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ABSTRACT

Title: Development of bioinformatics tools to accelerate the reconstruction of genome-
scale models.

Genome-scale metabolic (GSM) models are mathematical tools, which can be used to eval-
uate and manipulate organisms’ phenotypes in silico, thus predicting their responses to
different genetic or environmental conditions. Therefore, GSM models can have a lead-
ing role in medical research, together with other systems biological approaches, for drug
targeting and discovery or vaccine development.

Metabolic Models Reconstruction Using Genome-Scale Information (merlin) is an open
source framework implemented in JAVA that aims at reconstructing GSM models. Even
though merlin allows the reconstruction of genome-scale metabolic models for any organ-
ism, whose genome has been sequenced, as well as the functional annotation of its genome,
it has shortcomings. Namely, it lacks a tool able of automatically generating draft recon-
structions, from reference well-curated models. Therefore, the main goal of this project
was the implementation of new bioinformatics tools in merlin, as well as the improvement
of other functionalities. This new feature will expedite the reconstruction of genome-scale
metabolic models, providing alternatives to the traditional and time-consuming reconstruc-
tion process.

Hence, merlin’s main upgrades and side improvements are described in detail in this
work. It includes the development and implementation of tools that allow importing mod-
els in the SBML format and automatically generate draft reconstructions from curated mod-
els. Furthermore, a draft reconstruction of a Treponema pallidum (str. Nichols) model using
merlin was performed to assess the new tools. This draft was compared with a recently
published draft and an automatically generated KBase’s draft model.

Keywords: merlin; Genome-Scale Metabolic models, Bioinformatics tools, Treponema pal-

lidum;
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RESUMO

Titulo: Desenvolvimento de ferramentas de bioinformaticas para acelerar a reconstrucao
de modelos a escala genémica

Modelos Metabdlicos a Escala Genémica (MEG) sdo ferramentas matemdticas que podem
ser usadas para avaliar e manipular fenotipicamente organismos in silico, prevendo a sua re-
sposta a diferentes condi¢oes genéticas ou ambientais. Portanto, modelos MEG, juntamente
com outras abordagens bioldgicas de sistemas, podem desempenhar um papel importante
na investigacdo médica, tanto na descoberta de novos alvos para drogas terapéuticas como
na descoberta ou desenvolvimento de vacinas.

O "Metabolic Models Reconstruction Using Genome-Scale Information” (merlin) é uma
ferramenta “open-source” implementada em JAVA que visa a reconstrucdo de modelos
MEG. Apesar do merlin permitir a reconstru¢do de modelos metabdlicos em escala genémica
para qualquer organismo, cujo genoma tenha sido sequenciado, bem como a anotacdo fun-
cional de seu genoma, ele apresenta limitagdes. Mais concretamente, ele ndo tem ferra-
mentas capazes de gerar automaticamente rascunhos de reconstru¢des de modelos, a partir
de modelos de referéncia bem curados. Portanto, o principal objetivo deste projeto foi
a implementagdo de novas ferramentas bioinformdticas no merlin, bem como o aprimora-
mento de outras funcionalidades. Estes novos recursos acelerardo a reconstrucdao de mode-
los MEG, fornecendo assim alternativas ao demorado processo de reconstrugao tradicional.

Assim, as principais atualizacdes e melhorias subjacentes do merlin serdo descritas em de-
talhes neste trabalho. Estas incluem o desenvolvimento e a implementacdo de ferramentas
que permitem importar modelos no formato SBML e gerar automaticamente rascunhos de
reconstrucdes de modelos a partir de outros ja bem curados. Além disso, uma versdao ndo
curada da reconstrugdo do modelo da Treponema pallidum (str. Nichols) foi obtida usando o
merlin de modo a avaliar as novas ferramentas. Esta reconstrucdo foi comparada com uma
reconstrucdo curada publicada recentemente e com um rascunho gerado na plataforma on-
line KBase.

Palavras-chave: merlin, Modelos Metabdlicos a Escala Gendmica, Ferramentas bioinformaticas,
Treponema pallidum;
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INTRODUCTION

1.1 CONTEXT

Systems Biology (SB) has proven to be a rising field in the past few decades in what con-
cerns biological systems study. It provides a systematic study not only of the organism’s
components individually but also the interactions between them. SB allows connecting
biochemical data from different biological areas, such as molecular biology and metabolic
engineering, extracting biological meaning from this data. These factors combined, allow
comprehending and predicting the phenotypical behaviour on conditions other than ones
already characterized [71].

In the past few years, metabolic SB has become a standard field of study with its GSM
models leading an important role in the advances on metabolic engineering, industrial engi-
neering and biotechnology industry, as well as providing insights on organisms” metabolic
mechanisms, multi-species relationships and evolutionary relationships [43, 49, 55, 91]. A
GSM model is an organism-specific structured collection of biochemical reactions and asso-
ciated genes obtained from the annotated genome sequence, biochemical information and
primary literature [36, 54]. These models are mathematical representations of an organism’s
metabolism and enable evaluating and manipulating its phenotype in silico, thus predict-
ing the organisms’ responses to different genetic or environmental conditions [36, 54]. GSM
models are reconstructed based on the parts of the genome that encode metabolic functions.
Hence, a solid and reliable genome functional annotation is mandatory.

Metabolic Models Reconstruction Using Genome-Scale Information (merlin) is a JAVA®
application that allows reconstructing GSM models, for any organism whose genome has
been sequenced, including the functional genomic annotation of its entire genome, and
exporting of the final reconstruction of the draft model in the SBML standard format [37].
Some prominence can be given to merlin as it allows the reconstruction of metabolic models
for eukaryotic organisms. Furthermore, it is also recognized for its interactive and intuitive
curation panels displayed to perform manual curation at any point of the reconstruction
process. However, merlin has shortcomings too. It lacks tools to enable an automatic and

fast generation of draft genome-scale models. Thus, introducing merlin to a more automatic



1.2. Objectives

concept of reconstructing models thus providing alternatives to the traditional and time-
consuming reconstruction process, may be a valuable upgrade on this software. It can be
accomplished by the implementation of new bioinformatics tools in merlin, as well as the
improvement of its current ones. These merlin upgrades can then be used to build a draft
reconstruction for Treponema pallidum (str. Nichols).

Treponema pallidum (str. Nichols) (T. pallidum) is a very small motile spirochete that causes
the syphilis disease, that can be either sexually transmitted or passed from mother to un-
born child. T. pallidum are gram-negative bacteria, thus having an inner membrane (a thin
peptidoglycan cell wall) and an outer membrane [102, 103]. The complete genome for T.
pallidum was sequenced in July of 1998. It consists of a single double-stranded circular DNA
chromosome 1,138,006 base pairs long, one of the smallest bacterial genomes. It contains
approximately 1,090 genes, which encode approximately 1,041 proteins [46]. T. pallidum is a
pathogenic organism that is responsible for the sexually transmittable syphilis disease, and
while a lot of effort has been put into its containment and elimination, there are still occa-
sional reported resurgence of cases, even in developed countries. An unusual feature of this
bacterium relies in the extremely low density of proteins in its outer membrane, decreasing
the number of immune targets on its outer surface, thus making the discovery of an effec-
tive treatment difficult for this type of disease [46, 103]. Due to this fact, a deeper study
on this organism metabolic system, its components and the interactions between them, as
well as predict its behaviour in response to external changes might be essential to strike
this unpleasant organism. As to the best of our knowledge both a proper annotation and a
final and curated GSM model for T. pallidum are still not available.

1.2 OBJECTIVES

The main goal of this work is the development of new merlin’s functionalities, as well as
the improvement of existing ones, to expedite and accelerate GSM models’ reconstruction
process. These improvements will be used to perform the reconstruction of a draft model
for the dairy bacterium Treponema pallidum subsp. pallidum str. Nichols.

In detail, we aim to perform the following approaches:

e Apply state-of-the-art for Bioinformatics approaches to get insights on the current
state of metabolic modelling and its available tools, as well as on the bacterium

genome;

e Development and implementation of new tools to expedite the reconstruction of mod-

els in merlin;

e Generate a draft genome-scale metabolic model for T. pallidum str. Nichols.



1.3. Document Structure

1.3 DOCUMENT STRUCTURE
This document is organized as follows:

Chapter 2: State of the Art
In the second chapter of this document, a review on the ”state of the art” is presented. Start-
ing with a brief introduction to Systems Biology and "its” omics, this chapter soon focus on
GSM models, describing their genesis, characteristics, reconstruction process, importance
and possible applications. It follows with an exposition of some GSM model reconstruction
and simulation tools, as well as application frameworks used in the developing of some of
them, or able to be used in the development of new ones. This section ends with a descrip-

tion and characterization of T. pallidum.

Chapter 3: Methods and Tools
This chapter presents a description of all approaches, algorithms, bioinformatics tools and

Java libraries used in merlin’s improvements and new features development.

Chapter 4: Software Development
In this chapter a detailed description of merlin improvements and new functionalities, as

well as a detailed display of their implementation will be performed.

Chapter 5: Results and Discussion
This chapter comprises the assessment on the implemented tools. It is also presented the
draft reconstruction obtained for the bacterium. Critical analysis to the outcome, con-
fronting the results with data present in literature and other drafts of the organism, as

well as possible strategies to be applied in a follow up of this work.

Chapter 6: Conclusions
Main conclusions of the work accomplished for this thesis followed by a description of its

limitations and possible improvements and future work.

3



STATE OF THE ART

2.1 SYSTEMS BIOLOGY

Complexity and variability are keywords in the characterization of ecosystems and the or-
ganisms who live in them. In fact, despite their level of complexity, most living organisms
around the planet are complex systems comprising a large set of chemical reactions, genetic
material, metabolic pathways and biological compounds interacting with each other with
coherent behaviours [69, 71]. Systems Biology (SB) is a biology field that focuses on the sys-
tematic study of complex interactions in these biological systems [69]. This is particularly
important because, despite the large knowledge on biological facts provided by molecular
biology, such as genome sequences and protein properties, the interpretation of biological
systems requires understanding the biological interactions at a system-level [71]. This as-
sociation was firstly preformed in 1915 by Walter Cannon [26], but only in 1950 Ludwig
von Bertalanffy proposed that ”... organismic conceptions have evolved in all branches of
modern biology which assert the necessity of investigating not only parts but also relations
of organization resulting from a dynamic interaction and manifesting themselves by the
difference in behavior of parts in isolation and in the whole organism.” [21]. SB gained
particular relevance and emerged in the last decade due the evident progress in molecu-
lar biology, particularly in genome sequencing and high-throughput measurements, which
provide large collections of comprehensive data sets on system performance and a consid-
erable amount of information on its molecules and mechanisms [71]. Thus, this discipline
is based on principle of giving large-scale data sets, analysing the components and the in-
teractions between them, to understand and to predict biological behaviour on conditions
other than ones already characterized [36, 69]. Insights into the functioning of biological
systems will then rely in a combination of experimental and computational approaches in
a computer model, in order to solve these complex problems [70]. This approach is still
a major challenge of SB when trying to represent the whole-cell behaviour in a computer
model. Despite this challenge, a good model is not just the one who is able to mimic cell
comportment but the one who predicts such behaviour. Thus, these models should be able

to foretell the phenotypical behaviour of a cell, an organism, or an individual [36].



2.2. Genome-scale Metabolic Models

2.1.1 Omics

SB uses technologies such as genomics, transcriptomics, proteomics and metabolomics, to
determine the state of the system. These omics generate large amounts of data, which
cannot be understood without a network or systems viewpoint and highly sophisticated
computational analyses [32].

Genomics is a field of SB dedicated to the study of the genome of organisms, which
allows retrieving the case study organism’s full genome sequence.

Whereas, in Transcriptomics the focus is on the transcriptome of organisms. Determining
a transcriptome involves using techniques, such as next-generation RNA sequencing meth-
ods or microarray technology (DNA oligonucleotide and cDNA arrays). Both of which can
measure the mRNA expression levels for a given condition of virtually every Open Reading
Frame (ORF) in the genome [36, 99].

Proteomics focus on the study of the proteome of organisms. The proteome consists
on all proteins in the cell, like enzymes, transport proteins, regulatory proteins, signalling
proteins, and others. Although proteins are encoded in the genome, there is no known
linear correlation between the quantity of mRNA molecules and the corresponding proteins
[36, 52, 531

Finally, Metabolomics is the study of the metabolome of organisms. The metabolome
comprises all available metabolites in the system. The importance in quantifying the
metabolites availability resides in the fact these metabolites are responsible for the con-
nectivity of the network [36].

2.2 GENOME-SCALE METABOLIC MODELS

In the past few decades the advances in SB and several omics have been considerable. The
tirst GSM reconstruction to be published dates back to 1999 with the metabolic model
of Haemophilus influenzabolic [41, 85], a few years after the publication of its full genome
sequencing [44, 91]. Since then large-scale omics experiments are now standard in many
biological studies. With modern genome-sequencing capabilities, metabolic pathways have
been increasingly integrated into GSM models [91]. GSM models are now valuable SB plat-
forms for model-guided data analysis of large omics datasets, because they can offer cellular
context to the data [60]. One key aspect on GSM models is that they catalog all metabolic
reactions in an organism. This allows integrating diverse omics data, as these models can
directly associate metabolites with enzymes [94]. Furthermore, these models connect genes
to measurable cell phenotypes, thus being able to show how changes in one component af-
fects other pathways and cell phenotypes, such as growth, cell energetics, biosynthesis, etc.
Therefore, these models can provide a mechanistic link from genotype to phenotype [94].
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The information contained in these models includes details on the biomass composition
and energetic requirements, other than network data. These models are currently being
used to predict, in silico, the response to perturbations of microorganisms and to identify
candidate drug targets [36].

Four major steps can be highlighted in a GSM model reconstruction [36, 92]. They are
the attainment of the annotated genome, the draft network reconstruction, conversion of
the reconstruction to mathematical model (stoichiometric model), and the model evaluation
and validation [36]. However, these four major steps can be sub-divided in a larger work-
flow [114]. Nevertheless, the process of reconstructing a model, regarding its main steps
division, is not rigid and can be divided in different ways from author to author. These pro-
cedures together with appropriate GSM models’ reconstruction and simulation tools [54],
can be applied to obtain a reliable and consistent GSM model.

2.2.1 Genome Annotations

The first step in this reconstruction is to obtain the genome and annotations, since the
GSM model reconstruction requires the annotated genome of the organism in study [36].
Many genomes are already annotated. These annotated genomes can be retrieved from
public online databases such as the National Center for Biotechnology Information (NCBI)
[33], the Kyoto Encyclopedia of Genes and Genomes (KEGG) [64] or the SEED [95] which
has stored annotations performed by the Rapid Annotation using Subsytems Technology
(RAST) [18]. A curated genome annotation provides a good basis for reconstructing GSM
models. This is a critical step because it is assumed that the genome annotation is correct,
and this step should, ideally, be performed only once. Nevertheless, a reannotation of the
genome is mandatory if the existing annotation is not traceable and reliable [36, 114]. The
genome annotation process assigns genes with functions, providing unique identifiers, such
as the Enzyme Commission (EC) [61] and Transporter Classification (TC) [105] numbers, to
the reconstruction. Subunits of protein complexes should also be identified during this
process, as more than one gene may be necessary to encode an enzyme. Genes encoding
enzymes or transport systems can be labeled as metabolic genes [36]. A curated genome
annotation provides a good basis for reconstructing GSM models, so its manual curation

seems to be mandatory in order to get a reliable and cohesive model.

