapted from [8].

(a)- Defining the system, (b)- Calculating the reaction stoichiometry,

(c)- Calculating the objective function, (d)- Optimization

(@) Defining the system: This includes all the reactions involved in the particular network along
with all the co-factors, co-enzymes, reaction reversibility, boundaries of reactions, and
compartmentalization.

(b) Calculating the reaction stoichiometry: After the definition of all the reactions in the
system are set, there is a need to create the stoichiometry matrix that will be used for mass

balance after defining the vector of internal fluxes and exchange fluxes.
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Under steady state the assumption is

dx/dt =S.v=0
Where ‘S’ denotes the stoichiometry matrix, v’ is the vector of fluxes, and ‘dx/dt’ is the rate
of change in concentration.

(c) Calculating the objective function: Calculating the objective function and adding more
constraints to the system. This is performed after defining the stoichiometry and mass
balance is the next step. Here, the system is still incomplete and to complete it we need to
add certain constraints to our system, which can be spatial, topological, environmental, and
regulatory constraints. The mechanism to add these constraints is to measure certain fluxes
and add an upper bound and a lower bound to these fluxes.

(d) Optimization: In this step, the steady state mass balance is obtained by using mass balance

constraints and other constraints over the objective function defined in the previous step.

1.4 Applications of FBA

FBA has its core applications in (a) identification of possible drug targets, after the metabolic
pathway is mapped, its perturbations and simulation is done by FBA and these simulation
includes gene knockouts and drug effects [9], also in (b) increasing the biomass of industrially
important organisms (such as E. coli) after the metabolic network is mapped, certain gene

deletions are studied in order to achieve the target [10].



1.5 Short review of existing FBA tools

Many FBA applications, tools, and integrated frameworks in software such as MATLAB are
available and here we studied them to find the advantages and disadvantages associated with

each of them.

1. COBRA [3] is considered as a good FBA tool. However, as it is a MATLAB [11] toolbox it
affects its applicability because not everyone has a commercial license to MATLAB and
there is a learning curve in understanding MATLAB.

2. In Systems Biology Research Tool (SBRT) [12], there is a lack of the integration of
algorithm processes with a network visualization program.

3. OptFlux [13] lacks flexibility even though it makes use of multiple algorithms.

4. BIoSPICE [14] utilizes only two algorithms and flux-balance optimization is not the main
focus of this tool.

5. For PathwayAnalyser [15], the installation process is cumbersome with multiple steps and
multiple dependencies. It covers only two FBA variants.

Keeping in view of the advantages and disadvantages involved with the available tools and

applications, we defined our objective of this study as described further.
1.6 Objective

In this study, we aim to create a web and user friendly tool for carrying out FBA for a given
pathway. There are many tools available but they lack in many ways for easy implementation.
Thus, we aim to design efficient algorithms to carry out the analysis. Irrespective of the
application in mind, we wish to provide a generalized tool for model reconstruction and to carry

out FBA.



1.7 Proposed web based tool

The proposed web based tool is called MetFBA (Metabolic Flux Balance Analysis). This web
based tool will be freely available to all the users globally. The user will be able to perform FBA
on their input metabolic pathway files which will be in standard and most acceptable Systems
Biology Markup Language (SBML) or xml formats. There will also be a help page where
tutorials about how to perform FBA analysis will be available. The tool wouldn’t require any
other commercial tool for its functionality. The user will be able to contact us through a form
provided in the website, where they will be able to give us feedback and suggestions about the

modifications or the updates required for the tool.

The tool is available at: http://bioinfoindia.org/MetFBA/



http://bioinfoindia.org/MetFBA/

CHAPTER 2 - Materials and Methods

2.1 Description of the Project

Requirement: Requirement of a user friendly web based tool for FBA that provides the user
easy functionality to upload and analyze their metabolic network data.

Input: Reactions in a general format like SBML.

Output: Analysis of metabolic pathway according to various constraints that will be set by the

user.

2.2 System requirements

Server Machine: Xampp setup or any other option with Apache server.
Client Machine: PC with server connection.
Software: Perl in server machine with CGI compatibility.

2.3 SDLC Model:

A Software Development Life Cycle (SDLC) corresponds to the important phases essential for
developers while creating any new software, like planning, analyzing, designing, and
implementing. A software development lifecycle covers all the stages of software development
from its start with defining the requirement through to maintaining the software.

Multiple SDLC models are available like waterfall, iterative, V shaped, agile, etc. All these
models were studied, their properties, advantages, disadvantages were studied and it was
concluded that for MetFBA, Waterfall model was the most appropriate one to carry out the

project.



Waterfall model (Figure 2) has following characteristics:

It is a sequential development model.

In this model, the requirements are required to be clear before going to the next phase.
Testing is allowed to be carried out only if the entire code is developed.

The phases of development need to happen one after the next in order and there is no overlap
between two phases.

The work progress should be documented after completion of each phase.

The testing also happens at the end of each phase. This practice helps with the maintenance
of the quality of the project.

Each step is frozen before the next step, i.e. freeze the requirements beforehand, after that
only the coding and other implementation can happen.

There should be a time limit for the completion of each phase.

Figure 2 - Waterfall SDLC Model. Image adapted from [16].




In this project, the current steps have been followed:

e First, we analyzed all the information about the FBA, its applications, already existing tools,
the implementation of these tools, what gaps need to be filled, how our tool should be
different, how it would be able to fill those gaps, and similar information.

e Next, we tried to design a strategy about how the website will be created, what part of the
project will be done by which project partner, how the front end will look, how we plan to
implement algorithms in the backend, which programming languages and tools would be
used, etc.

e Next, in the development step we developed a web page using HTML CGI-Perl, JavaScript
and CSS.

e After the development is complete, we tested the tool by comparing the output and time
utilized to generate that output in multiple existing tools.

e The next step is implementation or launching our web based tool online.

e Finally we will keep updating our website. For example, if a new algorithm has been
reported for FBA, we will try to incorporate that algorithm as well in our website. In simpler
words we will try to keep up with the maintenance of the website.

In the next page, the work flowchart is shown that indicates the various steps (Figure 3).



Learning about Flux Balance Analysis: its importance and its applications.

Learning about the tools available for the FBA, the advantages and disadvantages

Finding gaps in the existing tools that need to be filled.

Creating a plan for the web based tool. Choosing the languages and software for

Creating the GUI of the website using HTML, CSS and JavaScript.

Putting the GUI on the local server using XAMPP.

Getting acquainted with the input file (SBML file).

Creating a CGI Perl program for retrieving the important input attributes like

Getting acquainted with different FBA algorithms and creating CGI programs for

Compare MetFBA tool with other existing tools.

Figure 3 — Workflow
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2.4 Programming Languages and tools

To create this tool, multiple tools and languages are going to be required. The choice of these
tools and languages was based on their ease of use, how much we were comfortable with them

and if they will be able to produce the output that we have in mind.

2.4.1 XAMPP:

XAMPP, developed by Apache Friends, provides a user with all the things required to set up a
web server. XAMPP is a cross-platform web server which means it can be used to create a local
network on Windows, Mac and Linux equally well. It consists of Apache Server, MariaDB
database and interpreters for scripting languages like Perl and PHP (Figure 4). The transition of
website from local server to online server is smooth since most web servers make use of same

components like XAMPP [17].