2.2.2  Draft Network Reconstruction

However, metabolic information is also required for developing these models and that is
where the assembly of the GSM network (second step) begins. This step involves retrieving
the reactions promoted by the proteins encoded in the genes (gene-protein-reaction (GPR)
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associations) [36]. After identifying the metabolic genes in the genome annotation, using
for example enzyme names, EC number or gene ontology (GO), metabolic reactions cat-
alyzed by the products of those genes can be integrated in the draft model [114]. This
step involves using biochemical reaction databases, such as KEGG, BRENDA [109], Meta-
Cyc [27], MetRxn [76], BIGG [107] or existing models, available through databases such as
BioModels DB [79] or the BioMet Toolbox v2.0 [47]. The GSM network should then be man-
ually curated, using literature and databases with reviewed information. This step consists
on the evaluation and refinement of the draft model to ensure consistency with physical
principles and experimental evidence. The inclusion of each reaction should be carefully
scrutinized and GPR associations validated, as not all annotations have a high confidence
score and biochemical databases are mostly organism unspecific [114]. The inclusion of
other reactions, mostly organism unspecific ones, may affect the predictive behavior of the
resulting models [114]. Several steps are applied in this stage to curate the model, such
as the verification of metabolic functions supported on experimental data and literature as
well as using phylogenetically close organisms (if no organism-specific information can be
found in literature). Another step is to exclude certain reactions from the draft model, be-
cause some have generic reaction terms such as DNA or protein, as these are not important
for these models. Organism-specific reactions, unavailable in the queried databases, should
also be included in the model [36], which may be useful for filling gaps in the metabolic
network. A gap in a model refers to a missing reaction in a pathway, as this is uncoupled
to a gene. Such reaction will not be available in the network, which will lead to accumu-
lation of compounds produced by energetically favored reactions [36]. One approach to
find these gaps is to identify metabolic dead ends, metabolites that cannot be produced
or consumed. These metabolites can point to gaps, or missing reactions, in the network
which may need to be filled [54]. Other alternative is to use KEGG pathways, which is a col-
lection of manually drawn pathway maps representing molecular interaction and reaction
networks [36].Since most databases present low organism-specificity, enzymes substrate
and cofactor usage have to be carefully reviewed. For example, certain enzymes, used in
several reactions, have multiple substrates and cofactors depending on the reaction they
catalyze [114]. Charged formula for each metabolite (protonated or deprotonated) as well
as metabolite identifiers are also of particular relevance. Metabolites and reactions should
be associated with at least one of the following identifiers: ChEBI [24], KEGG and Pub-
Chem [33] as these should be identifiable by the SB community software tools. Reactions’
stoichiometry, directionality and reversibility are other aspects to take into consideration.
Reactions reversibility may be assessed by biochemical studies of enzymes of the target
organism or closely related organisms, or from the estimation of the standard Gibbs free
energy of formation (AfG’O) and of reaction (A,G") [36].
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One important point in curation is the information for proteins and reactions localization,
but this information is not easy to obtain. The use of algorithms such as PSORT [48],
LocTree3 [88], WoLF-PSORT [57] and PASUB [83] may solve this problem, as these can
predict the cellular localization of proteins based on nucleotide or amino acid sequences
[114].

Regarding GPR associations, despite information about these associations being often
provided by the genome annotation, some validation is required. Thus, it is mandatory to
assess whether functional proteins are a heteromeric enzyme complexes, if enzymes can
promote several reactions or if more than one protein can carry out the same function [114].
This complexity, can be visualized in figure 1 with a simple and graphic representation of

the associations between genes, proteins and reactions.
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Figure 1.: Simplified schema representing the GPR associations.

Another crucial aspect is the addition of a biomass representative equation to the recon-
struction. It consists in a representation of the biomass in the form of a reaction containing
the macromolecules and other compounds that make up the dry weight of the cell. This
reaction is used to represent cellular growth when performing computational simulations
[54]. It is also important to identify the growth requirements of the organism to use in the
aforementioned simulations.

There are several bioinformatics tools described in the literature capable of reconstructing
GSM models. Model SEED [56], merlin [37], Pathway Tools [67], RAVEN Toolbox [14],
SuBliMinal Toolbox [113], (MEMOSys) [96], (GEMSiRV) [81] and (CoReCo) [101] are some
examples of a wider and continuously growing set of tools. Some of these tools may even
perform simulations on the reconstructed models. That is the case of Model SEED, RAVEN,
Pathway Tools and GEMSiRV.
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2.2.3 Conversion into Stoichiometric Model

The next stage is the conversion of the network to a mathematical model. This mathematical
model should include the biomass equation, a set of differential equations characterizing
the concentration of each metabolite in the model and several other constrains mostly asso-
ciated with the reversibility of the reactions and the concentration of some metabolites [36].
This model should then be saved in a computational-friendly format such as SBML [30, 59],
BioPax [35], Pathway/Genome Database format [27, 28] or an Excell file.

Systems Biology Markup Language

The Systems Biology Markup Language SBML is a machine-readable format used for rep-
resenting models of biological processes (systems where biological entities are involved)
[3, 59]. It can be used to represent many different biological phenomena such as metabolic
networks, cell signaling pathways and regulatory networks [59]. This format is defined as
neutral regarding the programming languages and software encoding, even it is primar-
ily orientated to be encoded using eXtensible Markup Language (XML) [3]. The use of a
representation format as SBML offers several advantages like:

e Model’s representations that allow the use multiple tools without model rewriting;

e Model’s representations readable by different software environments, thus facilitating

models” sharing and publishing;

e Model’s endurance beyond the lifetime of the software used to create them.

SBML Level 3

SBML Level 3 is the most recent specification of the SBML format [58]. This SBML speci-
fication is a modular language, consisting in a core with a complete format capable to be
used alone [58]. Its modular character enables the development and addition of extra Level
3 packages, which will extend the core, offering additional features [58]. Furthermore, this
SBML level portray a new modular base for a future and continued expansion of SBML's
features and capabilities by presenting several significant changes in constructs and syntax
from the previous level.

A key aspect of this SBML format, is that it allows models of arbitrary complexity to be
represented [58]. Therefore, each model’s component type is represented using a specific
type of data object comprising the component’s relevant information.Thus, the top level of
an SBML model core definition consists of (optional) lists of the components defined below:

e Function definition: Represents a mathematical function that may be used through-

out the model.
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¢ Unit definition: Represents definitions of a units of measurement that can be used in

the expression of quantities in a model.

e Compartment: Represents a container of finite size, that can be an actual physical

structure, and where species may be located.

e Species: Represents a group of entities of the same kind that are in a compartment
and participating in reactions.

e Parameter: Can be defined as global (to the model) or local (to the reactions) and

represents a quantity associated with symbolic name.

e Initial Assignment: Represents a mathematical expression used to determine the

initial conditions of a model.

e Rule: This top element represents a mathematical expression, that can only be added
to a set of equations constructed from the reactions defined in a model. Rules can be

used in variable’s values calculation or used to define the rate of change of a variable.

e Constraint: Mathematical expression used to detect out-of-bounds conditions dur-
ing a dynamical simulation by computing a true/false value from model variables,

parameters and constants.

e Reaction: Represents a statement describes the transformation, transport or binding
process that can change the amount of one or more species, such as a metabolic

reaction where the reactants are transformed into certain products.

e Event: Represents a statement that describes an instantaneous and discontinuous

change in one or more variables of any type happening when a condition is satisfied.

As this tool has a modular character, other model’s component types and lists of com-
ponents can be added to the core. An example is the SBML Level 3 Package Flux Balance
Constraints (FBC) [93] containing new components for extending the model, such as:

e GeneProduct: Represents a single gene product, and may be used to represent the
gene product association (GeneProductAssociation component) with the Reaction

component;

e Objective: Usually represents a linear combination of model variables (ux) and a

sense (direction).

e GeneProductAssociation: Extends Reaction with one or more genes (GeneProduct
component). In case that more than one gene is present in an association they are

written as logical expressions using logical ‘and” and "or” operators.
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Finally, an extended Model object is also created to serve as a container for the desired
core components described above, and for the additional lists of components added to the
core and coming from the two above-mentioned packages [58, 93]. The Model object must
be located in the ”<sbml > ... </sbml>" element and only one instance of it is allowed per
instance of an SBML Level 3 Version 1 Core document [58].

2.2.4 Model Evaluation and Validation

The final stage is the evaluation and validation of the reconstructed GSM model with ex-
perimental data. The most common algorithm used for most simulations is the Flux Bal-
ance Analysis (FBA) [40], a constraint-based method for predicting the flow of metabolites
through a metabolic network. Different physiological analyses, important to validate the
model, like predicting growth rates, by-product secretion rates and gene essentiality, as well
as calculating theoretical yields, are performed using FBA [54]. Besides FBA, a vast set of
algorithms used in model simulations is present in literature. For instance, it is possible to
perform prediction analyses on the metabolic state and phenotype of an organism after a
gene deletion/knockout using the Minimization Of Metabolic Adjustment (MOMA) [110]
algorithm which is similar to FBA in the stoichiometric constraints, but despises the exis-
tence of optimal growth flux for gene knockouts. This method bases on the assumption
that initial mutant flux values remain close to wild-type ones, to provide a mathematically
approximation for this intermediate suboptimal state [110]. Moreover, we can also use Reg-
ulatory On/Off Minimization (ROOM) [111] is a constraint-based algorithm that aims to
minimize the number of significant flux changes with respect to the wild type, being able
to predict steady-state metabolic fluxes and identify the pathways alterations enforced in
response to the gene knockouts [111]. These methods are important because they can help
understand, through regulation and evolutionary optimization, how a cell adapts to the
loss of a gene. Furthermore, there are also algorithms to perform strain design such as Op-
tKnock [25], a computational framework designed for suggesting gene deletion strategies
that can lead to an enhanced production of specific biochemical compounds. These strate-
gies focus on the search for reaction-associated genes whose deletion maximize the flux to-
wards a desired product, though maintaining the internal flux distribution track on growth
or another biological objective optimization [25]. Another example is the OptKnock similar,
OptGene [97], a genetic algorithm that can identify, with relatively less computational time,
gene deletion strategies for optimize desired phenotypic objective function, relying on the
principle of Darwinian evolution to search for the global optimal solution [97]. Moreover,
there are some algorithms/tools that incorporate and remove data from the model, such
as Gene Inactivity Moderated by Metabolism and Expression (GIMME) [20] that focus on

minimize the usage of low-expression reactions while control objective function values, the
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integrative Metabolic Analysis Tool (iMat) [121] that finds the optimal arrangement between
the inclusion of high-expression reactions and removal of low-expression reactions, or the
Model-Building Algorithm (MBA) [62] that prioritize reactions able to ensure activity in
the extract model, keeping them along with some profitable medium-confidence reactions,
and randomly discarding reactions that does not support any of the above [94]. Beside
this, other analyses such as finding metabolic dead ends, searching reactions for gap filling,
finding and eliminating stoichiometrically balanced cycles should also be carried out in this
validation stage [114].

Specialized tools for running simulations with GSM models were developed in the past
few years, including OptFlux [104], COBRA [108] and CellNetAnalyzer [72].

When the model predictions are not in agreement with experimental data, the last three
main stages should be repeated in order to improve and obtain a more efficient, precise and
reliable GSM model [36, 114].

These models have been acquiring increasing importance as useful tools [91], for example,
in drug-targets discovery in several diseases study.A detailed view on high-quality GSM
models” reconstruction is available in several protocols referenced in this document [45,

114, 115].

2.3 GSM MODELS’ RECONSTRUCTION TOOLS

In the past decade SB and GSM models have gained an increased relevance in the study
of biological systems, namely in the study of metabolic pathways and components, their
interactions and in the prediction of organisms/biological systems behaviours.

Several tools have been developed to perform GSM models” reconstructions as already
mentioned above. Here, a more detailed and specific description of some of these tools will
be performed.

2.3.1 Model SEED

Model SEED is a web-based resource, published in 2010 by Henry et al., developed for
reconstructing GSM models by automating most of these steps, and it is the first online
high-throughput metabolic modeling tool [56]. The Model SEED contains its own curated
reactions database, in which the direction of the reactions is associated with the type of
organism [54]. The Model SEED requires the annotation of the genome using RAST [18].
Users are allowed to perform manual curation on the obtained annotation using other tools
before continuing with the reconstruction pipeline [56]. Several draft reconstructions for a
variety of organisms are freely available in the Model SEED [54]. One important consider-
ation regarding Model SEED is its focus on bacterial (and archaeal) reconstructions, thus

12
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only including cytosol and extracellular compartments in the models [56]. The Model SEED
has several automatic features such as generation of detailed GPR associations, including
enzyme complexes and isozymes, addition of spontaneous reactions based on pathway
completeness, with extracellular transport reactions added based on genomic evidence, and
the generation of biomass representations based on the organism’s phylogeny and genomic
content [54]. Furthermore, transport reactions between inner compartments do not exist in

this tool, as it only focuses on prokaryotic systems [54, 56].

2.3.2 RAVEN Toolbox

Reconstruction, Analysis and Visualization of Metabolic Networks (RAVEN) Toolbox is a
software for reconstructing GSM models, in a semi-automated way, published in 2013 by
Agren Rasmus et al. [14]. Besides model reconstruction, it also allows the analysis, sim-
ulation, and visualization of GSM models, as it is a MATLAB® toolbox [14]. Its main
metabolic information reference source while performing the reconstruction is the KEGG
database [14]. The user is allowed to import already published models and combine those
with KEGG data, process which can be coupled with extensive gap-filling and quality con-
trol features [54]. To identify the KEGG Orthology (KO) identifier for each gene, RAVEN
uses protein homology, then importing to the reconstruction the reactions and genes that
correspond to that KO identifier [54]. A limitation that arises from using KEGG, is that it
is not balanced requiring manual balancing. Despite that, RAVEN has a function to iden-
tify unbalanced reactions, which simplifies the process [54]. Regarding GPR associations
RAVEN can provide these relationships, but also allows users to define them themselves.
Another positive aspect on this tool, is the amino acid sequences-based prediction capa-
bility of compartments for reactions and genes, using WoLF-PSORT [57] reports [54]. The
biomass equation is not generated automatically, being necessary for the users to add it
manually. Other non-automatic features are, for instance, the insertion of spontaneous re-
actions and intra- and extracellular transporters, being that task up to users. This software
allows to import and export models in two formats, which are SBML and a Microsoft Excel
model representation [14].

2.3.3 SuBliMinal Toolbox

The SuBliMinaL Toolbox was published in 2011 by Neil Swainston et al., and quoting the
authors it “consists of a number of independent modules that can be used independently
or chained together to form a reconstruction workflow allowing the generation of an initial
draft of a metabolic reconstruction” [113]. This tool’s draft model reconstruction includes
data from both KEGG and MetaCyc, in a post-downloading merging process, of data re-
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garding pathways and reactions for the organism in study [54, 113]. This may represent
a limitation for the users because the reconstruction will be restricted to organisms whose
metabolic data is present in such databases. SuBliMinaL Toolbox presents some similarities
with RAVEN Toolbox. For instance, regarding GPR associations, SuBliMinaL can provide
these associations, and allows users to define them themselves. Other similar aspect is
the use of Wolf-PSORT [57] reports in the prediction of compartments for genes and reac-
tions [54, 113]. Despite the fact this tool has some useful features like metabolite charges
and formulas update and automatic reactions balance, SuBliMinaL. offers no way for the
users to perform a manual correction on metabolites and reaction which were not corrected
automatically [54]. Resembling Model SEED, SuBliMinalL Toolbox can generate a set of
reactions representing the biomass based on the organism’s phylogeny and genomic con-
tent [54]. Regarding model validation SuBliMinal. does not provide in-software support
for simulations. Hence, the reconstruction has to be exported to SBML to allows its upload

into simulation tools, for simulations and validation of the model [54, 113].

2.3.4 Pathway Tools

Published for the first time in 2002 by Peter Karp et al., Pathway Tools is a multi-component
software environment for managing, analysing and visualizing integrated collections of
genome, pathways and regulatory data [67, 68]. It handles many types of information
besides pathways, and its capabilities are very extensive. In Pathway Tools, the upload
of an annotated genome by the users is required [68], and reactions are retrieved from
the manually curated MetaCyc database [68]. Curation of annotations is also allowed.
Resembling Model SEED, Pathway Tools store several freely available Pathway/Genome
Databases (PGDBs) containing the predicted metabolic network for a variety of organisms
[27, 28, 54]. Each one of these specific databases, encompass metabolic pathways, enzymes,
metabolites and reactions predicted by the Pathway Tools software using MetaCyc data, for
the aimed organism [27, 28]. The fact that this software uses a manually curated database
is an advantage, as it provides reviewed data on metabolic pathways, enzymes, metabolites
and reactions, allowing users to skip manual curation of, for instance, reactions reversibility,
metabolites charged state, reactions mass- and charge-balance [54]. This software does not
provide reaction’s compartmentalization, as it only focuses on bacterial and archaeal recon-
structions. Regarding GPR associations, Pathway Tools can automatically generate them
in a detailed way, which enzyme complexes and isozymes [54]. This tool also presents a
specific curation feature called Evidence Ontology (EO) [66], which can be used to doc-
ument the reconstructions, presenting justification and evidence for each reaction in the
reconstruction [68]. The inclusion of spontaneous reactions, in Pathway Tools models, is

based in pathway completeness. Like the RAVEN Toolbox, Pathway Tools does not auto-
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matically generate the reaction representing biomass equation, relying on users to do it
manually [54]. This tool allows exporting the model in three formats: SBML, BioPax or
Pathway/Genome Database format [68]. Pathway Tools provide in-software support for
simulations, integrating one of its components, the MetaFlux tool [78], for FBA simulations.
This tool presents some considerable support for performing the necessary model evalua-
tion simulations. Its tools allow the users to perform validation and evaluation steps like the
identification of dead end metabolites, blocked reactions and network gaps associated with
biomass precursors and secretion products [68, 78]. It also offers gap filling supported by
reaction additions suggestions, complemented with genomic evidence of different reaction
candidates [54, 68].