B XAMPP Control Panel v3.2.1 [ Compiled: May 7th 2013 ] - o
XAMPP Control Panel v3.2.1 * Config
Modules )
) Netstat
Service Module  PID(s) Portfs) Actions e
Apache i%;g 80, 443 Admin Config Logs B Shell
MySQL Start Admin Caonfig Logs Explorer
FileZilla Start Admin Config Logs T Senices
Mercury Start Admin Config Logs @ Help
Tomcat Start Admin Config Logs [ Quit
AM [Tomcat] Problem detected! ~

M [Tomcat] Port 8080 in use by "Unable to open process”|
M [Tomcat] Tomcat WILL NOT start without the configured ports freel
M [Tomcat] “You need to uninstall/disable/reconfigure the blocking application
M [Tomcat] or reconfigure Tomecat and the Control Panel to listen on a different port

J [main] Starting Check-Timer

I [main] Control Panel Ready
123811 AN [Apache]  Attempting to start Apache app...
1:38:13 AN [Apache] Status change detected: running

Figure 4 — XAMPP Control Panel
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242 HTML:

HTML is used worldwide as a markup language to create rich webpage and applications. It
makes use of tags to create structured webpage, for example, in HTML tables can be created,
text can be styled making use of tags like font, lists can be produced, hyperlinks can be provided,
images, videos and other objects can be embedded, and much more. HTML can be written in two
syntaxes, one of which is HTML and the other one is XML. Even though XML is faster than
HTML, but browser support is limited in case of XML, so HTML will be preferred over XML

for this project [18].

2.4.3 JavaScript

JavaScript is a scripting language that is used to make dynamic web pages. It works in
collaboration with HTML and is used majorly to create responsive web pages for example

moving images, responsive buttons, slideshows, etc.

2.4.4 Cascading Style Sheets (CSS)

CSS is a style sheet language that is used to set the appearance of a markup language in our case
HTML. Along with HTML and JavaScript, CSS is the third language used for creating web
pages. CSS is majorly used to separate the web page content from its presentation so that one can
generally set the presentation of documents instead of configuring it every time when adding or

changing some content.
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2.5 Optimization techniques used by different tools

Other tools or software that works on metabolic networks modeling of FBA uses different

packages for optimization some of these are given in Table 2.

Table 2 — Optimization techniques used by existing FBA tools

Software/Tool Reference Optimization Solver Reference
OptFlux [13] GLPK [19]
SBRT [12] GLPK [19]
MetaFluxNet [20] LP_SOLVE [25]
BioMet [21] GLPK [19]
SurreyFBA [22] GLPK [19]
FASIMU [23] GLPK, CPLEX, LP_SOLVE |[19, 24, 25]
COBRA Toolbox [3] GLPK, TOMLAB_CPLEX [19, 24]
CellNetAnalyzer [26] GLPK, Optimization Toolbox | [19, 11]
(MATLAB)

The solver used in our tool for optimization is GNU Linear Programming Kit (GLPK)

implemented in JavaScript.

2.5.1 GNU Linear Programming Kit (GLPK) for JavaScript

GLPK is a open source optimization problem solver that is provided by GNU and can handle
very large problems. We have used its extension for JavaScript which was available on GitHub

(https://github.com/hgourvest/glpk.js). Compared to the other linear programming options which

are shown in Table 2, we used GLPK as its integration to a web based tool is easier. .
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CHAPTER 3 — Results

3.1 GUI of MetFBA:

For the creation of Graphical User Interface (GUI) the code was written in the HTML and the
text was styled using CSS. The pages were made dynamic using JavaScript. In the home page,
the user is asked to input a SBML (.sbml file extension) file. The user can then browse through
his computer and upload the SBML file. The default upper and lower bound values can also be

provided in the form. The user can then submit the form after entering all the required values.

X
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Figure 5 — Screenshot of the home page of MetFBA
In the Help tab, the users will be provided with a tutorial for the analysis to make their

experience easier with the tool.
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Figure 6 - Help Tab

In the Contact Us page, one can reach out to us and give us feedback and suggestions by filling

up the form there.
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Figure 7 - Contact us Tab

3.2 Perl - CGl:

The code for reading the SBML file and retrieving the important input parameters for FBA, like
reactions’ name, reactions’ id, reactions with the metabolite name and metabolite ids, was
created simply by using perl programming language (code in Appendix-1). The values were
retrieved into different variables and were printed into different files so that they can be used in
the later analyses. When a sample SBML file (example below) was provided as input, the given

output (Figure 8) was retrieved.
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Sample SBML file:

<?xml version="1.0" encoding="UTF-8"?>

<sbml xmlns="http://www.sbml.org/sbml/level2" level="2"
version="1">

<model name="Test">

<listOfCompartments>

<compartment id="cell" size="1" name="cell interior" />
<compartment id="ext" size="1" name="blood compartment" />
</listOfCompartments>

<listOfSpecies>

<species 1d="Glc ext" name="Glucose ext"
boundaryCondition="true" compartment="ext" />
<species 1d="Pi ext" name="Phosphate ext"
boundaryCondition="true" compartment="ext" />
</listOfSpecies>

<listOfReactions>

<reaction id="GlcT" name="GlcT" reversible="false">
<listOfReactants>

<speciesReference species="Glc ext" stoichiometry="1"/>
</listOfReactants>

<listOfProducts>

<speciesReference species="Glc cell" stoichiometry="1"/>
</listOfProducts>

<kineticLaw>

<listOfParameters>

<parameter id="equilibrium constant" value="1"/>
</listOfParameters>

</kineticLaw>

</reaction>

<reaction id="HK" name="HK" reversible="true">..</reaction>

</listOfReactions>
</model>
</sbml>

17



e C\Perlod\bin\perl.exe

868

R_EX_glyc3p_e_

R_Glycerol 3 _phosphate_exchange
true

. 39 [slalols]e]
1l.ll)( Ualue - 0.
Reaction — 1. M_glycip e —> 1_8860080 MH_gluc3p_h

H i 1.800000 M_Glycerol_3_phosphate_C3H?06P ——> 1.880000A M_Glucerol
_phosphate_C3H706P

861

R_EX¥ gluyc_ R _e_

R_R_ Glycerate_exchange
true

99 [SlElale ]t

a.
a.
i.

H_glyc_R_ e —» 1_A8BAAA M_gluc_R_h

1.8880688 M_R__ Glycerate_ C3H504 ——> 1.80880A M_R__Glycerate_C3H

862

R_E¥ gluc_e_
R_Gluycerol_exchange
true

QWBBBBB
. M_glyc_e —>» 1.80000A M_glyc_h

1.8680H8 M_Glycerol C3IHB03 —> 1.ABABAEA M_Glycerol C3IHBO3

Figure 8 — Console output

The perl code for parsing input file was used as CGI Perl program to utilize the code in the
server. When the user inputs SBML file in the form present in the home page of the website
(Figure 5), the website redirects to the CGI script link and CGI Perl code uses that file as input
and produces output on the webpage (Figure 9). Multiple text files are also created for use in the
subsequent steps. They are: “reactions.txt” in which all the reactions are stored, “speciesid.txt”
for the species ids, “reactionid.txt” for the reaction ids, “objective_function.txt” for the objective
function if the values of fluxes are available in the input file and “bounds.txt” for the upper and

lower bounds associate with each reaction.
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“reactions.txt” file generated for the sample SBML file:

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000

M l4glucan c +

M 12dgrl20 p
M 12dgrl40 p
M 12dgrl4l p
M 12dgrle0 p
M 12dgrléel p
M 12dgrl80 p
M 12dgrl8l p

M 12ppd R e -—>
M 12ppd R p -->
M 12ppd S e -->
M 12ppd S p -—>

M atp ¢ + 1.000000 M h2o ¢ + 1.000000 M l4glucan p
1.000000 M adp c +

1.000000 M l4glucan e -->

.000000
.000000
.000000
.000000
.000000
.000000
.000000

[ T = T =y Sy

M 12dgrl20 c
M 12dgrl40_c
M 12dgrldl c
M 12dgrle0_c
M 12dgrlel c
M 12dgrl80 c
M 12dgrl8l c

1.000000 M 12ppd R p
1.000000 M 12ppd R c
1.000000 M 12ppd S p
1.000000 M 12ppd S c

1.000000 M h c +
1.000000 M l4glucan p.

1.000000 M zn2 e --> 1.000000 M zn2 p

“speciesid.txt” file generated for the sample SBML file:

M 10fthf c

M 12dgrl20 c
M 12dgrl20 p
M 12dgrl40 _c
M 12dgrl40 p
M 12dgrldl c
M 12dgrl4l p
M 12dgrle0_c
M 12dgrle60 p
M 12dgrlel c
M 12dgrlel p
M 12dgrl80 c
M 12dgrl80 p

M zn2 b

“reactionid.txt” generated for the sample SBML file:

R 12DGR120tipp
R _12DGR140tipp
R 12DGR141tipp
R 12DGR160tipp

19
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R 12DGR161tipp
R 12DGR180tipp
R 12DGR181tipp
R_12PPDRtex
R_12PPDRtpp

R_12PPDStexR_12DGR120tipp

R 12DGR140tipp

R _Zn2tex

“objective_function.txt” generated for the sample SBML file:

+0.284212 v (R_3HAD100) +0.164070
+0.101931 v (R_3HAD140) +0.120141
+0.120141 v (R_3HADI1G61) +0.284212
+0.284212 v (R_3HADS8O) +0.284212

+0.120141 v (R_30AR121) +0.164070
+0.101931 v (R_30AR160) +0.120141
+0.284212 v (R_30AR60) +0.284212

+0.164070 v (R _30AS120) +0.120141
+0.120141 v (R _30AS141) +0.101931
+0.284212 v (R_30AS60)

+0.284212 v (R_30AS80)

+.o... .. +0.002522 v(R_Zn2tex)

v (R_3HAD120)
v (R_3HAD141)
v (R_3HAD40)
v (R_30AR100)
v (R_30AR140)
v (R_30AR161)
v (R_30AR80)
v (R_30AS121)
v (R_30AS160)

+0.031070 v (R_A5PISO)

“bounds.txt” generated for the sample SBML file:

R _12DGR120tipp
R 12DGR120tipp
R 12DGR140tipp
R 12DGR140tipp
R 12DGR141tipp
R 12DGR141tipp
R 12DGR160tipp
R 12DGR160tipp
R 12DGR161tipp
R 12DGR161tipp
R 12DGR180tipp

v
v
v
v
v
v
v
v
v
v
v
v (R _12DGR180tipp

( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )
( )

v (R _Zn2tex)

<
>
<
>
<
>
<
>
<
>
<
>

999999.000000
0.000000
999999.000000
0.000000
999999.000000
0.000000
999999.000000
0.000000
999999.000000
0.000000
999999.000000
0.000000

> -999999.000000
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+0.120141
+0.101931
+0.284212
+0.164070
+0.120141
+0.284212
+0.284212
+0.164070
+0.120141

v (R_3HAD121)
v (R_3HAD160)
v (R_3HAD60)
v (R_30AR120)
v (R_30AR141)
v (R_30AR40)
v (R_30AS100)
v (R_30AS140)
v (R_30AS161)



o IEN

Figure 9 — Output on the webpage

In the example, there are 2382 reactions.

ee [Pie--100esubmit-submit-Cuen e R ) | [ output | ‘ ok
# Reaction id Reaction name Reversibility U"‘fi’;:'t“"d L““I'firl: ~

1 IR_12DGR120tipp [R_1_2_diacylglycerol_transport_via_flipping__periplasm_to_cytoplasm__ n_C120_ |false 1999999.000000/0.000000

2 IR_12DGR140tipp [R_1_2_diacylglycerol_transport via_flipping_ periplasm_to_cytoplasm_ n_C140_ Ifalse 999999 000000/ 0.000000

3 IR_12DGR141tipp [R_1_2_diacylglycerol transport_via flipping  periplasm_to_cytoplasm n C141_ [false 1999999.000000/0.000000

4 IR_12DGR160tipp [R_1_2_diacylglycerol_transport_via flipping periplasm_to_cytoplasm n C160_ |false 1999999.000000//0.000000

5 IR_12DGR161tipp [R_1_2_diacylglycerol_transport_via_flipping__periplasm_to_cytoplasm n_C161_ [false 99999.000000/0.000000

6 IR_12DGR180tipp [R_1_2_diacylglycerol_transport_via_ flipping periplasm_to_cytoplasm n C180_ |false 1999999.000000//0.000000

7 IR_12DGR181tipp [R_1_2_diacylglycerol_transport_via_flipping_ periplasm_to_cytoplasm_ n_C181_ |false 999999 000000/0.000000

3 IR_12PPDRtex [R__R_ Propane_1_2_diol_transport_via_diffusion__extracellular_to_periplasm_ ltrue 1999999.000000/-999995.C

S IR_12PPDRipp [R__R_ Propane_1_2_diol_facilitated_transport_ periplasm_ ltrue 999999 000000/ -999999
10 |[R_12PPDStex IR_S_Propane_1_2_ diol_transport via_diffusion_ extracellular_to_periplasm_ ltrue 999999 000000/ -999999
11 |[R_12PPDStpp [R_ 8 Propane 1 2 diol facilitated transport_ periplasm_ ltrue 1999999 000000/ -999999.C
12 |[R_14GLUCANabecpp [R_1_4_alpha D_glucan_transport_via ABC_system__periplasm _ [false 99999.000000/0.000000
13 |[R_14GLUCANtexi [R_1_4_alpha D_glucan_transport_via_diffusion__extracellular_to_periplasm__irreversible |false 1999999 000000/0.000000
14( [R 23CAMPtex R 23cAMP transoort via diffusion extracellular to perinlasm ltrue 1999999.000000 -9999)99,("

At the bottom of this page, there is a button called “Get stoichiometric matrix” (Figure 10). On

clicking that button, we will get the stoichiometric matrix created on the basis of reactions and

metabolites present in this model.