2.3.5 merlin

Metabolic Models Reconstruction Using Genome-Scale Information (merlin) is an open
source software tool developed at the University of Minho and published in 2015 by Oscar
Dias et al. [37]. This framework is built in JAVA®, a platform independent and object-
oriented programming language. merlin, which operates with the support of the AIBench
framework, allows the reconstruction of GSM models for any organism whose genome has
been sequenced, as well as the functional annotation of its genome [37].

In the first module, merlin provides several tools to perform the genome functional anno-
tation and curation, as well as the reconstruction of the draft model. This module allows
the users to identify and select metabolic proteins, as well as predict the subcellular location
wherein these proteins operate [37]. The genome annotation can be performed using differ-
ent databases (NCBI and UniProt) and different alignment algorithms (BLAST, HMMER)
[37]. In this case the homology information is retrieved for every gene and the results are
automatically scored [37, 38]. Furthermore, merlin has tools to identify and annotate trans-
port protein encoding genes. The transporters annotation is performed with a unique tool
developed specifically for this purpose, called TRIAGE [37]. The transport reactions for
those proteins are generated as well. This module also allows to perform model compart-
mentalisation, using LocTree3 [88], PSORTDb 3.0 [119] or WoLF-PSORT [57] algorithms to
retrieve predictions on the organelle localisation of the encoded proteins (enzymes) in the
genome and thus the localisation of the metabolites involved in the reactions catalysed by
the enzymes [37]. One of the best feature in merlin, is the existence of several tools for the
curation of the genome annotation and the draft model [37, 38]. This can be a key aspect to
support and help model validation and in the reconstruction of an accurate model.

The second module supports the GSM model assembling [37, 38]. This module’s subcom-
ponents allow loading existing annotations and metabolic data. Moreover, in this module

the GPR associations to build the network are automatically generated, including the in-
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tegration of genome annotations with the metabolic data, and the e-biomass reaction is
included in the model. To facilitate that integration, both modules share the accession to
internal databases containing all information, which can be accessed through merlin’s in-
terface. Finally, the reconstructed metabolic model can be exported to the SBML standard
format [37, 38].

A representative schema of merlin’s bimodular architecture and supported databases is
displayed in figure 2.

GSM model reconstruction

:] Database >[:
Tabul:

Genome annotations

%NCBI pro"t':: \ﬁm @ i) Phobius TMHMM

@ ModelseeD Balen=sl Supported Databases & Tools L-@CTREE3

Figure 2.: merlin’s bimodular architecture and supported databases, addapted from [38].
merlin comprises a module dedicated to genome annotations and another to GSM
model’s reconstruction, as well as solid set of supported databases.

2.3.6  Other tools

Nowadays, GSM models’ reconstruction is an emerging area in SB. Hence, there is a wider
set of tools beyond those mentioned and described above. Metabolic Model research and
development System (MEMOSys) [96], a tool that allows the management, storage, and de-
velopment of metabolic models; Genome-scale Metabolic Model Simulation, Reconstruction
and Visualization (GEMSiRV) [81], a software that provides metabolic model reconstruction,
simulation and visualization; and Comparative Reconstruction (CoReCo) [101], a software
useful for modeling metabolisms of multiple related species; are other examples of pub-
lished tools to perform metabolic models” reconstructions [117]. A general overview over

the reconstruction tools aforementioned is presented in table 1.
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Table 1.: Genomic-scale metabolic model reconstruction tools overview.

merlin Model SEED RAVEN SuBliMinal Pathway MEMOSTS GEMSiRV CoReCo
Tools
Input Species Genome Annotated Species Annotated Existing
Taxonomy annotated in genome Name genome models
Identifier / RAST sequence sequence
genome
Reference KEGG, SEED, RAST KEGG KEGG and MetaCyc KEGG, KEGG,
Databases NCBI MetaCyc MetaCyc, NCBI
SEED
Supported All Bacteria and All (well suited Bacteria and All
Organisms Archaea for eukaryotic Archaea
organisms)
Manual Available Not Available Not Available Not Available Not Available Not
Curation Available Avail- Available
Interface able
GPR rules Available Available Not Available Not Not Available Not Available Not
Available Avail- Available
able
E-biomass Manually Automatic Manually Automatic Manually Manually
equation
Simulations Not Available Available Not Available Not Available Not
Support Available Available Avail- Available
able
Interface merlin Web Matlab Command | Pathway Tools Web GEMSIRV CoReCo
software line software software software
Output SBML SBML, Excel SBML, Excel SBML PGDB, SBML, SBML SBML SBML
BioPax
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2.4 GSM MODELS’ SIMULATION TOOLS

As said before, one of the main steps in GSM models’ reconstruction is model evaluation
and validation. This step can be performed by a specific set of applications, developed
for that purpose. Although some model reconstruction tools have simulation support in-
corporated, most of them has no simulation capacities as the proper software reported in
literature. OptFlux [104], COBRA Toolbox [19] and CellNetAnalyzer [72] are well estab-
lished examples of those software.

2.4.1  COBRA Toolbox

Published for the first time in 2007 by Becker et al., Constraint-Based Reconstruction and
Analysis (COBRA) Toolbox is a MATLAB package containing an ensemble of methods
designed to simulate, analyse and predict a variety of metabolic phenotypes using GSM
models [19, 108]. COBRA Toolbox requires MATLAB® to run the desired simulations [108].
This tool uses a specific set of constrains, such as compartmentalization, mass conservation,
molecular crowding and thermodynamic directionality, to enumerate the set of feasible phe-
notypic states for a reconstructed model network in a given condition [108]. This tool also
allows the use of transcriptome data to reduce the size of feasible phenotypic states set
[108]. Despite employing these constrains, COBRA may not provide a unique solution. CO-
BRA Toolbox provides access to a wide range of methods, that include, among others, FBA,
gene essentiality analysis, geometric FBA (gFBA), loop law, gap-filling and visualization of
computational models of metabolism [77]. COBRA Toolbox has already incorporated basic
algorithms that offer various functional analysis for mutant phenotype prediction such as
MOMA [110] and ROOM [111] [77]. It also provides some strain design algorithms, such
as OptKnock [25] and OptGene [97], as well as GIMME [20] and iMAT [121] algorithms
to incorporate, for example gene expression data, in the environment- and tissue-specific
metabolisms analysis, respectively [77]. It also presents algorithms for gap filling process.
Furthermore, this tool helps the user identify the dead-end/blocked metabolites in the
model [77].

COBRA Toolbox is in constant evolution, with new methods and resources developed by
community members being included as add-ons to the core COBRA Toolbox, or to provide
models or other input [108]. Hence, this toolbox provides users with a high-level interface
to a variety of COBRA methods. The COBRA Toolbox supports models in the SBML format
and MATLAB requires the libSBML and the SBMLToolbox to import models [108].

18



2.4. GSM models’ simulation tools

2.4.2 OptFlux

Developed at the University of Minho and published in 2010 by Isabel Rocha et al., OptFlux
is a computational application for metabolic engineering [104]. This software was also
developed, on top of the AlBench framework [116]. It is an open-source and user-friendly
application that can be used by researchers with no/little background in the area. OptFlux
is also modular, as it was implemented in a way that new features are easily plugged in
[104]. Thus, it can be classified as a plug-in-based application, as it can incorporate plug-ins,
each containing a set of functionalities, allowing the reuse and integration of functionalities
from past and future developments. OptFlux allows loading models in several formats,
namely: SBLM level 2 and 3, Metatool reader specification, CellDesigner specific SBML
format and table format [104, 116].

OptFlux uses of Evolutionary Algorithms, Simulated Annealing metaheuristics or the
OptKnock [25] algorithm [104]. Optflux has also incorporated basic algorithms that offer
various functional analysis for mutant and wild-type phenotype prediction such as MOMA
[110] and ROOM [111], as well as the Flux Balance Analysis method [77]. OptFlux has
some other main features such as methods for Metabolic Flux Analysis (MFA), which after
receiving values for experimentally measured fluxes calculates the effects on the flux space,
pathway analysis through the calculation of Elementary Flux Modes (EFMs) and also a tool
that provides model visualization which eases the interpretation of results [104].

Furthermore, OptFlux has an internal repository of about 50 different compatible models
and different organisms, which makes the access to oftenly used models easier to OptFlux

users [104].

2.4.3 CellNetAnalyzer

Published in 2007 by Steffen Klamt et al., CellNetAnalyzer is a toolbox-based software
that runs over the MATLAB environment [72]. It consists in a graphical user interface for
MATLAB®, used for structural and functional analysis of different types of network recon-
structions [72]. CellNetAnalyzer allows performing many tasks like FBA, Flux Variability
Analysis (FVA) and the simulation of gene deletion mutants. CellNetAnalyzer is, however,
a more comprehensive software tool that allows to analyse metabolic, regulatory and sig-
nalling networks [72, 77]. To perform its tasks, this toolbox is capable of implementing
advanced in silico algorithms including MOMA, ROOM, OptKnock and OptGene. This
software allows the users to import not only SBLM files but also Metatool format and text
files. Regarding exportation it is able to export to SBLM, Metatool and text format files

[72, 771
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2.5 OTHER BIOINFORMATICS TOOLS
2.5.1 KBase

The Department of Energy Systems Biology Knowledgebase (KBase) is bioinformatics soft-
ware tool and data platform that allows the execution of systems biology analysis of mi-
crobes, plants and their communities [11, 17]. It is characterized by being an open and
collaborative environment that integrates a wide range of tools and data in a unified graph-
ical interface. Users are allowed to create and run large-scale analyses and combine multi-
ple lines of evidence to model plant and microbial physiology and community dynamics,
without the exhaustive research work in different sources [11, 17].

Due its open and collaborative character it encourages and empower users to upload their
own data, to collaborate on and share the reproducible analyses, workflows and conclusions
of their biological data in the context of public data and private collaborator data [11].

Furthermore, to provide the user-platform communication, KBase relies on its main user
interface, called Narrative interface [11, 17]. This interface is built with Jupyter Notebook
[73], and allows users to create, save and execute dynamic and interactive documents called
Narratives, that represent created systems biology analysis workflows. These documents
can contain the data, analysis steps, visualizations, custom scripts, images, notes, and com-
mentary of the computational experiments. These also can be kept private, shared with a
specific set of people, or be made public for the benefit of the research community [11, 17].

Moreover, KBase offers several categories of applications, such as “Microbial Genome
Assembly”, “Comparative Genomics”, “Annotation” and “Metabolic Modeling” [11, 17],

that allow to perform several systems biology and modelling tasks like:

e Quick generation of assembled and annotated genomes and metabolic models using

sequence reads;
e Comparison of growth phenotypes under hundreds of conditions;

e Interactive exploration on the comparative genomic organization, phylogeny, and

gene content of organisms;

e Identification of enriched species and functions among sets of metagenomes.

2.6 JAVA APPLICATION FRAMEWORKS
2.6.1 AlBench

Artificial Intelligence workBENCH (AIBench) is a software development framework pub-
lished in 2010 by D. Glez-Pea et al., and it was a result of a collaborative project between
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researchers from University of Minho and the University of Vigo in Spain [51]. AIBench is a
framework that obligate the application of the Model-View-Controller (MVC) [74] software
design pattern. Therefore, operations (controller), data types (model), and views are incor-
porated in the new software [51, 104]. This implementation with three well defined objects
types, has some advantages such as the possibility of combining new and existing software
components [51]. Furthermore, the fact that AIBench is plug-in based, where applications
are developed adding components, called plug-ins, allows reusing and integrating func-
tionality of past and future developments based on AlBench [104]. This structuring of the
new software proportionated by AlBench simplifies the implementation work of the de-
velopers to the simple task of how to divide and structure the code into objects of three
entities referred above [51, 104]. The rest of the work regarding the creation and implemen-
tation of a completely runnable final application is carry out by AlBench. In this process
this framework performs several tasks such as producing a Graphical User Interface (GUI) ,
automatically retrieving the user parameters of a given operation, running operations, gath-
ering the results and keeping them available for further use, displaying the results through
custom or default views [51].

2.6.2 Hibernate

Hibernate is an Object/Relational Mapping (ORM) tool for Java environments [84]. As an a
ORM tool, Hibernate not only provides mapping data from an object model representation
(Java data type) to a relational data model representation (SQL data type), and vice versa,
but also provides data query and retrieval facilities [82]. Being able to significantly reduce
development time by eliminating the need for manual, hand-crafted data processing using
Structured Query Language (SQL) and Java Database Connectivity (JDBC), Hibernate main
goal is to ease and unburden the developer from 95% of common data persistence-related
programming tasks [84]. Hibernate is a freeware distributed under the GNU Lesser Gen-
eral Public License. Besides its own API, Hibernate is characterized for implementing the
Java Persistence API (JPA). Hence, it can be easily used in any environment supporting
JPA, such as Java Standard Edition applications and Java Enterprise Edition application
servers [6]. Nevertheless, with great stability and quality as qualities recognized by a wider
range of Java developers, Hibernate is also characterized for being highly configurable and
extensible [6].

2.7 Treponema pallidum

Treponema pallidum is a bacterium species that belongs to domain Bacteria, phylum Spirochaetes,
class Spirochaetia, order Spirochaetales, family Spirochaetaceae and genus Treponema [33]. T. pal-
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lidum is a motile spirochete, a helical to sinusoidal bacterium. Classified as a gram-negative
bacterium, T. pallidum has outer and cytoplasmic membranes, a thin peptidoglycan layer
and flagella. The genus Treponema contains both pathogenic and nonpathogenic subspecies
[102, 103]. Some of the pathogenic Treponema species, can be classified in four different
pathogenic subspecies, based primarily in the clinical manifestations of the diseases caused
by them (treponematoses): subsp. pallidum (venereal syphilis), subsp. pertenue (yaws),
subsp. endemicum (endemic syphilis), and subsp. carateum (pinta) [29, 102, 103]. Subspecies
pallidum is the only transmitted by sexual contact. These pathogenic subspecies cannot be
distinguished by morphologic, antigenic, biochemical, or genetic criteria. Their differenti-
ation is based on geographic location, modes of transmission, and clinical manifestations
[102, 103]. T. pallidum is an obligate parasite of humans, only surviving in association with
a host, and so it cannot be cultured continuously in vitro [46, 103, 118]. It has one of the

smallest prokaryotic genomes, represented by a circular chromosome of about 1000 kilobase

pairs [29, 46].

2.7.1  Subspecies pallidum

The case study, used in this work, will be the subspecies pallidum, known as the causative
agent of venereal syphilis. Venereal syphilis was first reported in Europe in the late 1400’s
and it is thought that it could have been brought from the New World [46]. Venereal syphilis
is a well-known sexually transmitted disease dispersed worldwide, and is a significant
public health problem, mostly in many underdeveloped countries, with the infectivity rates
corresponding to the most sexually active age groups. This disease is caused by T. pallidum
subsp. pallidum infection, which can present multiple clinical stages separated by long latent
and asymptomatic intervals. T. pallidum subsp. pallidum was first identified by Schaudinn
and Hoffman in 1905 [106]. This subspecies exhibits characteristic motility that consists of
rapid rotation about its longitudinal axis and bending, flexing, and snapping about its full
length [102, 103]. Furthermore, this bacterium also presents a considerable evasion of host
immune responses. It appears to be, at least in part, due to the unique structure of the
treponemal outer membrane [102, 103]. Although the primary infection is localized, the
bacterium can rapidly disseminate and cause manifestations throughout the body [118].

2.7.2  Genome sequencing and analysis

T. pallidum subsp. pallidum strain Nichols complete genome was sequenced and released for
the first time in 1998, by Claire M. Fraser et al. [46]. The complete genome sequencing of
T. pallidum str. Nichols was preformed using a whole genome random sequencing method.
The bacterium genome as a single double stranded circular DNA chromosome of 1,138,006
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base pairs with an average G+C content of 52.8% [46]. There was a total of 1,041 predicted
open reading frames (ORFs) which are DNA sequences that begin in a start codon and fin-
ish in a stop codon and represent 92.9% of total genomic DNA. They contain exons, introns
and protein coding sequences that are able to be translated into proteins. The predicted
biological roles were assigned to 577 ORFs (55%) [46]. T. pallidum origin of replication was
identified using two criteria: the co-localization of genes (dnaA, dnaN, recF, and gyrA) often
found near the origin in prokaryotic genomes and GC skew.

T. pallidum is a known parasite and has limited biosynthetic capabilities, requiring the
uptake of multiple nutrients from the host. The bacterium genome encodes a pathway for
the conversion of phosphoenolpyruvate or pyruvate to aspartate (through oxaloacetate) [46].
Despite being unable to synthetize enzyme co-factors, fatty acids, and nucleotides de novo,
the presence of pathways for the interconversion of several amino acids was confirmed in
T. pallidum [46].