Figure 10 - Button to get stoichiometric matrix
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[2373||R_XYLUt2pp R_L_xylulose_transport_in_via_proton_symport_periplasm_ [false 1999999.000000||0.00
[][2374R_XYLUtex R_L_xylulose_transport_via_diffusion__extracellular_to_periplasm_ ltrue 1999999.000000||-995
[/[2375|R_XYLabepp R_D_xylose_transport_via_ABC_system__periplasm_ [false 1999999.000000||0.00
[2376|R_XYLt2pp R_D._xylose_transport_in_via_proton_symport__periplasm_ [false 1999999.000000||0.00
[[2377|R_XYLtex R_D_xylose_transport_via_diffusion_extracellular_to_periplasm_ ltrue 1999999.000000||-995
[/[2378R_ZN2abepp R_Zinc_ Zn2__ABC_transporter_periplasm_ [false 1999999.000000||0.00
[|[2379|R_zN213pp R_zinc__Zn2_transport_out_via_proton_antiport_periplasm_ [false 1999999.000000||0.00
[1/[2380|[R_ZN2tpp R_zinc_transport_in_via_permease_no_H_ [false 1999999.000000||0.00
[/[2381||R_ZNabepp R_zinc_ Zn?_transport_via_ABC_system__periplasm_ [false 1999999.000000||0.00
1 R_zinc_ Zn2_transport_via_diffusion__extracellular_to_periplasm_ ltrus 1999999.000000||-995
Get stoichiomel ix



Using reactions.txt and speciesid.txt, stoichiometric matrix is created. Another perl code
(Appendix-I1) was created to obtain the stoichiometric matrix and was then used as CGI Perl
code. When the user clicks the button “Get stoichiometric matrix” (Figure 10), the webpage
redirects to that CGI Perl link and the script uses the two files as the input stores the matrix as

stoichiometric.txt. The user will be redirected to the given page.(Figure 11).

/ [ Stoichiometric matrix X\ |-

& S C | & Secure | https//localhost/fba/CGI%20SCRIPTS/stoic.cgi?Submit=Get +staichiometry+mat r (4]

You can download the generated stoichiometry matrix here
Next

Figure 11 — Stoichiometric Matrix can be downloaded on clicking the hyperlink “here”

“stoichiometric.txt”:

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

1.000000 0 0 0 0 0 . . . . . 0
0
0

0 0 0 0 0 0 0 . . . . 0

The sample input file had 2382 reactions and 1972 species ids, therefore this matrix is 1972 x

2382 dimensional.

On clicking, “Next” in Figure 11, the user will be redirected to a page where using perl script
(Appendix-I11) the linear programming problem(LPP), containing the objective function which

is either to be maximized or minimized, variable constraints and boundaries, is generated from
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the given input. The script uses "reactionid.txt", <stoichiometric.txt”, "bounds.txt"
objective_function.txt” created earlier to generate the LPP (Figure 12, Figure 13, and Figure 14).
The flux values for multiple reactions were available for the sample input file and thus objective

function was retrieved using those values.

[E] Stoichiometric matrix X \§ B - El

t=Next h 4 O H

&« C' | & Secure | https://localhost/fba/

* Objective function *\
cobj: +0.284212 v(R_3HADI100) ~0.164070 w(R_3HADI120) +0.120141 v(R_3HADI21) +0.101931 w(R_3HADI140) +0.120141 w(R_3HAD141) =0.101931 v(R_3HADI160) +0.120141 w(R_3HADI61)
+0.284212 v(R_3HADA40) +0.284212 v(R_3HAD60) +0.284212 v(R_3HADS0) +0.284212 v(R_30AR100) +0.164070 v(R_30AR120) +0.120141 v(R_30AR121) +0.164070 w(R_3IOAR140) +0.120141
v(R_30AR141) +0.101931 w(R_30AR160) +0.120141 w(R_30AR161) +0.284212 w(R_30AR40) ~0.284212 v(R_30ARG0) +0.284212 vw(R_30ARSE0) +0.284212 v(R_30AS100) +0.164070
v(R_30AS120) +0.120141 v(R_30AS121) +0.164070 w(R_30AS140) +0.120141 v(R_30AS141) +0.101931 v(R_30AS160) +0.120141 v(R_30AS161) =0.284212 w(R_30AS60) -0.284212
v(R_30AS80) +0.031070 w(R_ASPISO) +1.927343 w(R_ACCOAC) +0.236257 w(R_ACGK) +0.236257 v(R_ACGS) +0.232024 v(R_ACHBS) -6.232770 v(R_ACKr) +0.698290 w(R_ACLS) +0.284212
v(R_ACOATA) +0.236257 v(R_ACODA) +2 439388 v(R_ACONTa) +2 439388 v(R_ACONTb) -0.236257 w(R_ACOTA) -6.700603 v(R_ACt2rpp) +0.003783 v(R_ACtdpp) -6.696820 v(R_ACtex)
+0.000534 v(R_ADCL) +0.000534 v(R_ADCS) +1 8082359 v(R_ADKI1) +0.000356 v(R_ADNKI1) +0.196723 +(R_ADSK) +0.238182 v(R_ADSL1r) +0.356786 v(R_ADSL2r) +0.238182 +(R_ADSS)
+0.050963 v(R_AGPAT160) +0.060071 w(R_AGPAT161) -0.236257 w(R_AGPR) +0.000356 w(R_AHCYSNS) +0.432456 v(R_AICART) ~0.356786 v(R_AIRC2) -0.356786 w(R_AIRC3) +1.580525
v(R_AKGDH) +0.022188 v(R_ALAAT Ar) +0.033282 +(R_ALAR) -0.465588 v(R_ALATA L) +0.000178 v(R_AMPMS2) +0.045398 v(R_ANPRT) +0.045398 v(R_ANS) +0.000356 +(R_APRAUR)
+0.236257 v(R_ARGSL) +0.236257 v(R_ARGSS) -0.853900 v(R_ASAD) +0.192568 v(R_ASNS2) +0.000460 v(R_ASP1DC) +0.264204 v(R_ASPCT) +0.853900 v(R_ASPK) +0.001819 w(R_ASPO3)
-2.336746 v(R_ASPTA) +8.390000 v(R_ATPM) +0.075669 v(R_ATPPRT) +47.296890 v(R_ATPS41pp) +0.196723 w(R_BPNT) +0.003783 v(R_CA2tex) -0.003783 v(R_CAt6pp) +0.500462 v(R_CBMKI1)
+0.001908 v(R_CDPMEK) +0.250812 v(R_CHORM) +0.296923 v(R_CHORS) +0.000178 w(R_CHRPL) +0.001892 w(R_CLt3_2pp) +0.003783 v(R_CLtex) -19.899398 v(R_CO2tex) -19.899398
v(R_CO2tpp) +0.002522 w(R_COBALT2tex) +0.002522 vw(R_COBALT2tpp) +0.000178 +(R_CPPPGO) +2.439388 v(R_CS) +0.128208 v(R_CTPS2) +0.002522 v(R_CU2tex) +0.002522 w(R_CU2tpp)
+0.196723 v(R_CYSS) =0.122939 v(R_CYSTL) +36.399466 v(R_CYTBO3_4pp) +0.144474 v(R_CYTKI) +0.011094 v(R_DALAt2pp) +0.274116 w(R_DAPDC) +0.296304 w(R_DAPE) +0.050965
v(R_DASYNI160) +0.060071 v(R_DASYN161) +0.000712 w(R_DB4PS) +0.296923 w(R_DDPA) +0.698290 v(R_DHADI) +0.232024 +(R_DHAD2) +0.296304 v(R_DHDPRy) +0.296304 v(R_DHDPS)
+0.021436 v(R_DHFR) +0.000334 v(R_DHFS) +0.000534 v(R_DHNPA2) +0.264204 w(R_DHORD?2) -0.264204 v(R_DHORTS) +0.000356 +(R_DHPPDA2) +0.000534 v(R_DHPS2) +0.000356
v(R_DHPTDCs) +0.296923 +(R_DHQS) ~0.296923 w(R_DHQTi) +0.000222 w(R_DMATT) -0.000178 v(R_DM_4HBA) ~0.000356 v(R_DM_HMFURN) +0.000534 v(R_DNMPPA) +0.000534
v(R_DNTPPA) +0.000460 v(R_DPCOAK) +0.000460 w(R_DPR) +0.020902 v(R_DTMPK) +0.001908 +(R_DXPRI1) +0.002264 w(R_DXPS) +0.000178 w(R_E4PD) +0.164070 v(R_EAR100x) +0.164070
v(R_EAR120x) +0.120141 v(R_EAR121x) +0.101931 w(R_EAR140x) +0.120141 v(R_EAR141x) +0.101931 v(R_EAR160x) +0.120141 v(R_EAR161x) +0.284212 v(R_EAR40x) +0.284212
v(R_EAR60x) +0.284212 +(R_EARS0x) +16.987155 v(R_ENO) +6.696820 v(R_EX_ac_e )-0.003783 v(R_EX ca2 e )-0.003783 v(R_EX cl e ) +19.899398 v(R_EX co2 e_)-0.002522
v(R_EX cobalt2 e )-0.002522 v(R_EX cul e )-0.006032 v(R_EX fe2 e )-0.005676 v(R_EX fe3_e )-11.000000 v(R_EX glc_e ) +0.001959 v(R_EX h2 e ) +40.936193 v(R_EX hlo ¢ )
+14.032428 v(R_EX_h_e_) -0.141850 v(R_EX_k_e_) -0.006306 v(R_EX_mg2_e ) -0.002522 v(R_EX mn2_e_)-0.002522 w(R_EX_mobd_e_)-8.613286 v(R_EX_nh4_=_)-18.200000 w(R_EX o2 e )
-0.767810 w(R_EX_pi_e )-0.199876 v(R_EX so4 e )-0.002522 v(R_EX zn2 e )+0.798707 v(R_Ec_biomass_iAF1260_core_59p81M) +8.621213 w(R_FBA) +0.000178 +(R_FCLT) +0.006032
v(R_FE2tex) ~0.006032 v(R_FE2tpp) +0.005676 v(R_FE3abepp) +0.005676 v(R_FE3tex) +0.001959 v(R_FHL) +0.000178 w(R_FMNAT) +2.411752 w(R_FUM) =0.075446 v(R_GIPACT) +0.002850
v(R_GISAT) +0.050965 v(R_G3PAT160) +0.060071 v(R_G3PAT161) -0.111036 w(R_G3PD2) +0.176594 w(R_G5SADs) +0.176594 w(R_G3SD) +5.060534 w(R_G6PDH2r) +18.402750 w(R_GAPD)
+0.336964 v(R_GARFT) +0.000534 +(R_GCALDD) +0.075446 v(R_GF6PTA) +0.890343 v(R_GHMT2r) +0.194273 +(R_GK1) +11.000000 v(R_GLCptspp) ~11.000000 +(R_GLCtex) +1.443678
v(R_GLNS) +0.176594 v(R_GLU3K) -6.866135 v(R_GLUDy) +0.356964 v(R_GLUPRT) -0.022188 v(R_GLUR) +0.002830 v(R_GLUTRR) +0.002850 w(R_GLUTRS) +0.000267 w(R_GLXCL)
+0.000267 v(R_GLYCK2) +0.044001 w(R_GLYCL) +0.000534 vw(R_GLYCTO2) +0.194273 w(R_GMPS2) +5.060534 w(R_GND) +0.000222 v(R_GRTT) +0.281690 v(R_GRXR) +0.281690 +(R_GTHOr)
+0.000534 v(R_GTPCI) +0.000356 v(R_GTPCII2) -40.936193 v(R_H2Otex) -40.936193 v(R_H2Otpp) -0.001959 v(R_H2tex) -0.001939 v(R_H2tpp) +0.000178 v+(R_HBZOPT) +2 284130 v(R_HCO3E)
+0.075669 v(R_HISTD) +0.075669 v(R_HISTP) +0.000356 v(R_HMBS) +0.000534 v(R_HPPK2) -0.557596 v(R_HSDy) +0.434656 v(R_HSK) +0.122939 v(R_HSST) +0.075669 v(R_HSTPT) -14.032428
v(R_Htex) +2.439388 v(R_ICDHyr) +0.075669 v(R_IG3PS) +0.075669 +(R_IGPDH) +0.045398 w(R_IGPS) -0.232024 vw(R_ILETA) -0.432456 w(R_IMPC) +0.194273 v(R_IMPD) +0.000222 v(R_IPDDI)
+0.001908 v(R_IPDPS) +0.359817 v(R_I[PMD) -0.359817 w(R_IPPMIa) -0.359817 w(R_IPPMIb) +0.359817 v(R_IPPS) +0.015535 v(R_K2L4Aabepp) +0.015535w(R. K2L4Arex)+0,698290 w(R_KARAI)
+0.232024 v(R_KARA?2) +0.284212 v(R_KAS14) +0.031070 v(R_KDOCT2) ~0.031070 +(R_KDOPP) +0.031070 +(R_KDOPS) +0.141850 v(R_Kt2pp) +0.141850 v(R_Krex) +0 359817 v(R_LEUTAI)
+0.015535 v(R_LPADSS) +1.927343 v(R_MCOATA) +0.011094 w(R_MCTP1App) +2.411752 vw(R_MDH) +0.001908 v(R_MECDPDH2) +0.001908 v+(R_MECDPS) +0.001908 v(R_MEPCT) +0.000534
v(R_] \rlETAT) +0.123296 w(R_] MET‘?) +0.006306 v(R_MG2t3_2pp) +0.006306 v(R_MG2tex) +0.002522 v+(R_MN2tpp) +0.002522 w(R_MNtex) +0.015535 v(R_MOAT) +0.015535 v(R_MOAT2) o

Figure 12 — Objective Function
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[E] Stoichiometric matrix X W\

&« C | & Secure | https://localhost/fba/CGI%20SCRIPTS/Ipp.cgi?Submit=Next

* Constraints *!