This bacterium has a broad spectrum of amino acid transporters in response to its limited
biosynthetic capabilities. T. pallidum genome contains 57 ORFs (5% of the total) that en-
code 18 distinct transporters with predicted specificity for amino acids, carbohydrates, and
cations. In particular, they observed the existence of three ATP-binding cassette transporters
with specificity for galactose (mgIBAC), ribose (rbsAC), and multiple sugars (y40QRS) with
a broader substrate specificity associated [46]. The absence of phosphoenolpyruvate/phos-
photransferase (PTS) systems for the import of carbohydrates was also noticed in T. pallidum.
Moreover, this bacterium also requires an environment with limiting glucose concentrations
for maximal expression of the mgl transporter. As T. pallidum has no recognizable inorganic
phosphate uptake system, the uptake of glycerol-3-phosphate through the multiple sugar
transporter may represent the primary means whereby this organism obtains inorganic
phosphate [46].

Regarding the energy metabolism of the bacterium, T. pallidum only uses glucose, man-
nose and maltose as energy sources. Furthermore, the lack of the necessary anabolic and
catabolic pathway genes allowed discarding the possibility of use amino acids as a source
of carbon and energy [46]. Despite the presence of genes encoding all of the enzymes of the
glycolytic pathway, there was no evidence of the genes encoding components of the tricar-
boxylic acid cycle or oxidative phosphorylation. This leads to the possibility that reducing
power is generated through the oxidative branch of the pentose phosphate pathway [46].
To complete the energy metabolism analysis, the lack of a respiratory electron chain was
observed. For that reason, ATP production should require phosphorylation at the substrate-
level. As a result, membrane potential must be established by the reverse reaction of the
ATP synthase, through a Nat/H™ gradient [46].

One of the cellular processes addressed on Claire M. Fraser et al. T. pallidum genome

sequencing were the response of the bacterium to oxygen toxicity. The need of protection
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mechanisms against oxygen toxicity are evidenced by its microaerophilic behavior. Due the
lack of genes encoding oxygen-consumption related enzymes, NADH oxidase is the only in
the organism to use O,, being the only one known to protect the bacterium against oxygen
toxicity [46].

Other aspect taken into consideration was the bacterium motility and chemotaxis. 36
genes encoding proteins involved in flagellar structure and function were highlighted [46].
T. pallidum has three core proteins (FlaB1, FlaB2, and FlaB3), a sheath protein (FlaA), and
two uncharacterized proteins, also containing two copies of the flagellar motor switch pro-
tein, FliG [46].

One of the main components of this type of bacteria, and major cause of the their highly
pathogenicity are the membrane proteins and lipoproteins. This is an important feature be-
cause it allows the bacterium to evade the human immune response. The analysis allowed
the identification of 2 candidate outer membrane proteins and only 22 putative lipoproteins
[46]. Furthermore, this bacterium contains a large family of duplicated genes (paralogs)
(tprA-L) that encode putative membrane proteins that may function as porins and adhesins
[46].

Finally, although the lack of previous studies regarding the production of exotoxins by
this organism, cytotoxic activity against neuroblasts and other cell types has been observed
at extremely high concentrations of the bacterium. Genome analysis has revealed five genes
encoding proteins similar to bacterial hemolysins [46].

A resequencing of the T. pallidum ssp. pallidum Strain Nichols genome was performed
and released on 2013 by Helena Petrosova and coworkers [100]. In the original genome
sequence, a total of 134 errors were identified including 25 substitutions and 109 indels.
One hundred and seven errors (79.9%) were found in the coding regions (23 substitutions
and 84 indels) and 27 (20.1%) errors were located in the intergenic regions (IGRs) [100]. In
the coding regions of the re-sequenced genome, 19 substitution errors (out of 23; 82.6%)
were corrected resulting in amino acid changes in the corresponding protein sequences

including 13 nonconservative and 1 conservative changes [100].
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METHODS AND TOOLS

In this chapter a detailed description of the main approaches, bioinformatics tools and Java
libraries used in merlin’s improvements and in the development of new features will be

performed.

3.1 RELATIONAL DATABASES

merlin supports two different Relational Database Management System (RDBMS), H2 and
MySQL, for storing GSM models” data. The first one, is recommended when users are
reconstructing a GSM model in their own computers, as merlin is ready for use with this
system. The second one requires an external dependency installation (MySQL), which
depends on the platform being used to host the database server. Thus, during this work the
use of SQL language and its queries as well as the JDBC Application Programming Interface
(API) will be imperative and mandatory to keep the interaction between the relational

databases and the software tools development.

3.1.1 MySQL

MySQL (www.mysql.com) is an open source RDBMS, written in C and C++, which supports
the use of SQL to access the information stored in its databases. It runs in practically all
platforms, including MS Windows, Linux and Mac OSX. MySQL is a free, fast, stable multi-
user and multi-threaded database server [12], which makes it the most popular RDBMS
in the world [2]. Despite merlin does not embedded MySQL in its current version, it still
supports connections to this server.

3.1.2 H2

H2 Database Engine (www.h2database.com) is an open-source RDBMS written purely in
Java. It offers a reliable alternative to traditional RDBMS when it comes to processing
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and memory costs, offering an extremely fast performance and leaving a very small disk
footprint. Like MySQL, Hz2 fully supports SQL and JDBC APL In the H2 database engine all
data are encrypted, and each database uses just a couple of files for storage. Furthermore,
it can be embedded in any Java applications or run in the client-server mode. Thus, this
database and its features make a very good match with merlin’s cross-platform versatility
and different operating systems adaptability.

3.1.3 The Java Database Connectivity API

The Java Database Connectivity (JDBC) API is the standard for database-independent con-
nectivity between the Java programming language and a wide range of databases, provid-
ing universal data access from the Java programming language [9]. Using this API, any data
source, from relational databases to spreadsheets and flat files [9] can be accessed. Further-
more, using JDBC technology we can use the Java programming language for SQL-based
database access. Comprised of two packages (java.sql and javax.sql), the JDBC API makes
it possible to perform three tasks:

e Establish a connection with a database or access any tabular data source;
e Send SQL statements;

e Process the results.

JDBC APl is characterized by key features like the full access to metadata, no installation
needed as it is included in the Java Platform thus being automatically downloaded with it,
and the identification of database connections by URL [10].

Finally, it is expected that this specific API will be a key piece in all developing work,

since it will manage all interactions between the software and the databases.

3.2 AIBENCH FRAMEWORK

The main goal of this work is the improvement and the development of new functionalities
for the merlin framework, a Java application built on top of AlBench framework. Regarding
its architecture, AIBench is organized in several layers [51]. The Core layer is composed by
the Core and Workbench plug-in. The Core plug-in is responsible to process all application-
specific operations, detecting and registering as well as executing them when requested.
The other plug-in, Workbench, is responsible for creating the main application window, the
menu bar with all the implemented operations and generating the input dialogs requested

by user operations when they are executed. It is also responsible for the graphical user
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interface implementation. AlBench is based on three main concepts, which are present in
any AlBench application: operations, datatypes and views.

3.2.1  Operations

AlBench operations are single Java classes that define ”high-level problem-oriented pro-
cesses” [51]. They are triggered upon request and represent the algorithm implementation
as well as their Input/Output interface. Operations’ input and output are defined through
a set of ports, which are points where it can stablish whether data is an input or an output.
For each created operation port, a method of the same operation class is associated to it.
Ports can be classified as three types: In (for input data), Out (for output data) and In-Out
(for both input and output data) [51].

AlBench operations will be a key resource during this work, since these not only facili-
tate the automation of several processes but also offer a fast and easy way to communicate
between Core plug-in and Workbench plug-in, through the automatic input dialogs gen-
eration. The reusable character of Operations also highlights their capacity to expedite

development work.

3.2.2  Datatypes

AlBench data-types are as important as operations and can be defined as Java classes used
as inputs or outputs of AIBench operations. Mainly created to carry problem-specific data
structures, datatypes do not require additional code to be considered AlBench datatypes
[51]. Several operations will be created and used among this work, thus datatypes will be

constantly created and/or manipulated.

3.2.3 Views

AlBench Views are used to graphically present result datatypes of the executed operations
to the users. These allow the visualization of datatypes in a more understandable, simple
and interactive way. Each view is implemented through a Java class and is associated with
a data-type [51]. In this work, new views will be used to visualize the results of newly

implemented operations, and existing views will be subjected to improvements.
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3.2.4 Graphical User Interface

AlBench framework is also able to generate automatic standard GUIs for a given operation.
It not only provides a GUI skeleton, but also dynamically builds input dialogs for every
operation [51]. This AIBench capability will be very useful during this work as it will
expedite the development of merlin’s new functionalities.

3.3 NCBI ENTREZ PROGRAMMING UTILITIES

The Entrez Programming Utilities (E-Utilities) are a set of nine programs [1] which pro-
vide a stable structured interface into the NCBI Entrez system. To search and retrieve the
required data, E-Ultilities receives a set of parameters as input and translates them into
NCBI software readable values, using a fixed URL syntax. E-Utilities can access a large
set of data from Entrez system, which currently has 38 databases covering a variety of bi-
ological data and literature. To access the required data, the first step involves posting an
E-utility request to NCBI. E-Utilities has a base URL, which is used for all nine programes,
https://eutils.ncbi.nlm.nih.gov/entrez/eutils/. After NCBI processes the data, re-
sults can be retrieved. Any computer language is supported as long as it is able to send a
request to the E-utilities server and interpret the XML response [5].

In this work two E-utilities tools, namely E-Search and E-Summary, will be used to access
the Assembly database.

3.3.1 E-Search

E-Search is one of the nine server-side programs in E-Utilities. This program is accessed
by adding its directory, “esearch.fcgi”, to the E-Utilities base URL. E-Search requires two
parameters: “db” and “term”. ”“db” value must be a valid Entrez database name. The
“term” value must be an Entrez text query. Furthermore, this query can contain search
fields like the organism taxonomy identifier. Therefore, E-Search can be used to provide a
list of Unique Identifiers matching a given text query [13]. During this work this feature
will be used to access NCBI Assembly records with organism taxonomy identifier as input

“term”.

3.3.2 E-Summary

The second program used from E-Utilities was E-Summary. This tool can be applied to
retrieve document summaries for a list of input “UIDs”. The E-Summary sends its requests
to NCBI using E-Utilities base URL concatenated with its directory, “esummary.fcgi”. It has
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two required parameters: “db” value, which must be a valid Entrez database name from
where document summaries will be retrieved, and the “id” value, which requires a single
Unique Identifier or a list of Unique Identifiers from the previously specified database [13].
In this work the Unique Identifiers’ list to be passed in E-Summary will be obtained using
E-Search.

3.4 METABOLIC ENGINEERING WORKBENCH BIOCOMPONENTS

The Metabolic Engineering Workbench (MEWorkbench) Biocomponents, available at https:
//github.com/MEWorkbench/biocomponents, is a project developed by the Optflux devel-
opment team and is an integrant part of the GSM models” simulation tool. MEWorkbench
Biocomponents is a user-free project distributed under the GNU Lesser General Public Li-
cense version 2.1 and it is available in Maven Repository with its latest release 1.1.0. This
project contains classes that automate several biological data processing operations and
proved to be very important aid for the development of SBML models. From this project
three major classes turned out to be useful in SBML files data reading and processing: 'JSM-
BLReader’, 'JSBMLLevel3Reader’ and the 'Container’. 'JSBMLReader’ and 'JSBMLLevel3Reader’
classes implement an interface called "IContainerBuilder” and are responsible for reading and
parsing SBML level 2 and level 3 files, respectively. The "Container’ class receives an "ICon-
tainerBuilder’ ('|[SBMLReader’ or 'JSBMLLevel3Reader’ objects) as input and converts all the
SBML'’s data (metabolites, reactions, genes, etc.) into MEWorkbench standard containers.

3.5 MODELSEED DATABASE FILES

Besides MEWorkbench Biocomponents, other resources were used to support the develop-
ment of SBML import tool. One of those resources were the ModelSEED Database files.
These files store all the biochemical data used to reconstruct metabolic models in Mod-
elSEED, such as: all reactions and compounds, their identifiers, reactions equations and
stoichiometry, etc. ModelSEED database files can be retrieved using ModelSEED’s GitHub
repository https://github.com/ModelSEED/ModelSEEDDatabase.

In this work the “compounds.tsv” and “reactions.tsv” files, as well as "KEGG.pathways”
file, which contains information of all KEGG pathways and associated reactions, will be
used. This database files comprise information about over 27000 compounds, over 34000

reactions and over 400 pathways.
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36 BASIC LOGICAL ALIGNMENT SEARCH TOOL

Basic Logical Alignment Search Tool (BLAST) [15, 16] is a sequence comparison algorithm
developed to accelerate the search for optimal alignments in sequence databases, for a given
query sequence. This algorithm can be used with amino-acid or nucleotides sequences.
BLAST is a heuristic algorithm that performs local alignments, thus aims to retrieving
results quickly. This characteristic makes BLAST a very useful tool when looking for motifs
or domains in proteins from different species. Considering that several proteins have one
or more functional domains, performing global alignments would detect fewer similarities
and would likely miss domains or motifs.

There are many different variations of BLAST searches. In table 2, a brief overview on
the different BLAST variations is displayed.

Table 2.: A small overview over the different BLAST variants.

Protein- Nucleotide- Protein- Nucleotide- Protein-
BLAST variant protein  nucleotide nucleotide protein protein Notes
search search database database database
optimized for
megaBLAST [86, 120] X very similar
sequences
BLASTN X _ Looks for
distant sequences
BLASTP X i
BLASTX X
TBLASTN X
PSI-BLAST X il
RPSBLAST X ii
DELTA-BLAST [22] X ii

i - Basis of BLASTX and TBLASTN ; ii - Uses a Position-Specific-Scoring-Matrix (PSSM);
Furthermore, BLAST provides a variety of ways to perform a search, like through the

NCBI BLAST website, BLAST URL API, BLAST standalone applications, BLAST+ remote
service or even through C++ APL

3.6.1 BLAST+ v2.7.1

As mentioned above, one way to perform a BLAST search is to run BLAST locally with

BLAST+ applications. These applications are very useful for users requiring resources
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beyond those offered by the NCBI. These applications allow users to employ their own data
and/or use other databases. This approach has a high computational cost but provides a
faster and customized BLAST search. BLAST+ applications can run on Windows, and
on most versions of UNIX (Mac OSX/LINUX). It also allows users to run BLAST using
command line. All documentation can be retrieved through NCBI website via https://
www.ncbi.nlm.nih.gov/books/NBK279691/.

In this work, merlin’s functionalities will be updated to allow using the BLAST+ appli-
cations, when properly installed on the computer. BLAST+ version 2.7.1 was downloaded
from ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/, and used to test
this new feature.

Input

Running the BLAST+ application through the command line requires setting input param-
eters. For example, parameters such as the source of the subject sequences (e.g. FASTA
file or public databases), the query FASTA file and output report folder path, and choosing
which BLAST+ variant will perform the searches (BLASTP or BLASTN), must be specified.
Furthermore, it is also possible establish specific thresholds to filter the outcome results,
such as the maximum Expected value (E-value) allowed for saving hits or the maximum
number of High Scoring Pairs (HSPs) (“max_hsps”) to keep for any single query-subject
pair. BLAST+ also allows to choose the BLAST output format, offering several alternatives
like XML BLAST output and tabular file.

Output

As mentioned before, BLAST+ can output the similarity searches report in different formats.
In this work the XML BLAST output will be used, as it offers an easily programmatically
readable format for accessing the information. In this case, and as the name suggests, the
results of the alignments search are display in an XML file whose structure can be visualized
in figure 3.

In the XML BLAST output, for every hit obtained, different HSPs may be displayed, for
which several statistics are calculated and presented. An HSP is a query-hit segment pair
whose score cannot be improved by extension or trimming. E-value, bit score and raw
score, alignments’ representative values (like the alignment length or the number of gaps)
are HSP statistics. In this work we will focus on e-value and bit score as thresholds for
tiltering BLAST results.

The E-value represents the expected number of matches with a given score (S) or higher
that is likely to occur by chance, in a database search. This indicates the confidence level

for an alignment, as the lower the E-value, the more significant the score and the alignment
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BLAST Output
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Figure 3.: Representative schema of the XML BLAST output structure.

[4]. Thus, the number of alignments (HSPs) that is expected to occur, with a score equal or
higher than S, can be given by
E = Kmn e (1)

where K and A are the Karlin-Altschul statistical parameters [65] that can be seen as natural
scales for the search space size and the scoring system respectively, and m and n are the
effective lengths of the query sequence and database, respectively [50]. This can be called
the E-value for the score S.

The raw score of an alignment (S) is the sum of the substitution scores, given by the
substitution matrix (PAM or BLOSUM), with the gap scores. Gap scores are generally

calculated as the sum of the gap opening penalty (G,,) and the gap extension penalty (Gep).