Subject To

one_1: -1 v(R_AICART) -0.000223 v(R_Ec_biomass_iAF1260_core_39p81M) -1 wR_FMETTRS) -1 v(R_FTHED) -1 v(R_GARFT) +1.000000 v(R_MTHFC) -1 v(R_ULA4NET) =0
one_2: +1.000000 +(R_12DGR120tipp) -1 v(R_DAGK120) +1.000000 +(R_PAPA120)=0
one_3:-1v(R_12DGRI120tipp) +1.000000 v(R_PAPA120pp) =0

one_4: +1.000000 v(R_12DGR140tipp) -1 v(R_DAGK140) +1.000000 +(R_PAPA140) =0
one_5: -1 v(R_12DGR140tipp) +1.000000 w(R_PAPA140pp) =0

one_6: +1.000000 w(R_12DGR141tipp) -1 v(R_] DAGKH]) 1.000000 w(R_PAPA141)=0
one_7: -1 v(R_12DGR141tpp) +1.000000 +(R_PAPA141pp) =0

one_8: +1.000000 v(R_12DGR160tipp) -1 W(R_DAGK160) +1.000000 v(R_PAPA160) = 0
one 9: -1 v(R_12DGR160tipp) +1.000000 v(R_PAPA160pp) =0

one_10: +1.000000 v(R_12DGR161tipp) -1 v(R_DAGK161) +1.000000 w(R_PAPA161)=0
one_11: -1 v(R_12DGR161tipp) +1.000000 w(R_PAPA161pp) +1.000000 v(R_PETNT161pp) =0
one_12: +1.000000 w(R_12DGR180tipp) -1 v(R_DAGK180) +1.000000 +(R_PAPA180)=0
one_13: -1 v(R_12DGR180tipp) +1.000000 v(R_PAPA180pp) =0

one_14: +1.000000 w(R_12DGR181tpp) -1 w(R_DAGKI181) +1.000000 v(R_PAPA181)=0
one_15: -1 v(R_12DGRIS ltipp) +1.000000 v(R_PAPA18 1pp) +1.000000 v(R_PETNT181pp) =0
one_16: +1.000000 v(R_12PPDRipp) +1.000000 +(R_ALR4x) +1.000000 v(R_LCARR) =0
one_17: -1 v(R_12PPDRtex) -1 v(R_EX 12ppd R e )=0

one_18: +1.000000 v(R_12PPDRtex) -1 v(R_12PPDRipp) = 0

one_19: +1.000000 w(R_12PPDStpp) +1.000000 w(R_LCARS)=0

one 20: -1 v(R_12PPDStex) -1 w(R_EX_12ppd_S_ e )=0

one_21: +1.000000 v(R_12PPDStex) -1 v(R_ 17PPDStpp) 0

one_22: +1.000000 w(R_GAPD) +1.000000 +(R_PGK) =

one 23: +1.000000 v(R_14GLUCANabepp) -1 v(R . AAMYL) 0

one_24: -1 v(R_14GLUCANtex1) -1 w(R_EX_l4glucan_e_)=0

one_25: -1 v(R_14GLUCANabepp) +1.000000 v(R_14GLUCANtexi) -1 v(R_AAMYLpp) = 0
one 26 -1 v(R_CADVipp) +1.000000 v(R_LYSDC) =0

one_27: -1 v(R_DAPtex) -1 v(R_EX_15dap_e_)=0

one_28: +1.000000 v(R_CADVipp) +1.000000 v(R_DAPtex) = 0

one 29 -1 v(R_LPLIPALIE120pp) ~1.000000 +(R_PLIPA2E120pp) =0

one 30: -1 v(R_LPLIPAL1E140pp) +1.000000 v(R_PLIPA2E140pp) =0

one_31: -1 v(R_LPLIPAL1E141pp) +1.000000 v(R_PLIPAZE141pp) = 0

one 32 -1 v(R_LPLIPALIE160pp) +1.000000 +(R_PLIPA2E160pp) =0

one 33:-1v(R_LPLIPALIE1G1pp) ~1.000000 +(R_PLIPA2E161pp) =0

one_34: -1 v(R_LPLIPAL1E180pp) +1.000000 v(R_PLIPA2E180pp) =0

ana 35 _1 R TRITRPAT 1E1R1nnd =1 O0ONON (R BT TRAIEIRTnny =N

Figure 13 — Constraints

[E] stoichiometricmatrix X W\

&« C | & Secure | https://localhost/fba/CGI%20SCRIPTS/Ipp.cgi?Submit=Next

* Variable bounds *|
Bounds
v(R_12DGR120tipp) -
+(R_12DGR120tipp) = 0.000000
v(R_12DGR140tipp) = 999999.000000
v(R_12DGR140tpp) = 0.000000
+(R_12DGR 141tipp) = 999999 000000
v(R_12DGR 141tipp) = 0.000000
v(R_12DGR160tpp) = 999999.000000
+(R_12DGR160ripp) = 0.000000
v(R_12DGR161tipp) = 999999000000
v(R_12DGR161tipp) = 0.000000
v(R_12DGR180tpp) = 999999.000000
+(R_12DGR180tipp) = 0.000000
v(R_12DGR181tipp) = 999999.000000
v(R_12DGR181tpp) = 0.000000
v(R_12PPDRtex) = 999999 000000

999999.000000

+(R_12PPDRipp) = 999999.000000
+(R_12PPDR1pp) = -999999 000000
+(R_12PPDStex) = 999999 000000
+(R_12PPDStex) = -999999,000000
+(R_12PPDStpp) = 999999 000000
+(R_12PPDStpp) = -999999 000000
+(R_14GLUCANabepp) = 0.000000
+(R_14GLUCANabcpp) = 0.000000
+(R_14GLUCANtexi) = 0.000000
+(R_14GLUCANtexi) = 0.000000
+(R_23CAMPtex) = 999999.000000
+(R_23CAMPrex) = -999999 000000
+(R_23CCMPrex) = 999999 000000
+(R_23CCMPtex) = 999999000000
+(R_23CGMPtex) = 999999 000000
+(R_23CGMPtex) = -999999 000000
+(R_23CUMPtex) = 999999000000
+(R 23CUMPtex) = -999999 000000

Figure 14 - Bounds
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At the bottom of the page, “Next” button is present. On clicking that, user will be redirected to a

page (Figure 15) where optimization can be performed using GLPK. In the case of flux values

are not available in the input file; users can enter their own objective functions in the given

textbox or can edit the objective function created by the MetFBA using the input file. They can

also make changes to constraints and bounds. On clicking “Submit”, the optimized output will be

generated (Figure 16).

[E httpsi//localhost/foa/CC X \§
|, -

B-sKE

& C | @ Secure | https://localhost/fba/CGI%20SCRIPTS/glp

\* Objective function *\
Maximize
obj: +8.284212 v(R_3HAD10Q) +0.164870

B mtpeinecs a K
“ & & w | Fittps/iocalivosk
* phiective function *

Mpainize
o]t +0, ZBATLY w(R_JHADIGD) 4D, 14T
(R _AHADL2O) +d. 11aia) R_MHADITL ) #@. 101531
[R_X

[R_3 1168 )
(RN £

n_3

B

R -

Souibrsit

Figure 16 — Optimized Values for objective function and the variables

p145 ) w3, 181931
wi, 284212

k.js-master/glpk.js-master/test/glpk.php?Optimization=Next

Figure 15 — GLPK interface
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3.4 Comparing MetFBA with existing tools/software

The output generated by MetFBA was compared with already existing tools in terms of output
for the same objective function and also in terms of time utilized in the execution. Here, we used
three different objective functions using three different input .sbml files. For conveience sake,
we have listed them as Input I, Input Il, and Input 11l and the outputs (Output I, Output II, and
Output I11) and the time utilized (Time Utilized 1, Time Utilized Il, and Time Utilized II1),

repectively. The comparison is tabulated in Table 3.

Table 3 — Comparison by different tools

Tool Output | Time Output 11 Time Output Time
Utilized | Utilized I 11 Utilized 111
MetFBA 0 20 minutes 0 20 minutes 9.999 2 minutes
Optflux 0.00006 | 41 minutes | 0.00003 | 38 minutes 8.765 4 minutes
MetExplore(Us | 0.917246 | 2 minutes | 0.736701 | 4 minutes 9.999 1 minute
es SurreyFBA)
BioMet FBA Output 6 minutes Output 6 minutes Output Iminute
generated in generated generated
terms of in terms of in terms of
fluxes. fluxes. fluxes.