Thus, for a gap of length L, the corresponding gap score is G,p + Gep L. The choice of the gap
penalty parameters (Gop and G,p) is empirical, but typically higher values for G, (between
10 and 15) and lower values for G,, (between 1 and 2) are selected. Since raw scores have
little meaning without the knowledge of the scoring system used, such as the statistical
parameters K and A, it is pointless to use this metric has a term of comparison. Thus, the
calculation of a normalized score that takes the scoring system into account is mandatory.
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The score (S'), is derived from the raw alignment score and intends addressing that
problem. The bit score is then obtained by normalizing the raw score using the formula

~ AS—-InK 2)
o In2

in which S is the alignment raw score, and K and A are the statistical parameters represent-

S/

ing the statistical properties of the scoring system.
Therefore, the E-value for a given bit score can be calculate by

E=mn2"% (3)

where m and n are the effective lengths of the query sequence and database, respectively.

3.6.2  Java Architecture for XML Binding

The Java Architecture for XML Binding (JAXB) [7] was used to perform the BLAST output
report reading and parsing. This API provides a fast and convenient way to bind XML
schemas and Java representations, expediting tasks like the incorporation of XML data
in Java applications [8]. For that, JAXB provides methods for reading (‘unmarshall’) XML
instance documents into Java content trees, as well as methods for writing (‘marshall’) that
content back into XML instance documents [7, 8]. JAXB also provides a way to generate Java
objects from an XML schema. It allows to automatic generate Java objects corresponding
the BLAST output XML report fields [7]. In this work, that operation was accomplished
using the binding compiler XJC. This compiler accessed the BLAST output DTD file to
generate the Java objects (BLAST output classes) [8]. A DTD file is a text file that specifies
elements and attributes used in an XML file. It is also used to validate the XML file before
performing any parsing operation.

Furthermore, to manage the XML/Java binding information necessary to implement the
JAXB method "unmarshaller’, an abstraction provided by 'JAXBContext’ class was used. This
class concedes the client’s entry point to the JAXB API and inherits methods from the
"javax.xml.Object’ class.

3.7 SBML LEVEL 3

SBML Level 3 is the most recent specification of the SBML format. It can be described as a
modular language, consisting in a core with a complete format capable to be used alone. Its
modular character enables the development and addition of extra Level 3 packages, which
will extend the core, offering additional features.
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Since one of the implemented tools aimed enabling merlin to export in SBML level 3 for-
mat, its core structure was used. Additionally, new components were used when exporting
to SBML 3. Namely, the 'GeneProduct’, 'Objective’ and 'GeneProductAssociation’” components.
The "Group’ class object from SBML Level 3 Groups package was also used. It provides a
way of defining a group of entities: a simple mechanism for indicating that components of

an model are related in some way.

3.7.1  "Identifiers.org” Uniform Resource Identifiers

The ”identifiers.org” Uniform Resource Identifiers (URIs) were used to annotate Species,
Reaction and GeneProduct components with a proper data referencing. “Identifiers.org”
is an established resolving system, which focus on the Life Sciences domain, and enables
the referencing of data for the scientific community. This system allows “the referencing of
data in both a location-independent and resource-dependent manner” [63].

The canonical URI used for the unique identification of data entries is represented as

follows:

http: /fidentifiers.org/[collection]/[entity]

In which one needs to replace [collection] with the namespace of a data collection (all the

665 supported collections can be accessed at https://identifiers.org/rest/collections)
and [entity] with the identifier of the entity created by the original data provider. All infor-
mation regarding this system can be accessed online at available at https://identifiers.

org/.

3.7.2 JSBML library

JSBML is a project that aims to create a free, open-source, pure Java library for reading,
writing, and manipulating SBML files and data streams [39]. One of J[SBML core qualities
are the SBML parser and library to map all SBML elements to a flexible and extended type
hierarch. All SBML constructs up to Level 3 Version 1 Release 1 are supported by JSMBL.
However, some of the more complex functions of libSBML Java API such as consistency-
checking and SBML validation are not reimplemented by JSBML. Currently, JSBML library
is freely available through the JSBML API version 1.4. This library will be used in the
development of the SBML Level 3 exporter tool, expediting the XML fields hierarchical

structuring and organization [39].
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38 REFERENCE GSM MODELS, GENOMES AND SELECTION CRITERIA

In this section all the metabolic models and respective organism’s genome used during this
project are displayed in table 3. The selection of candidate models to use as input in our
T. pallidum draft reconstruction obeyed the following criteria: the organism needed to be a

gram-negative bacterium whose model’s SBML file was available online.

Table 3.: Summary of the organisms and respective GSM models used during this project,
as well as the associated taxonomy identifiers and RefSeq’s genomes.

Taxonomy Genome’s RefSeq Model Identifier

Organism Identifier Accession

T. pallidum subs. pallidum .
p strain Nichg s 243276 NC_o21490 iSM161[87]

Escherichia coli str. K-12 .
substr. MG165 511145 NC_o00913 iAF1260 [42]

Bordetella pertussis .
Toha r}ri al 257313 NC_002929 iBP1870 [23]

Piscirickettsia salmonis .
A1-15072 1269812 NZ_CPo12413 iPSA584 [34]
Yersinia pestis CO92 214092 NC_003143 iPC815 [31]
Kiebsiella peumoniae 272620 NC_009648 iYL1228 [80]

MGH 78578

3.9 CLUSTAL OMEGA

Clustal Omega [112] is a multiple sequence alignment software tool, used to align three
or more sequences and can be accessed at https://www.ebi.ac.uk/Tools/msa/clustalo/.
It aims to produce biologically meaningful multiple sequence alignments of divergent se-
quences and displays the results in Clandograms or Phylograms to observe possible evolu-
tionary relationships.

It comprises the execution of three simple steps:

1. Setting the alignments tool input sequences;
2. Change the alignments search tool default parameters and set the output format;

3. Submit the alignments search request.

This tool allowed determining the phylogenetic proximity between six different organ-
isms, which have manually curated GSM models published in peer-reviewed journal. Hence,
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this tool was used to assess which models would be used to perform the automatic recon-
struction of the T. pallidum draft model. The Clustal Omega multiple sequence alignment
search was performed using these organisms’ 165 rRNA sequences as the input sequences.
The alignment searches were performed using the tool’s default parameters.

3.10 KBASE APPS

Before the draft reconstruction of T. pallidum in merlin, the selected reference models for the
reconstruction were processed in KBase to convert the BIGG identifiers into ModelSEED
identifiers. Thus, three KBase apps were used:

e “Import TSV/XLS/SBML File as an FBAModel from Staging Area”: Developed by
James Jeffryes, allows to import a SBML model from the user’s computer into KBase’s
workspace, only requiring the model to import as input. It requires 4 parameters,
namely the format of model file to upload, the model file path, the biomass reaction
identifier in model file and the compounds file path, if uploading a TSV file. This app
was used to import iPSA590s model of P. salmonis A1-15972 into KBase’s workspace
for further processing. This app specification is available at https://github.com/
kbaseapps/kb_uploadmethods/;

e “Import model SBML from web”: Developed by Filipe Liu, it allows the users to
upload an SBML model from web, by providing the SBML model URL. This app was
used to upload both the iBP1870 of B. pertussis and iAF1260 of E. coli K12 MG1655
into KBase’s workspace for further processing. This app specification is available at
https://github.com/Fxe/kbase-SBMLTools;

e ”Integrate Imported Model into KBase Namespace”: Developed by Filipe Liu, it
aims to integrate the imported model namespace into KBase’s, allowing the conver-
sion of identifiers from a specific database to ModelSEED identifiers. This tool was
used to convert the three above-mentioned models” "Species” and ”"Reactions” com-
ponents identifiers from BIGG’s to ModelSEED’s. This app specification is available
at https://github.com/Fxe/kbase-SBMLTools/.

3.11 BIOMASS ASSEMBLY

The biomass composition for T. pallidum was assembled using the core biomass composi-
tion of the iAF1260 model of E. coli K12 as template, thus the same weight fraction for
each macromolecule composing the biomass was the same. Firstly, all available molar frac-
tion coefficients, generated by the merlin’s updated e-BiomassX tool, were retrieved for
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3.12. Supplementary files

each molecule composing the macromolecules RNA, proteins and DNA. The molar frac-
tion coefficients of E. coli were used for the cofactors, lipids, murein and lipopolysaccharide
(LPS). Thus the E. coli’s biomass lipids (phosphatidylethanolamine dihexadecanoyl and
phosphatidylethanolamine dihexadec-genoyl) and LPS ((Kdo)2-lipid IVA) were included in
T. pallidum’s biomass composition, as these are core components of bacterial cells. Cofactors
that were not available in the draft network were not included in the biomass composition.

The full biomass assembly table with all coefficients is available as supplementary table

S.1.

3.12 SUPPLEMENTARY FILES
All supplementary files, namely the SBML files, including the T. pallidum draft reconstruc-

tion generated by merlin, and the "TpallidumBiomassAssembly.xls” file, used in this work

are available at https://nextcloud.bio.di.uminho.pt/s/LzNkdKiA3otmxfR.

3.13 THIRD-PARTY TOOLS AND LICENSES

The third-party tools used during the development of this work, namely their type of license

and source, are displayed in table 4.
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Table 4.: Third party tools used in the development of merlin’s new features.

Tool

Task

Type of license

Source

Eclipse photon

Development of the software Eclipse Public License - v2.0 https://www.eclipse.org/downloads/

. GNU Lesser General _ . _ .
AlIBench Implement all operations Public License v3.0 https://github.com/sing-group/aibench-project
JSBML Read/ert(? SBML G.NU Lesser General Public https://github.com/sbmlteam/jsbml/tree/jsbml-1.4
files operations License v2.1 or later
BLAST+ 2.7.1 :;Z’lil:r}l\essmmllarlty Open Source License ftp://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/
Convert SBML models’
KBase namespaces/ Generate Open Source License https://kbase.us/
a draft of T. pallidum
MEWorkbench Read/ erte SBML files G‘NU Lesser General Public https://github. con/MENorkbench/biocomponents
Biocomponents operations License v2.1
BLAST parser CDDL 1.1 and GPL 2.0 . . .
JAXB implementation with Class-path Exception https://github. con/javaee/jaxb-v2

sasuadI[ pue sjoo} Ayred-piryy €x-€
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SOFTWARE DEVELOPMENT

Several improvements and new features were implemented in merlin. These improvements
were motivated by a continuous need to expedite and automatize the reconstruction of GSM
models. All the improvements and new tools were implemented on the Java programing
language using the development environment Java Platform Standard Edition Develop-
ment Kit 8. Additionally, SQL language was also used, as merlin relies on MySQL and H2
RDBMS to store data. In this chapter, all development work will be described in detail.

4.1 GENOME SEQUENCE AND ANNOTATION DATA FILES AUTOMATIC DOWNLOAD

As already mentioned above, to start a GSM model reconstruction in merlin the genome
sequence of the target organism is required. Thus, the first logical step is to retrieve the
genome sequence files for the desired organism (accessing an online database or with a
customized file from an independent source) and then upload it into merlin. One way to
retrieve such file is to access NCBI's Assembly database, using the taxonomy identifier of
the organism as a search reference, and download the protein sequence FASTA file. This
task comprises a few steps and does not requires programmatic knowledge, nor specific
modeling knowledge. However, it can be confusing and time consuming for inexperienced
users. Therefore, the existence of a feature that can expedite and simplify these steps can
be useful to users, by simplifying the first step of the GSM model reconstruction.

Thus, a tool that executes the above-mentioned tasks in a simple and automatic way was
developed. This tool takes the organism taxonomic identifier as input, and then searches
for the corresponding NCBI's Assembly records presenting them in a GUI designed specif-
ically for this purpose. Then, it allows users to choose from which Assembly record and
repository (GenBank or RefSeq) the genome files will be downloaded. This tool can be
divided in two major components: the fetching component, which will search and retrieve
the Assembly records for a given taxonomy identifier; and the graphical component, repre-
sented by a GUI incorporated in the "New Workspace” GUI, displaying the result Assembly

records and relevant information of each one.
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4.1. Genome Sequence and Annotation Data Files Automatic Download

4.1.1  Searching and retrieving Assembly’s records

As the first component of this tool aims to search and retrieve all Assembly records asso-
ciated with a given taxonomy identifier, the first step is to get a list of Assembly’s unique
identifiers from the requested taxonomy identifier. This list of Assembly unique identifiers
can be retrieved using a library available in merlin that uses the NCBI REST API and pro-
vides several classes including, 'EntrezServiceFactory’ and 'EntrezService” interface. The first
one takes a base URL as input argument and it is responsible to generate an object that
can be used to build the "EntrezService” object. The "EntrezService’ class is an interface that
provides access to the NCBI Entrez system from merlin, by selecting which of the E-utilities
application will the request be send to. The first step is to retrieve a list of Assembly iden-
tifiers, for a given taxonomy identifier. Thus, the E-Search application was used, and the
request received the ”Assembly” string and the taxonomy identifier as the “db” and “term”
input parameters, respectively. Thereafter, the E-Summary service is accessed using the
"EntrezService’ class and the Assembly records for the given unique identifiers list retrieved.
The E-Summary application returns the results in XML format whose structure comprises
three main Elements: “ESummaryResult”, “DocumentSummarySet” and “DocumentSum-
mary”. Therefore, three classes were implemented to handle and read the result output,

namely:

e 'DocumentSummary’ - this class aims accessing and storing elements within each
XML'’s "DocumentSummary”. Since each “DocumentSummary” element is associated
to a distintinct unique identifier and represents a single Assembly record, the number
of "DocumentSummary” in a “DocumentSummarySet” will be equal to the number
of unique identifiers in the input list and therefore to the number of Assembly records
associated with the target taxonomy identifier;

e 'DocumentSummarySet’ - this class is responsible to access the data coming from
the "DocumentSummary’ class. It accesses the data within the “DocumentSummary-
Set” element, namely the "DocumentSummary” elements and their descendants, and

retrieves a list of "DocumentSummary’ objects.

o 'ESummaryResult’ - this is the main class of the two classes referred above. It retrieves
a list of "DocumentSummarySet’ objects. Thus, it contains all elements data in the E-
Summary XML output.

A Java class comprising several static methods that executes all tasks associated with the
Assembly records data fetching and processing, as well as the download of genome files,
the "AssemblyUtils’ class, was also implemented.
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4.1.2  Graphical Component

The graphical component of this tool comprises two customized GUIs: the ”Assembly
Panel” and the “"Download NCBI Files” panel.

Assembly Panel GUI

The ”Assembly Panel” GUI aims to display all Assembly records associated to a given
taxonomy identifier, as well as relevant information about those records. This GUI is
implemented in the "AssemblyPanel’ class and is organized in two ”“JPanel” objects. The
main panel comprises a “JComboBox” to display all the Assembly record entries found, a
"JTextArea” to fill with the relevant information regarding the selected Assembly record
and a second ”“JPanel”. This second “JPanel” contains two ”“JRadioButton” objects, which
allow users to choose from which database (GenBank or RefSeq) the genome files will be
downloaded from. The ”“Assembly Panel” GUI was then embedded in the merlin’s "New
workspace” GUI, together with other new features such as the insertion of the “Search” but-
ton. This button is responsible to trigger all the processes related to the search of the Assem-
bly records, the retrieval of information and the generation and insertion of the ”Assembly
Panel” into the "New Project” GUI. The layout of this new GUI and the reformulated "New
Project” GUI can be visualized in Figure 4.

i) open |
workspace [tpallidum w4
Assembly ; ‘ [ ‘ +
Panel Search NCBI's
taxonomy ID ‘243276 ‘ search Assembly
records
ﬂwnload from NCBI fip \
. Assembly
Assembly Record ’ASM41053V2 - records available
UID: 38841 Species Name: Treponema pallidum
Assembly Accession: GCF_000410535.2 Last Update: 2013/07/08
Accession GenBank: GCA_0004105352  GenBank Status: latest_genbank Assembly record
Accession RefSeq: GCF_000410535.2 RefSeq Status: latest_refseq information
Submitter: Baylor College of Medicine Assembly Level: Chromosome
rFiles retriever
“6“ GenBank | - | Refseq

G// ok ® cancel ‘

Figure 4.: "New Project” GUI final layout with the ”Assembly Panel” GUI embedded.
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Download NCBI Files GUI

The “Download NCBI Files” panel is a customized GUI implemented in the "DownloadNcb-
iFilesGUI" class. It was created with the purpose of being called separately from "New
workspace” GUI, offering users the chance to download genomes files from the NCBI As-
sembly ftp even after a project is already initiated. This class has the ”Assembly Panel”
GUI embedded, such as in the "New workspace” GUI. Despite having a layout similar to
the “New workspace” GUI, it contains several differences not only regarding the graphical
aspect, but also regarding the related processes, such as the “workspace” combo box filling
process or the associated AlBench Operations. Another difference is the fact that only the
taxonomy identifier specified when the project initiation can be used to search the Assembly
records. Furthermore, the “Download NCBI Files” GUI association with the "DownloadNcb-
iFiles” operation and the insertion into merlin’s menu bar was performed inside the Core
Plug-in. Its layout can be visualized in Figure 5.

I;:’}' download NCBI files X

workspace |tpallidum | » ‘

taxonomy ID: 243276 search

-Download from NCBI fip-
Assembly Record ASM41053v2 v

UID: 38841 Species Name: Treponema pallidum
Assembly Accession: GCF_000410535.2  Last Update: 2013/07/08

Accession GenBank: GCA_000410535.2 GenBank Status: latest_genbank
Accession RefSeq: GCF_000410535.2 RefSeq Status: latest_refseq
Submitter: Baylor College of Medicine Assembly Level: Chromosome
rFiles retriever

(@) GenBank RefSeq

@ ok ® cancel

Figure 5.: “"Download NCBI Files” GUI layout.

4.1.3 "DownloadNcbiFiles” Operation

Since merlin is built on top of the AlBench framework, the use of its Operations is crucial
not only to add customized GUIs such as “Download NCBI Files” GUI but also to autom-
atize different tasks and to make them reusable. Hence, the "DownloadNcbiFiles’ operation,
composed by 4 “In” ports receiving as input a "DatabaseAccess” object that represents the
connection between merlin and the chosen RDBMS, a “Long” object corresponding to the

42



4.2. SBML Models Importer

taxonomy identifier of the organism, a “Boolean” representing the repository (true repre-
senting GenBank and false representing RefSeq) from which the genome files will be down-
loaded, and the "DocumentSummary” of the Assembly record prior selected in one of the
GUlIs, was developed and implemented. This operation runs a pipeline in which several
methods from "AssemblyUtils” and other merlin classes are used, for instance, to:

e Get the FTP URL from the “DocumentSummary” object;
e Download all files present in the FTP to the current workspace folder;

e Unzip, if needed, and process the FASTA files.

4.2 SBML MODELS IMPORTER

The major feature to be added to merlin, developed and implemented in this work was the
SBML model’s importer. This tool aims to import models built using other reconstruction
software and exported in the SBML language

During the SBML importer development already implemented methods, not only from
merlin but also from MEWorkbench (https://github.com/MEWorkbench), were used. This
tool can be divided in two major components: a component responsible to read and process
the SBML model data and a component to load the model data into database. A simplified
schema of the SBML models import tool pipeline is displayed in Figure 6.

4.2.1  Reading and processing SBML model data

This first component aims at reading the SBML document, retrieving and processing all the
data contained in it. The MEWorkbench Biocomponents project was used to expedite this
task.

As mentioned above, the MEWorkbench Biocomponents project contains methods able to
read and process models in the SBML format. Furthermore, it also has the Container class
that allows to organize and store all SBML model’s data into subcontainers. Therefore,

three classes from MEWorkbench Biocomponents were used:

e 'JSBMLReader’ - this class implements the "[ContainerBuilder” interface. It allows to
read and get the information present in the SBML model, namely the network infor-
mation such as compartments, reactions, metabolites, genes and stoichiometry, saving
them in the container classes, namely: 'CompartmentCI’, 'ReactionCI’, "MetaboliteCI’,
"GeneCl” and ’ReactionConstraintCl’, respectively. These subcontainers are then passed
to the "Container’ class for further processing.
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MerlinSBML3Reader

MerlinSBMLContainer

Model to SBML
Import Level

JSBMLReader

——

Is model
m MetabolicDataloader LoadMetabolicData MerlinimportUtils from
ModelSEED

ModelSEED Database

Containers
* ModelSeedCompoundsDB -
* ModelSeedReactionsDB Metabolic Data
* ModelSeedPathwaysDB (ModelSEED/KEGG)

\/
| *  Compounds

*  Reactions
¢ Pathways

Figure 6.: Representative schema of merlin’s SBML models” importer pipeline, correlating
the external data (green), already implemented classes (blue), adapted classes
(grey) and the newly implemented classes (orange) used in it.

e 'JSBMLLevel3Reader’ - like 'JTSBMLReader’, this class implements the "IContainerBuilder’
interface and works the same way. However, it is implemented to deal with SBML
Level 3 models reading.

e 'Container’ - this class receive an 'IContainerBuilder’ as input and is responsible to
process all information coming from the containers built by the 'JSBMLReader’ or
"ISBMLLevel3Reader’.

However, the lack of information retrieved from SBML level 3 models by the 'JSBM-
LLevel3Reader’ class led to the creation of two new classes, "MerlinSBML3Reader’ and ’Mer-
linSBMLContainer’, extending the 'JSBMLLevel3Reader’ and 'Container’ classes, respectively.
These classes were developed to manage and adapt the reader and container builder class
at merlin’s requirements. Hence, the "MerlinSBML3Reader’ also allows to retrieve proteins
information, such as the EC numbers or database reference identifiers. These modifications
were also handled in the "MerlinSBMLContainer’ class.

Despite all implemented classes to process and organize the SBML information, a new
one was needed to process and convert MEWorkbench Biocomponents containers into
classes readable by merlin. Thus, the "MerlinlmportUtils’ class was implemented. Its con-
structor receives a "MerlinSBMLContainer’ object and the Java Enumerator "ModelSources’
class as input. The model source input requirement allows the "MerlinImportUtils” class to
process SBML model’s information and use different resources according the model source.
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The "ModelSources” enumerator class was created to specify all SBML model sources from
which "MerlinImportUtils’ can import and process data, with higher detail and quality. In
these cases, the "MerlinImportUtils’ class is able to use the information contained in the
"MerlinSBMLContainer’ retrieved from the SBML file, and retrieve information from external
sources, such as specific source database files or online databases. In this work, "Merlin-
ImportUtils’” was only fully implemented to process SBML models from ModelSEED and
KBase. Nevertheless, it is able to receive and process SBML models from databases other
than the ones available in the "ModelSources” enumerator class, although the quality of the
imported model may decrease, because no additional information resources will be avail-
able, and it will rely totally on the information present in the SBML file.

"MerlinImportUtils’

"MerlinImportUtils’ class focus on processing the six major model components: metabo-
lites, enzymes, reactions, genes, compartments and pathways. Thus, six methods were
implemented within this class to read the MEWorkbench containers from ’MerlinSBML-
Container’, and to process and convert them into merlin’s containers (MetaboliteContainer,
EnzymeContainer, ReactionContainer, GeneContainer, CompartmentContainer and Path-
waysHierarchyContainer). From all the six above-mentioned model components, metabo-
lites, reactions and pathways required a more detailed processing.

Regarding the processing of metabolites, same species with different compartments were
treated as the same metabolite and boundary metabolites were ignored. Furthermore,
metabolites specific data such as name, formula and molecular weight are retrieved from
ModelSEED compounds database file, when available. Otherwise, that data is retrieved
from the SBML model, if present.

Concerning reactions, components such as the gene rules or the drains and transport reac-
tions took special consideration. The original reaction gene rules, retrieved from the SBML
tile and present in the "MerlinSBMLContainer’, were unfolded (merlin’s adopted format for
reactions gene rules), using a recursive method that retrieved all possible gene combina-
tions for each rule. Drains and transport reactions were identified and marked. In addition,
the reaction equations were constructed from the reagents and products data coming from
the SBML, in the absence of reactions information in the ModelSEED reactions database file.
Other reaction’s specific data such as the associated KEGG identifiers and the associated
enzyme names are also retrieved from ModelSEED reactions database file, if available.

Finally, pathways were structured hierarchically, being the less specific ones marked as
super-pathways, and comprising the more specific ones. Pathways processing fully de-
pended on the ModelSEED pathways database file to retrieve all pathways and all hierarchi-

cal connections. Furthermore, the pathways-reactions associations were performed using
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the reactions” KEGG identifiers, as ModelSEED’s pathways file only contained pathways
from KEGG, and KEGG identifiers.

ModelSEED Database Files Containers

The processing of reactions, metabolites and pathways was supported by the ModelSEED
database files, available at https://github.com/ModelSEED/ModelSEEDDatabase. Three
”.tsv” files retrieved from "ModelSEEDDatabase” GitHub repository, containing ModelSEED
database information, were used. Hence, three container classes were implemented to read

and store the data present in these files, namely:

e 'ModelSeedCompoundsDB’ - this class aims to read and retrieve the data of the Mod-
elSEED “compounds.tsv” file, saving it in a Java "HashMap” object, where the keys
are the ModelSEED compound identifiers and the values are Java arrays of ”Strings”,
with compounds specific data. The specific data retrieved for each compound com-
prises the name, abbreviation, formula, mass, International Chemical Identifier (InChI),

charge and linked compounds.

"ModelSeedReactionsDB’ - this class aims to read and retrieve the data of the Mod-
elSEED “reactions.tsv” file, saving it in a Java "HashMap” object where the keys are
the ModelSEED reaction identifiers and the values are Java arrays of ”Strings”, with
the reactions specific data. The specific data retrieved for each reaction comprises
the abbreviation, associated enzyme name, associated KEGG identifier, stoichiometry,
direction, equation, spontaneity, compounds in the reaction, linked reactions and also

if it is reversible and a transport reaction.

"ModelSeedPathwaysDB’ - this class aims to read and retrieve the data of the Mod-
elSEED "KEGG.pathways” file, saving it in a Java “HashMap” object where the keys
are the KEGG pathways identifiers and the values are Java ”ArrayList” objects, with
the pathways specific data comprising the pathway name, aliases and associated reac-
tions. However, in this case the pathways data retrieved from the file are processed to

build the hierarchical associations need to load the database.

4.2.2  Loading model data into database

The second component/step of the SBML importer tool aims to load the processed model
data, from the 'MerlinImportUtils’ containers into the database. For this, merlin classes
were used, namely the "LoadKeggData” and 'KeggLoader’ classes. The first class implements
the Java Runnable interface and aims to execute the loading process of the data coming
from KEGG database during the “load KEGG metabolic data” or “load KEGG annotation”
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operations. The second one provides the connection between the runnable class and the
Database-Connector Services. The "LoadKeggData’ class was reworked into the broader and
more general class called "LoadMetabolicData’, that reuses most methods of the original class
and implements a new constructor to run specifically with the import models’ tool, without
interfering with the KEGG data loading mechanism. The same approach was done for the
"KeggLoader” class , from which resulted the new and broader "MetabolicDataLoader’ class.

These adaptions allow to load the data available in the containers filled by "MerlinImpor-
tUtils’, correctly into the database.

4.2.3  'ImportSbmlModel” Operation

Finally, an AIBench Operation, that executes the entire SBML Models Import tool pipeline,
was created. This operation has four “In” ports that receive as input: a “Project” object corre-
sponding to the working workspace, a "ModelSources” enumerator, a “SBMLModelLevel”
enumerator (level of the imported SBML model), and the SBML file. This operation was
added to the Core plug-in and is present in merlin’s menu task bar. In this case, no cus-
tomized GUI was created, thus the input dialog was automatically generated by AlBench.
This auto generated GUI allows users to select in which workspace the model should be
loaded, the source of the model, the level of the SBML model as well as the file directory.

4.3 INTEGRATING NCBI BLAST+ INTO merlin

Similarity searches are one of the most useful and applied strategies in the reconstruction of
GSM models, especially when annotating a genome or finding identic proteins in another
organism to fill gaps. merlin uses several tools to perform similarity search, namely the
Smith-Waterman algorithm and the EBI BLAST, to perform several tasks such as the en-
zymes and transporters annotations. The EBI BLAST runs remote similarity searches, in a
relative short period of time, against a set of online databases. However, its availability and
search time directly depend on the internet connection and web server availability. On the
other hand, the Smith-Waterman algorithm, a high precision algorithm, runs the similarity
searches in the user’s computer; however, it is very time consuming. Thus, merlin lacked a
resource that allowed the execution of the similarity searches locally and in a relative short
period of time.

The alternative presented here was to adapt merlin mechanisms, to allow using NCBI
BLAST+ applications, as these allow to perform similarity searches relatively quickly and
locally.

Two major logical steps come out regarding the BLAST+ integration into merlin. The first
one involves enabling merlin to read and parse the XML BLAST output, as that was the
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selected BLAST+ output format and the parser merlin used was deprecated. The second
one involves enabling merlin to convert the parsing results into structured and organized
container data, able to be used any merlin’s tools. BLAST+ is able to run BLAST using the
command line. Thus, the ’java.lang.Process’ class was used to embed this feature in merlin.

This Java class allows executing commands and therefore to run BLAST+.

4.3.1  NCBI BLAST Parsing

The XML BLAST output parsing was performed by the "NcbiBlastParser” class. This class
was implemented in collaboration with a first-year masters’ student and is supported by
the JAXB library. The JAXB’s binding compiler XJC was used to generate 13 BlastOutput

classes, using the command displayed in the grey box below.

»xjc -d “.Amerlinimerlin-
utilities\src\main\javahpthuminho\ceb\biosystems\merlin\utilities™
-p blast.ncbi blastparser -dtd

http://www.ncbi.nlm.nih.gov/dtd/NCBI_BlastOutput. dtd

The ”-d” field specified the output directory and the ”-p” field the destination package
in which the generated classes were saved. Thus, all 13 BlastOutput classes were saved into
the “blast.ncbi_blastparser” package inside merlin-utilities project. Furthermore, the URL
for the DTD file was specified in the ”-dtd” field.

The "NCBIBlastParser’ class take as input a ”String” object or a “File” object corresponding
to the XML BLAST output directory or file, respectively, and also the JAXBContext. Then
it creates the JAXB “Unmarshaller” object from the JAXBContext and uses it to “unmar-
shal” the XML file converting the XML into a full-filled Java class object, the “BlastOutput”.
Moreover, the ”BlastOutput” is used to get all iterations data and store it in a Java “List”.
Therefore, the 'BlastlterationData’ class was implemented. This container class allowed to
retrieve and store all the information within each XML BLAST Iteration element, such as
the iteration’s list of hits, the hit’s list of HSPs and all the statistic parameters of the high
scored HSP.

4.3.2 BlastAlignment Class

Once the BLAST output read and parsing component was complete, the next step was to
get the parsed XML information, filter it and save it into a structured datatype able to

be read by merlin. merlin’s 'AlignmentCapsule’ container class suited perfectly the storing
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purpose, as it allows to organize data coming from similarity searches in a structured and
readable way.

"BlastAlignment’ class was implemented to filter XML BLAST output data and insert that
data into "AlignmentCapsule’ container objects. This class extends the java.Runnable abstract
interface and comprises three methods:

e 'run()’ - this method executes three tasks, namely the construction of the BLAST out-
put file path, the execution of BLAST and the calling for the "build AlignmentCapsules()’
method;

o 'buildAlignementCapsules()’ - this method aims building a Java “ConcurrentLinked
Queue” object carrying all the created ”AlignmentCapsule” objects;

o ‘getAlignmentsCapsules()’ - method which aims retrieving the resulting “Concurrent
LinkedQueue” object.

The "build AlignementCapsules()” method iterates over a list of “BlastlterationData” objects
retrieved from the "NcbiBlastParser’ to get alignment specific information. In this method,
the following tasks are executed to build each ”AlignmentCapsule”:

e Query and target sequence identifiers are processed regarding defined criteria, such

as if it is a transporters search or not;

e An alignment score, Sy, is calculated by normalizing the alignment’s raw score

using the following formula:

S— Smin

Smux - Smin

(4)

Sulign =

where S is the alignment’s raw score and S;;5x and S,;, are the maximum and mini-
mum score for the aligned query sequence, respectively;
e The alignments are filtered by specific thresholds:
— Bit Score threshold;
— E-value threshold;
— Query coverage threshold;
— Normalized score threshold.
e Depending on the purpose of the BLAST alignment, the filtration can be processed
in different ways. If the BLAST purpose is to identify transporters or it is undefined,

the filtration is performed using the bit score, the e-value and the query coverage as

criteria. Else, it will only use the alignment score (S;¢,) as threshold. Both bit score,
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e-value and query coverage threshold values can be freely set by the users, otherwise
the default threshold values are used.

Even though identity percent thresholds (>30%) are often used to infer homology, the
E-values and bit scores can provide more accurate and reliable thresholds then the iden-
tity percent, since the last misses several homologs that would be easily detected [98]. In
addition, in protein:protein alignments and for average length proteins, E-value thresholds
between 10 and 107° are very useful to found homologs, even if these are not at least 30%
identical. Furthermore, bit scores of 50 are also very useful for inferring homology, high-
lighting alignments that are almost always significant; hence being a good rule-of-thumb
for inferring homology [98].

In this sense, the bit score and E-value default threshold values were set to 50 and 1E-6,
respectively. Moreover, the query coverage default threshold value was set 70%, to ensure
that the alignment covered most of the query sequence length.