The output of MetFBA consisted of the optimized value of the objective function and the value
associated with each of the reaction fluxes. In comparison, Optflux gave the outputs similar to
the outputs generated by MetFBA, but took more time compared to MetFBA. Metexplore, in
contrast, gave the value for the optimized objective function but not of the individual reaction
fluxes. In case of BioMet, it does not let the user make changes or create an objective function,
thus it does not provide the optimized value of the objective function. BioMet gave the final
output in terms of whether a reaction can carry a flux based on the positive and negative value of
fluxes. We encountered either installation or compilation issues with SBRT, COBRA, and
Pathway Analyze, thus we were unable to compare MetFBA with these tools. The web based

tool, MetaFluxNet, is no longer available online, thus unable to compare its results.
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Chapter 4 —- CONCLUSIONS

We have successfully implemented a web based tool called MetFBA, where a user can submit a

.sbml file to carry out Flux Balance Analysis (FBA). The current tool is user-friendly and results

are generated in a reasonable amount of time. Comparing MetFBA with other existing tools that

perform FBA, we conclude that MetFBA gives comparable results for a given objective function.

Compared to other tools, we have implemented GNU Linear Programming Kit to either

maximize of minimize the objective function.

Currently, the objective function is provided by the user in the .sbml file. Thus, limiting it to

perform only on the given objective function, which we hope can be removed by implementing a

de novo approach of designing an objective function for a given network or reactions in a .sbml

file.

Thus, the future work may involve:

e De novo generation of objective function.

e Analysis of important genes that are involved in natural product biosynthesis, where
optimizing the cellular network for overproduction of natural product will have industrial and
commercial application.

e Integrating the network visualization for the given reaction, uploaded by the user.
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Appendix - |

Perl Script for input retrieval:

#Input Retreival from sbml and XML files, Authors- Shubhangi Kaushik, Devesh Thapar
Version- 1.5 Date of Creation- 14-9-2016

#!

use strict;

use warnings;

use Class::Struct;
use Data: :Dumper;

open f£1,"13059 2009 2219 MOESM4 ESM.xml"; #Input File

open (f2,">","reactions.txt"); #Reactions will be written in this file

open (£3,">","speciesid.txt"); #Species ids will be written in this file

open (f5,">", "reactionid.txt"); #Reaction ids will be written in this file

open (£6,">","objective function.txt"); #Objective function will be written in this
file

open (£7,">","bounds.txt"); #Reaction boundaries will be written in this file

my (€rxn,S$y,@temp,@s,@r,@p,@sid,@ab,Rab2,@ab3,@ab4,5a8,5b8,$c8, $x,%s_1id, $fv,Su,S$1);
my ($flag,$c,$cr,$cp, $s_id, $£2,$£3, $count)=(0,0,0,0,0,0,0,0);

struct
reaction=>[id=>'§$"',name=>'$"',rev=>"'9"',r=>'@',s r=>'Q',p=>'Q',s p=>'@',par=>'%"',flux va
1=>'S',ub=>'S$",1b=>"'S$",];

foreach $x(<fl1>)
{
Sx =~ s/[\"1//g;
if ($x =~ m/"\s*<species 1id/) #Retreiving species ids and adding them to
speciesid.txt

{

$s_id++;
my@temp= split (" ",$x);
my@temp2=split ("=", S$temp[1l]);

print f3 Stemp2([1]."\n";
}
#Creating hash for species ids with s _id as keys and name as values
if (Sx =~ m/"\s*<species /)
{
@temp= split (™ ",S$x);
my (@temp2,@temp3);
for(my $i=0; S$i<scalar (Q@temp); S$i++)
{
my @t=split("=",S$temp[$i]);
if($t[0] eqg "id")
{
@temp2=Qt;
}
elsif ($t[0] eq "name")
{
@temp3=Qt;
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}
$s_id{S$temp2[1l]}=Stemp3[1];
}
#reading reactions
if($x =~ m/"\s*<reaction /)
{
$flag=1;
Scount++;

if ($flag==1)

if($x =~ m/"\s*<reaction /)
{
$x =~ s/[\/\>1//g;

@temp= split (™ ",S$x);
my (Q@temp2,@temp3, @tempd) ;
for (my $i=0; S$i<scalar (Qtemp); S$i++)
{
my Q@t=split("=",Stemp[$i]);
1£($t[0] eq "id")
{
@temp2=Qt;
}
elsif ($t[0] eg "name")
{
@temp3=Qt;
}
elsif ($t[0] eq "reversible")
{
@tempd=Qt;

}

$a8=Stemp2[1l]; #reaction id is stored in variable $a8
Sb8=Stemp3[1l];#reaction name is stored in variable $Db8
Sc8=Stempd [1]; #reaction reversibility is stored in variable $c8

if($x =~ m/"\s*<listOfReactants>/)
Sf2=1;
Scr=0; #count of reactants
@ab=() ;
@ab2=();
next;

if($x =~ m/"\s*<\/listOfReactants>/)
$£2=0;

if($f2==1)
Sx =~ s/[\/\>1//g;
@temp= split (" ", $x);

my (Qtemp2,@temp3, @tempd) ;
for(my $i=0; S$i<scalar (Q@temp); S$i++)
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my Q@t=split("=",$temp[$i]);
if($t[0] eq "species")
{

@temp2=Qt;
}
elsif ($t[0] eq "stoichiometry")
{

@temp3=Qt;

}

Sab[Scr]=Stemp2[1l]; #reactant (species id) stored in array ab
Sab2[Scr]=$temp3([1l];#stoiciometry of reactant stored in array ab2
Scr++;

if(Sx =~ m/"\s*<listOfProducts>/)
{
$£3=1;
Scp=0; #count of products
@ab3=() ;
@abd= () ;
next;

if($x =~ m/"\s*<\/1listOfProducts>/)
{
$£3=0;

if ($£3==1)
{
$x =~ s/[\/\>1//g;
@temp= split ("™ ",$x);
my (Q@temp2,@temp3, @tempd) ;
for(my $i=0; S$i<scalar (Qtemp); $i++)
{
my Q@t=split("=",Stemp[$i]);
if($t[0] eq "species")
{
@temp2=Qt;
}
elsif ($t[0] eq "stoichiometry")
{
@temp3=Qt;

}

Sab3[Scpl=Stemp2[1l];#product (species id) stored in array ab3

Sabd [Scpl=Stemp3[1];#stoiciometry of products stored in array abiéd
Scp++;

if ($x =~ m/"\s*<parameter id=LOWER BOUND/)

# print $x;<>;
@temp= split (" ", $x);
for (my $i=0; S$i<scalar (@temp); Si++)
{
my @t=split("=",Stemp[$i]);
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}

if(st[0] eqg "value")

$1=8t[1];
}
}
if ($x =~ m/"\s*<parameter id=UPPER BOUND/)
{
@temp= split (" ", $x);

for (my $i=0; S$i<scalar (@temp); Si++)
{
my Q@t=split("=",Stemp[$i]);
if($t[0] eq "value")
{
Su=st[1];

if ($x =~ m/"\s*<parameter id=FLUX VALUE/)