Regarding the "AlignmentCapsule’ containers instantiation, these were filled with relevant
information regarding each selected alignment, such as the query and target sequence iden-
tifiers, the alignment e-value and the alignment bit score.

During the development of 'BlastAlignment’ class, a support class called "AlignmentUtils’
was implemented to provide supplementary methods related with sequence alignments
and similarity searches. This class contains methods that allow, for instance, checking if the
BLAST+ applications are installed and getting maximum sequence alignment scores.

4.3.3 merlin’s Similarity Searches to use BLAST

The final step in the NCBI BLAST+ integration was to rearrange merlin’s similarity searches
mechanisms, allowing these to use this feature.

First, the "RunSimiliratiySearch’ operation was targeted since it is the merlin’s core class to
interact with merlin’s local-alignments project that executes local similarity searches. This
class methods were only configured to run the Smith-Waterman algorithm using the ’Pair-
wiseSequenceAlignment” class. Thus, such methods were adapted to allow users to select
the BLAST method. This method firstly divides the query sequences FASTA file into sub-
files corresponding to the number of processor cores available in user’s computer, with
the purpose of running BLAST in multiple threads. A new method was implemented in
"CreateGenomeFile’ class to perform this division. After the FASTA file division, the 'BlastAl-
ignment’ class is called for each created thread.

Then, the merlin tools that required similarity searches execution were identified to per-
form the necessary adaptations. Three tools were identified, namely: the transport proteins
identification, the gaps filling operation and the GPR rules identification; implemented in
the "TransportersSimilaritySearch’, 'FindGenes’ and 'CreateGPRs’ operations, respectively. In
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both operations BLAST was set as the default method to perform the similarity searches.
Moreover, in both operations, the BLAST+ applications installation was verified. The "Trans-
portersSimilaritySearch’ operation allows the user to select the similarity searches method in
its GUI, whereas the other two operations require editing the configuration files.Thus, a
customized GUI is displayed, if the BLAST+ is not installed, when running the "FindGenes’
and 'CreateGPRs’ operations. That customized GUI warns the users for the absence of a
BLAST+ installation, giving the choice to continue the operation using Smith-Waterman
method or to cancel the operation. Regarding the "TransportersSimilaritySearch’, it interrupts

the operation and throws a warning for users either to install BLAST+ or change method.

4.4 HOMOLOGY-BASED DRAFT MODELS RECONSTRUCTION TOOL

The reconstruction of GSM models is considered a very time-consuming task due to, among
others, the functional annotation of their proteins. Thus, every tool that can expedite and
automatize this process in a reliable way can be of extremely value and utility.

Following this premise, a whole new tool was implemented in merlin. This tool aims to
provide a new model draft reconstruction using well-known and curated models imported
into merlin. This kind of approach is present in literature as it has been already used by
Richard A. Notebaar in AUTOGRAPH-method (AUtomatic Transfer by Orthology of Gene
Reaction Associations for Pathway Heuristics) published in 2006 [9o]. In AUTOGRAPH-
method, this approach proved to be quite reliable and to have potential to expedite the
reconstruction of metabolic networks.

The tool implemented in this work retrieves the metabolic data, the proteins annotations
and the gene-protein-reaction associations from the input models. Therefore, to retrieve
the proteins annotations and GPR associations the imported models” genomes are aligned
against the genome of the new model, to find orthologous genes. These similarity searches
are performed using BLAST and accessing the already described and implemented BLAST
integrating merlin classes. Once the orthologous genes are retrieved, only those with GPR
associations are selected. Then all data related to those genes, including associated reactions
and proteins, is retrieved from the input models and loaded into the new model database.

The implementation of this tool comprises two major classes: the "AutomaticDraftRecon-
structor’ operation class containing the overall workflow of the tool and the ’'SelectAnd-
LoadOrthologData’ class responsible for retrieving and selecting the input models” informa-
tion regarding the selected orthologous genes, and to load that data into the new model
database.
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4.4.1 Processing and retrieving subject model’s data

A key step in this tool development was enabling merlin to fetch orthologous genes” data
present in the input model, namely its gene identifiers and associated reactions, and to
insert it in the new model. Therefore, the 'SelectAndLoadOrthologousData’ class was imple-
mented. This class aims at searching the selected orthologous related information in the
original model (input model), to fetch and process it, namely crossing gene references be-
tween models, and to load it into the new model database. Before the actual algorithm
implementation, this class creates a cross-reference map with the retrieved ortholog genes
database identifiers and the new model associated gene identifers. Furthermore, three main
methods within ’Select AndLoadOrthologousData’ class were implemented:

o 'processAndGetOrthologousData()’ - this method was implemented to retrieve the
gene-reaction associations for the similarity search matched orthologous. It retrieves
all orthologous gene-reaction associations from one of two different ways: the reac-
tion’s gene rules or the association between gene, enzyme and reaction database tables.
Orthologous genes with no gene-reaction association or whose associated reactions’
gene rules are not valid for the similarity searches retrieved orthologous genes set
are discarded. On the other hand, the orthologous genes whose gene-reaction asso-
ciations were retrieved are saved in a map containing the gene sequence identifier
and merlin’s database gene identifier. Furthermore, this method also performed the
conversion of the old gene identifier in those associations to the new model gene iden-
tifiers using the cross-reference identifiers map. The orthologous gene names are also
retrieved and associated with the corresponding new model gene, if it does not have
a name already.

o 'updateTablesDataAndGeneldentifiers()” - this method was implemented to update
new model database data, namely the reactions “in model” and its gene rules as well
as the gene identifiers references in all new model database. Since this method only
updates the reactions and replaces all the gene identifiers references, it is only exe-
cuted when the first input model is being processed as the new model only contains
the data dumped from such input model. Furthermore, this method deletes all gene-
reactions associations that do not involve any of the orthologous genes matched in
the similarity searches.

e “insertDatalntoNewModel()" - as its name suggests this method was implemented to
insert data from the input model into the new model database. Firstly, it updates and
transfers into the new model’s database the gene-protein associations related with the
orthologous genes matched in the similarity searches. Then, it verifies which of the

reactions associated with the orthologous genes are not available in the new model’s
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database. This verification is executed by searching the reaction name identifier, thus
the use of input models from the same source will considerably increase the search ac-
curacy and consequently reduce the probability of duplicate reactions. Regarding the
reactions that are already present in the database, the already existent gene-reaction
association is merged with the new gene-reaction association. Furthermore, contain-
ers with relevant data, such as reaction name, equation, bounds, gene rules, associated
proteins, associated pathways and stoichiometry, are retrieved for each reaction that
is not present in the new model’s database. Those containers are then loaded into the

new model’s database.

The supplementary method ”loadNewReactions()”, was also implemented to load the new
reactions into new model’s database. It takes the containers retrieved in the method ”in-
sertDatalntoNewModel()” and a map with the gene rules for each reaction as input. Then,
for each reaction it retrieves the information from the associated container, builds a mer-
lin’s "DatabaseReactionContainer” object and loads it into the new model’s database using
the existing “loadReaction()” method, from merlin’s ’DatabaseLoaders’ class. Before it pro-
ceeds with the loading, all reference identifiers regarding the reaction’s related pathways,
proteins, compartments, metabolites and genes are updated. Furthermore, each of those
components that are not present in the new model’s database are created.

4.4.2  Implementing homology-based reconstruction pipeline

The "AutomaticDraftReconstructor’” class implements an AIBench operation composed by six
“In” ports and executes the homology-based draft models reconstruction algorithm. No
customized GUI was created for this operation thus an automatic GUI is generated by the
AlBench framework. Furthermore, the requested inputs by the automatically generated in-
put dialog comprises the new model workspace, the models that will be used as structure
for the new model reconstruction, also called input models, the alignment method which
can be either BLAST or Smith-Waterman and finally the similarity searches threshold pa-
rameter values, namely the bit score, the e-value and the query coverage. The algorithm
implemented in this operation is presented in the pseudo-code displayed in algorithm 1.

4.5 SBML LEVEL 3 EXPORTER

As described in merlin’s overview on Chapter 2, merlin is a GSM models reconstruction
software that supports the export of reconstructed models to the SBML format. However,
previously merlin supported the export of models to level 2 SBML exclusively, despite the
existence and the increasing expansion of level 3 SBML. Since the latest level (3) of SBML
provides the generation of a document more structured, complete and with more and de-
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Algorithm 1 Homology-based draft models reconstruction algorithm
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: Input: newModel

referenceModelsSet
similaritySearchesThresholds
alignmentMethod

: queryGenome <— newModel.getGenome()

. for each referenceModel in referenceModelsSet do

sujectGenome < referenceModel.getGenome()
isFirstMerge <« false

if newModel.isEmpty() then
referenceModel.dumpTablesToNewModel ()
newModel.set AllReactionsNotInModel ()
isFirstMerge < true

end if

similaritySearch <— RunSimilaritySearch(queryGenome, subjectGenome,
alignmentMethod, similaritySearchesThresholds)
queryOrthologousGenesMap < similaritySearch.getOrtholousgsGenesMap()

process < SelectAndLoadOrthologousData(queryOrthologousGenesMap)
process.process AndGetOrthologousData()

if isFirstMerge then

process.updateTablesData AndGeneldentifiers()
else

process.insert DatalntoNewModel ()
end if

listOfMatchedGenes < process.getGenesWithReactionAssociations()
queryGenome.remove(listO f Matched Genes)

35: end for
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tailed information. Hence, updating merlin’s exporting mechanism to support the export to
SBML level 3 was mandatory.

This new feature pipeline comprises two major steps: retrieving of the model’s data from
merlin’s database and the construction of the SBML document.

4.5.1 Retrieving model’s data from database

This first step in SBML level 3 exporter pipeline was supported by two already implemented
classes: the merlin’s 'ContainerBuilder” class and MEWorkbench Biocomponents” "Container’
class. The first one implements the 'IContainerBuilder’ interface and aims to retrieve the
data contained in the model database, converting it into containers objects which are a
workable and structured way to handle the data. Thus, all information retrieved from the
model database is saved in merlin containers and transferred into MEWorkbench containers,
after the proper processing provided by the "Container’ class. This class receives an "ICon-
tainerBuilder’ as input and aims to process all information from the containers built by the
"ContainerBuilder” class. The conversion of merlin’s containers to MEWorkbench containers

by the 'ContainerBuilder’ class allows using the "Container’ class and its methods.

4.5.2 Building the SBML level 3 document

The next and final step of the SBML level 3 exporter concerns the construction of the SBML
document. Thus, the "SBMLLevel3Writer’ class was implemented to write the SBML level
3 document with the retrieved model data. 'SBMLLevel3Writer’ receives a MEWorkbench
"Container’ and accesses all its relevant data to write the SBML document. This class is
supported by the JSBML library and its classes such as the "SBMLDocument”, “Model”
and "FBCModelPlugin”. The first step in the SBML file construction is the creation of
the main SBML element, “"Model”. It is created using a JSBML Model object, in which
all children SBML elements are added after being created in the form of JSBML objects.
'SBMLLevel3Writer’ implements methods to generate JSBML objects corresponding to nine
core SBML level 3 elements of the model, which are:

e ”“annotation” this SBML component is created and added to the “Model” using the
"Annotation’ class. Each ”Annotation” object contains the “identifiers.org” URIs ref-
erencing the element to which it was associated. Those “identifiers.org” URIs were
generated by merlin’s 'ExternalRef” class.

e "listOfGeneProducts” this SBML level 3 element is created and added to the “Model”
in the form of plugin using the "FBCModelPlugin’ class. This class is filled with "Gene-

Product” objects representing the genes of the model. Each “GeneProduct” contains
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an identifier composed by the "G_” prefix together with the gene locus tag. Fur-
thermore, it also contains a label with the gene locus tag, the name if available and
the respective annotation. At last, an “annotation” element containing the ”identi-
fiers.org” URIs for “ncbigene”, “kegg.reaction” and “ec-code” collections is added to

each “"GeneProduct”.

"listOfGroups” this SBML level 3 element is created and added to the “Model” as a
”"GroupModelPlugin” object, containing a “ListOf” object carrying all created "Group”
elements. Each "Group” represents a specific pathway and is characterized by the
following parameters: “id”, “name”, “kind” and “listOfMembers”. The parameter
“name” was set as the pathway’s name. Regarding the "listOfMembers” element, it
represents the pathway’s associated reactions and is composed by a set of “Member”
objects, each one characterized by a reaction identifier. Furthermore, the parameter

"kind” was defined as ”partonomy” for all “Group” objects.

"listOfUnitDefinitions” this SBML element is added to the "Model” as “ListOf” ob-
ject containing all defined “UnitDefinition” elements. Each “UnitDefinition” contains
a "ListOf” object carrying “Units” objects for the specified “UnitDefinition”. In this

e

work, three different Units were used, namely the “mole”, “gram” and ”second”.

”listOfObjectives” this SBML element was created and added to the “Model” as a
"FBCModelPlugin” containing ”“Objective” objects. An ”Objective” with the “maxi-
mize” type was adopted in this tool as default. It was composed by one “FluxObjec-
tive” object representing the biomass, if there is one, and associated with the biomass

reaction model identifier.

"listOfCompartments” this SBML element is created and added to the "Model” as a
"ListOf <Compartment>" object. For each “Compartment” element, the “name” and
the ”id” are established. The ”id” is composed by the prefix “C_” followed by an
incremented five digits number. Furthermore, all compartments “constant” field are

set "true”.

"listOfSpecies” this SBML element is created and added to the "Model” as a “ListOf
<Species>" object. For each "Species” a set of attributes including the ”id”, the "com-
partment” reference, the “charge”, the “name”, the “chemicalFormula” and also the
Boolean atributes “boundaryCondition”, “constant” and “hasOnlySubstanceUnits” is
assigned. Regarding the “Species” id, it was composed by the prefix “"M_" followed
by a five digits number corresponding to the metabolite’s id in merlin database. The
compartment reference was set using the corresponding “Compartment” element id.
Moreover, the Boolean attributes “constant” and “hasOnlySubstanceUnits” were clas-

sified as “false” for all "Species” in those associations and the “boundaryCondition”
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attribute only took value “true” when the ”"Species” were generated for drains reac-
tions. Regarding the “chemicalFormula” and “charge” attributes, they were added
to the "Species” element through a "FBCSpeciesPlugin” object. Finally, an “annota-
tion” containing the ”identifiers.org” URIs for "kegg.compound” collection is added
to each “Species”.

e "listOfParameters” this SBML element is created and inserted into “Model” as a
"ListOf <Parameter>" object. For each created "Parameter” element, the attributes
”id”, “name”, “value” and the Boolean ”constant” are assigned. “Reactions” bounds
are represented by “Parameter” objects, whose units are millimoles per gram (dry
weight) per hour. Thus, at first, three default "Parameter” objects are created con-
taining the merlin’s reaction bounds default values, whose static module values are
999999.0 for the lower and upper bounds, and o.0 for the zero bound. Then, for
each processed reaction, when the bounds are different than merlin defaults, new
“Parameter” objects are created and added to the “ListOf <Parameter>". All gener-
ated "Parameter” are defined as constant. After all reactions are processed the result
"ListOf<Parameter>" object is added to the "Model”.

e "listOfReactions” the method that generates this SBML element uses the “Reaction”
object and inserts it directly into “Model”. It aims to load all model’s reactions into
the SBML document. Drain reactions are also loaded into the “listOfReactions” and
new “Species” (boundary species) for each one of them are defined. For each "Re-
action” object created, the “id”, “name”, “metaid” and the Boolean “reversible” are
assigned. The assigned ”id” is generated using the prefix "R_" followed by the au-
tomatic database identifier and the assigned “name” is result of a concatenation of
the reaction’s KEGG identifier and the reaction’s equation, separated by a double
underscore. Regarding reaction’s “lowerFluxBound” and “upperFluxBound”, they
are added into “Reaction” object using the "FBCReactionPlugin’ class. Moreover, the
reactants and products are added to “Reaction” as “SpeciesReference” objects contain-
ing the corresponding SBML “Species” identifier, the stoichiometry and the Boolean
parameter “constant”. Furthermore, the ”geneProductAssociation” element is also
added, using a “FBCReactionPlugin” object containing a ”"GeneProductAssociaton”
object. The ”"geneProductAssociation” elements are composed by “geneProductRef”
elements that points to specific “geneProducts” within the SBML document. At last,
an “annotation” element containing the “identifiers.org” URIs for "kegg.reaction” col-
lection is added to each "Reaction”.

The "Model” object can contain its own annotation too. Thus, an ”Annotation” object
was added into the “"Model” object. This ”“Annotation” object is composed by a list of a

maximum of three “CVTerm” objects. Each "CVTerm” is defined by a ”"Qualifier” enu-
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merator value representing a Minimal Information Required In the Annotation of Models
(MIRIAM) model or biological qualifier. This model created by this plugin, contains three
“"CVTerm” objects. The first “"CVTerm” contains the “hasTaxon” MIRIAM biological qual-

7

ifier associated to the taxonomy identifier of the organism. The second contains the ”is”
MIRIAM model qualifier associated to the model identifier. The last “"CVTerm” contains the
"isDescribedBy” MIRIAM model qualifier associated with a PubMed identifier. Only the

7

”"CVTerm” with the organism’s taxonomy identifier is always present. The other “CVTerms”
are added if the model identifier and/or PubMed identifier is available.