{

@temp= split (" ",$x);
for(my $i=0; S$i<scalar (Qtemp); $i++)
{
my Q@t=split("=",Stemp[$i]);
1f($t[0] eq "value")
{
Sfv=$t[1];

my ($cntl,Scnt2);
if($x =~ m/"\s*<\/reaction>/)

{

#Adding values to structure for reactions

$rxn[$c] = reaction->new( id=>$a8, name=>$b8, rev=>$c8, r=>\Qab,
s_r=>\Q@ab2, p=>\@ab3, s p=>\Q@ab4, flux val=>$fv, ub=>Su, lb=>$1);

$flag=0;

my $Saaa=S$c+l;#reaction counter

print "Reaction # - \t",$aaa,"\n";

print "Rection Id - \t",S$rxn[$c]->id,"\n","Reaction name -\t",S$Srxn[Sc]-
>name, "\n";

print f5 Srxn[S$c]l->id."\n";

print "Reversible - \t".S$rxn[$c]->rev."\n";

print "Upperbound - \t".S$rxn[S$c]->ub."\n";

print £7 "v(".Srxn[S$c]l->id.") < ".S$rxn[$c]l->ub."\n";

print "Lowerbound - \t".$rxn[$c]->1b."\n";

print £7 "v(".$rxn[S$c]->id.") > ".$Srxn[S$Sc]->1b."\n";

print "Flux Value - \t".Srxn[$c]->flux val."\n";

if ($rxn[Sc]l->flux val<0)

{

}

print £6 " ".Srxn[$c]->flux val." v(".Srxn[$c]->id.")";

elsif (Srxn[$c]->flux val==0)

{
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else

print £6 " +".$rxn[Sc]->flux val." v(".$rxn[Sc]->id.")";
}
print "Reaction - \t";
Scntl=0;
my S$len=scalar (@{Srxn[$c]l->r});
my $templen=0;
foreach (@{S$rxn[S$c]->r})
{

print ${Srxn[Scl->s r}[Scntl]." ".${Srxn([Sc]l->r}[Scntl];
print £2 ${Srxn([Scl->s r}[Scntl]." ".${$rxn[Sc]->r}[Scntl];
Stemplen++;

if (Stemplen != $len)

{

print"+";

print f2 " + ";
}

Scntl++;
}
print " -->";
print f2 " -->";
Scnt2=0;

$Slen=scalar (@{Srxn[Sc]l->p});
Stemplen=0;

foreach (@{S$rxn[Sc]->p})

{

print ${$rxn([S$c]->s p}[$cnt2]." ".${Srxn[$c]l->p}[$cnt2];

print f2 " ".${$rxn[Sc]l->s p}[Scnt2]." ".${$rxn[Sc]->p}[Scnt2];
Stemplen++;

if (Stemplen != S$len)

{
print " + ";
print f2 " + ";
}
Scnt2++;
}
print"\n\n\n";
print £2 "\n";
print "Reaction - \t";
$Scntl=0;
Slen=scalar (@{$Srxn[Sc]l->r});
Stemplen=0;
foreach (@{S$rxn[S$c]l->r})
{

print ${$rxn[$cl->s r}[Scntl]." ".$s_id{S${Srxn[Sc]l->r}[Scntl]};
Stemplen++;
if (Stemplen != $len)

{
print"+";
}
Scntl++;
}

print " -->";
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Scnt2=0;

Slen=scalar (@{Srxn[Sc]l->p});
Stemplen=0;

foreach (@{S$rxn[$c]->p})

{

print ${$rxn[$c]l->s p}[$cnt2]." ".S$s id{${Srxn[S$c]l->p}[Scnt2]};
Stemplen++;
if (Stemplen != $len)

{
print " + ";
}
Scnt2++;
}
print"\n\n\n";
Sc++;

exit;

33



Appendix - 11

Perl Script for creating stoichiometry matrix:

#Generating Stoichiometry matrix, Authors- Shubhangi Kaushik, Devesh Thapar Version-
1.1 Date of Creation- 21-10-2016

#!

use
use
use
use

strict;
warnings;
Class::Struct;
Data: :Dumper;

open (f2,"reactions.txt"); #File containing reactions

open (f3, "speciesid.txt");

open (f1l,">","stoichiometric.txt");

my @rxn;

my @sid;
my $3=0;
foreach (<£3>)

{

chomp ($_) ;
$s1d[$31=5_7
$y++;

}

my @mat;

$3=0;
foreach (<f2>) #Reads reactions file

{

#File containing species ids

#File in which stoichiomatric matrix will be saved

#species ids added to @sid

chomp ($_);

Srxn([$j1=$ ;

my @temp= split("-->",$ );

my @templ= split(" ",S$temp[0]); #reactants in @templ

my Qtemp2= split ("

for (my $i=0;
{

for (my $k=0;

{

}
for (my $i=0;
{

for (my S$k=0;

{

",Stemp[l]); #products in @temp2

Si<scalar (@templ); S$i++)

if( Stempl[S$i]

Sk<scalar (@sid); S$k++)

=~ m/$sid[$k]/)

my S$val=$i-1;
Smat [Sk] [$F]=Stempl[Sval]l*(-1);
of reactants added to the matrix

}

Si<scalar (@temp2); S$i++)

if( Stemp2[$i]

Sk<scalar (@sid); S$k++)

=~ m/$sid[$k]/)
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my S$val=$i-1;

Smat [$k] [$)]=Stemp2[Sval]; #Stoichiometry coefficients of
products added to the matrix

}
}

Sy++;

for (my $y=0; Sy<scalar(@sid); $y++) #printing the matrix
{

for (my $x=0; $x<$7j; Sx++)

{

if (defined $mat[$y] [$x])
print f1 Smat[$y] [$x]."\t";
else

Smat [Sy] [$x]1=0;
print f1 $mat[$y][$x]."\t";
}
}
print £1"\n";
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Appendix - 111

Perl Script for generating Linear Programming input:

#Generating LPP, Authors- Shubhangi Kaushik, Devesh Thapar Version- 1.0 Date of
Creation-02-02-2017

#!

use strict;

use warnings;

use Class::Struct;
use Data: :Dumper;

open (fl,"reactionid.txt");

open (f2,"stoichiometric.txt");

open (£3, "bounds.txt") ;

open (£5, "objective function.txt");

open (f4,">","obj.txt");

my (Qr_id,$3j);

$3=0;

while (<fl>)#Retrieving reaction ids in array @r id
{

chomp ($ )

S$r_id[$3]
Sy++;

o~

S

print f4 "\\* Objective function *\\ \n";
while (<f5>)#Retrieving reaction ids in array @r id

{
print f4 "obj: ".$ ;

my S$count=0;
print £4 "\n\n\\* Constraints *\\ \nSubject To\n";
while (<f2>)#S.v=0 to obtain constraints

{
chomp ($_) ;
Scount++;
print f4 "one S$count: ";
my @temp= split("\t",$ );
for(my $i=0 ; S$i<scalar (@temp); S$i++)
{
if(Stemp[$i] 1t 0)

print £4 " ".Stemp[S$i]." v (".Sr id[$i].™)";
}
elsif (Stemp[$i] egq 0)
{
}

else
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print £4 " +".Stemp([$i]." v(".Sr_id[$i]."™)";

}
print £f4 " = 0\n";

print £4"\n\n\\* Variable bounds *\\ \nBounds\n";
while (<£3>)
{

print f4 $ ;
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