After the JSBML "Model” object is created, it is inserted into a “SBMLDocument” object.
Then, the JSBML "SBMLWriter” class was used to generate the SBML level 3 file. This class
requires a “SBMLDocument” object and an "OutputStream” object to write the SBML file.
This writer class also allowed to set program name and version from which the model was
exported. The final structure of the SBML level 3 document exported by this new tool is

represented in Figure 7.

<?xml version='l.0'" encoding='UTF-8"7?>

<sbml xmlns="http://www.sbml.org/sbml/level3/version2/core"
fhe:required="false" level="3" wversion="2"
xmlns: fbe="http://www.sbml.org/sbml/level3/versionl/fhc/version2™

xmlns:html="http://www.w3.0rg/1939/xhtml">
—nan

<model fbe:strict="true" id="model sbml3" metaid="bc5%02641" name="S5BML3 Structure">
<fbec:1listO0fObjectives:>

</fbe:1list0fObjectives>
<fbc:1ist0fGeneProducts:

</fbe:1list0fGeneProducts:>
<listOfUnitDefinitions>

</1listOfUnitDefinitions>
<listOfCompartments>

</listOfCompartments>
<groups:listOfGroups>

</groups:listOfGroups>
<listOfParameters>

</listOfParameters>
<listOfSpecies>

</listOfSpecies>
<listOfReactions>

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

Figure 7.: The skeleton of the model definition expressed in the SBML level 3 exported by
merlin’s (showing only the top-level elements of the document).

58



4.6. Other merlin’s features improvement

4.5.3 SBML Level 3 Exporter Operation

Unlike the other tools/features implemented in this work, SBML level 3 exporter did not re-
quire the implementation of a new AlBench operation. In this case, the existing "ExportToS-
BML’ operation was used. However, minor adaptations were performed in this operation.
Namely, two new variables, "L3V1” (level 3, version 1) and "L3V2" (level 3, version 2), were
added to "SBMLLevelVersion” enum type used to specify the level and version of the SBML
file in which the model will be exported. Lastly, a checker was added to the operation to
verify the user requested SBML level and version, and a new module with the SBML level

3 exporter pipeline was added to run when the requested SBML level was 3.

4.6 OTHER merlin’s FEATURES IMPROVEMENT

Besides the development of the already described major tools, smaller but no less impor-
tant improvements were implemented on merlin, aiming at a better organization, hastening
processes and a more detailed and intuitive graphical interface. The most relevant small
improvements will be described below.

4.6.1  Improving FASTA files processing and uploading

The selected organism’s protein FASTA file is a key piece in merlin’s reconstruction process.
This file contains the protein sequences encoded in the organism’s genome and are used
for several tasks in merlin, such as the enzymes annotation and the transport proteins an-
notation. All protein sequences are associated with the respective NCBI protein identifier,
but not with the associated gene locus tag. Furthermore, despite the existence of a table
within merlin’s database to store all the organism protein sequences, merlin was not using
it for backup or as the main source. Instead, merlin uses the FASTA file to perform all tasks
that require the organism’s protein sequences, thus depending on the file’s presence in the
workspace folder. The same happens with the RNAs FASTA file.

Therefore, alterations were performed to enable merlin to load the genome protein and/or
RNA sequences every time that a new FASTA file was added, either manually or by the
automatic genome files download. Furthermore, an AlBench operation was implemented
to associate the NCBI identifiers of the protein sequences with the corresponding gene locus
tags. This operation searches in the downloaded GenBank annotation FASTA file (”.gbff”)
of the organism, in UniProt database and in the NCBI’s Protein database, in this order, for
the gene locus tags associated to the protein sequences NCBI identifiers. This operation can

be used to retrieve genes locus tags not only when the genes and the protein sequences are
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being loaded to the database but also when the enzymes annotation are being integrated in
the model.

This improvement allows merlin to use the internal database to keep the genome, thus
preventing undesired issues inherent of fasta file’s deletion or alteration. Moreover, with
the locus tags update operation the results of the annotation, specifically the enzymes an-
notation, can now be integrated in the model with a standardized and homogenous genes

identification.

4.6.2  Genes view improvement

Another improvement performed in merlin concerns the “genes” visualizer panel. A new
column that displays the number of associated reactions to each gene was added. This
counting is achieved with one of two approaches: searching for reactions that contains the
gene in its gene rule, or by accessing the associations made within the database between
the reactions table and the gene. This new column provides users with an instant overview
on the gene-reaction associations distribution of the model.

The result layout of the merlin’s “genes” view is displayed in Figure 8.

F7 merlin - v3.8.0-beta — a X
workspace annotation model
[ Clipboard | ! B genes |
¥ ’ Ier/l.n info locus tag names number of encoding subunits number of encoded proteins | number of associated reactions
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Figure 8.: merlin’s “genes” view layout after the addition of the “number of associated reac-
tions” column.
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4.6.3 e-Biomass Support of ModelSEED’s Compounds

Hitherto, merlin exclusively used KEGG data to develop GSM models. Hence, support-
ing the integration of ModelSEED models into merlin created issues for tools that relied in
KEGG identifiers, such as e-BiomassX. Thus, the e-BiomassX tool was updated, including its
“biomassldentifiers” configuration file that contained the default biomass components asso-
ciated with the KEGG identifiers. The corresponding ModelSEED identifiers were added to
each component and minor alterations were also performed in merlin to enable the parsing
of the new “biomassldentifiers”.
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RESULTS AND DISCUSSION

5.1 merlin’s IMPROVED ARCHITECTURE

The main result of this work was the implemented set of new merlin tools. Thus, all the
developed tools were embedded on merlin’s framework, resulting in a reformulated and

improved merlin’s architecture, that can be visualized in Figure 9.
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Figure 9.: A schematic representation of merlin’s improved architecture, as a result of the
inclusion of new features (represented with color black) developed in this work.
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5.2 VALIDATING SBML MODEL’S IMPORTER AND SBML LEVEL 3 EXPORTER

A GSM model for Escherichia coli was imported and exported to SBML level 3 using the new
tool developed in this project, to confirm that the implemented tools were working correctly
in merlin and with without bearish bugs. It should be emphasized that this validation test
does not replace the complete debug realized when developing both tools.

In this validation test, the published model iAF1260 [42] of the Escherichia coli str. K-12
substr. MG165 was used. This curated model was stored in a SBML level 2 version 1 file
containing the ModelSEED identifiers for both metabolites and reactions, thus allowing
the use of ModelSEED database files to support the loading process. Though the origi-
nal model comprises BIGG identifiers, KBase’s app "Integrate Imported Model into KBase
Namespace” was used convert these modelSEED identifiers. The genome files were re-
trieved using the Genome Sequence and Annotation Data Files Automatic Download tool
developed in this work. Using the taxonomy identifier 511145, it accessed the NCBI's As-
sembly record ASM584v2 and downloaded the genome files from RefSeq repository.

The original SBML model encompasses drains reactions, but no boundary metabolite
was represented within the list of species. Furthermore, it was composed of 1668 different
species elements, representing 1039 unique metabolites, 2382 reactions of which 304 were
drains and one represented the biomass equation, 718 transport reactions, 3 compartments
(cytoplasm, periplasm and extracellular) and 1261 genes used to build 1944 gene-reaction
associations.

Firstly, the SBML model was imported using the implemented SBML model’s importer,
already described in the last chapter. As this SBML model contains the ModelSEED iden-
tifiers for both metabolites and reactions, additional data such as metabolite names and
reactions associated KEGG identifiers, were retrieved from ModelSEED database files and
added with all SBML information. This tool represents a whole new feature, allowing mer-
lin to import SBML models in a relatively fast way, which allows to use merlin as a proxy
for the curation of other software draft reconstructions, or the possibility to build draft
networks using already curated models as basis for new reconstructions. However, this
tool has limitations, being the most obvious one the fact that, for now, it can only retrieve
additional information for models developed using ModelSEED identifiers. Otherwise, it
will be strictly dependent on the amount and quality of the information available in the
SBML, such as metabolites formulas, reaction pathways and reactions reversibility. Thus,
the upgrading of this tool to specifically support the loading of models from other sources,
such as BIGG, seems a logical improvement.

The second step of this validation was executed using the implemented SBML level 3
exporter. This tool was used to export the E.coli K12 model previously imported to merlin.
Ignoring the inherent differences between the imported E.coli model and the one gener-
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ated by merlin due the different SBML levels of the respective models, merlin’s SBML level
3 exporter was able to write a SBML file with all the components present in the original
model. A “GeneProduct” and a ”"Reaction” component containing a “GeneProductAsso-
ciation” and present in the generated SBML level 3 file, can be visualized in Figure 10
and Figure 11 ,respectively. Furthermore, additional components were added, namely the
boundary compounds present for the drain reactions. Beyond the 1668 species present in
the original SBML model, 304 new species representing the boundary compounds of the
drain reactions were added to make a total of 1972 species in the file. Furthermore, the
output SBML level 3 model presented no errors when validated in the online validator
available at http://sbml.org/Facilities/Validator.

<fbc:1listOfGeneProducts xmlns:fbc="http://www.sbml.oxrg/sbml/level3/versionl/fbc/version2">
<fbc:geneProduct fbc:id="G_b4054" fbc:label="b4054" metaid="G_b4054">
<annotation>
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns§" xmlns:bgbiol="
http://biomodels.net/biology-qualifiers/">
<rdf:Description rdf:about="#G_b4054">
<bgbiol:isEncodedBy>

<rdf:Bag>
<rdf:1i rdf:resource="http://identifiers.org/ncbigene/b4054" />
<rdf:1i rdf:resource="http://identifiers.org/keqgg.reaction/R01090" />

<rdf:1i rd source="http://identifiers.org/kegg.reaction/R00734" />
<rdf:1i rdf:resource="http://identifiers.org/kegq.reaction/R006394" />
</rdf :Bag>
</bgbiol:isEncodedBy>
<bgbiol:is>
<rdf:Bag />
</bgbiol:is>
</rdf:Description>
</rdf:RDF>
</annotation>
</fbc:geneProduct>
<fbc:geneProduct fbc:id="G_b4053" fbc:label="b4053" metaid="G_b4053">
<annotation>
<rdf:RDF xmlns:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns#" xmlns:bgbiol="

Figure 10.: Screenshot of a "GeneProduct” component present in the E. coli’'s SBML level 3
generated by merlin’s SBML 3 exporter.

Up till now, merlin only exported models in SBML level 2 format. Thus, the implementa-
tion of this tool seemed to be necessary and relevant, as it is an update to merlin’s output
engine and offers the latest solution within this format. However, other improvements can
always be added. Such as the generation of “identifiers.org” URIs, for metabolites and re-
actions, with database references beyond KEGG'’s or ModelSEED’s. These improvements
can increase reliability on the model data and reduce possible mistakes when importing or

using the exported model.
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<reaction fbc:lowerFluxBound="merlin 0 bound" fbc:upperFluxBound="merlin defawlUB" id="R 0014535"

name="rxn05152 p (H20+ATP+L-Aspartate=>ADF+Fhosphate+L-Aspartate+H+)" reversible="false">
<fboigeneProductissociation xmlns:fho="http: //www.sbml.org/sbml flevel3/versionl /fho/version2">
<fhbc:and>

<fbc:geneProductRef fbc:geneProduct="G_bOE55" />
<fbec:geneProductRef fbhe:geneProduct="G bDE52" /=
<fbc:geneProductRef fbo:geneProduct="G b0653" />
<fbc:geneProductRef fbc:geneProduct="G _b0654" />
</fbc:and>
</fbc:geneProducthssociation>
<listOfReactants:>

<gpeciesReference constant="true" species="M 00016" stoichiometry= f>
<speciesReference constant="true" species="M 000353" stoichiometr S=
<speciesReference constant="true" species="M 00033" stoichiometr />
<flistOfReactants>
<listOfProducts>
<speciesReference constant="true" species="M 00013" stoichiometry= />
<gpeciesReference constant="true" species="M 00034" stoichiometr />
<speciesReference constant="true" species="M 00012" stoichiometr f>
<speciesReference constant="true" species="M 00023" stoichiometry =

<f1istOfProducts:
<freaction>

Figure 11.: Screenshot of a “Reaction” component present in the E. coli’s SBML level 3 gen-
erated by merlin’s SBML 3 exporter.

5.3 Treponema pallidum DRAFT RECONSTRUCTION

One of the goals of this work was to perform the draft GSM model reconstruction of T.
pallidum, thus accessing the consistency and capability of merlin’s new features. For this
purpose, the homology-based draft network reconstruction tool implemented in this work
was used. Three curated models, with ModelSEED identifiers, were used as input for imple-
mented tool to generate the draft network. The result draft reconstruction was evaluated,
and a biomass equation was added using merlin’s updated e-BiomassX tool. The whole
process comprising: the selection of the reference models, the draft reconstruction pipeline
and the draft network overview, as well as a critic analysis of each step, is described next.

5.3.1 Selection of the reference models

The selection of published models to use as input for our T. pallidum draft reconstruction
was performed using a set of published manually curated genome-scale metabolic networks
reconstructions. From all species of bacteria in the models” repository, 4 gram-negative
bacteria whose model’s SBML was available online were selected. The selected organisms,
Yersinia pestis CO92, Klebsiella pneumoniae MGH 78578, Bordetella pertussis Tohama I and
Piscirickettsia salmonis A1-15972, together with Escherichia coli str. K-12 substr. MG165 and T.
pallidum were submitted to a phylogenetic analysis using Clustal Omega multiple sequence
alignments online tool [112] available at https://www.ebi.ac.uk/Tools/msa/clustalo/.

The alignments were performed using each species” 16S rRNA sequence, retrieved from
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the respective genome files available in the respective RefSeq’s repository. Therefore, a
phylogenetic tree built with the alignment results was generated by Clustal Omega and is
displayed in Figure 12.

_ ——— TPANIC_RS011200.16023

BPr01 0.09256
KW89_RS00920 0.07307
YPOr04 0 02852
KPN_RS15635 0.01845
b2591 0.01921

Figure 12.: Neighbour-joining phylogenetic tree generated online with the results of the
multiple sequence alignments of the 16S rRNA sequences of six different or-
ganisms (TPANIC_RSo1120 - T. pallidum; BPro1 - B. pertussis; KW89_RSo0920 P.
salmonis; YPOrogq Y. pestis; KPN_RS15635 K. pneumoniae; b2591 E. coli K12),
using the Clustal Omega multiple sequence alignment program. This tree was
generated without distance corrections.

Attending on the results represented by the phylogenetic tree as well as the identities
on the alignments result identity matrix, supplementary table S1, the lack of close phy-
logenetic relations between our case-study organism and the other models is noticeable,
as the distances for all organisms are considerable. However, the point of this analysis
was to find phylogenetically close species to T. pallidum, among the available candidates.
Thus, the iBP1870 of B. pertussis and iPSA584 model of P. salmonis were selected as input
reference models in the draft reconstruction of T. pallidum. Furthermore, the published
model iAF1260 of the E. coli str. K-12 substr. MG165 was also selected, as it is the most
well-curated model available for a reference organism. The template models’ selection was
limited not only by the defined criteria (SBML model available and the organism being a
gram-negative bacteria), but also for the lack of published models for closer organisms, like

the ones belonging to the Treponema genus.

5.3.2 Draft reconstruction output

Using the implemented homology-based model’s reconstruction tool and the selected mod-
els (1AF1260, iBP1870 and iPSA584) as input, a new draft genome-scale metabolic model
was constructed for T. pallidum. This reconstruction assembled the data associated to the
matched orthologous in the three input models, in this order: 188 gene-reaction associations
connecting 99 genes with 188 reactions, from E. coli’s iAF1260; 76 gene-reaction associations
connecting 17 genes with 76 reactions of which 23 were not in T. pallidum reconstruction,
from B. pertussis’s iBP1870; and 13 gene-reaction associations connecting 8 genes with 13
new reactions, from P. salmonis’s iPSA584. This distribution displayed in table 5.
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Therefore, this draft reconstruction comprises 124 genes of the 1003 predicted ORFs
present in the FASTA file, which are associated with 224 reactions and 354 metabolites.
This draft was automatically generated by merlin using three models as reference, and no
further manual curation was performed, since the main goal was the tool implementation

followed by the generation of the draft reconstruction.

Table 5.: Origin of the genes, reactions and gene-reaction associations data incorporated in the
T. pallidum draft reconstruction.

E. coli (iAF1260) B. pertussis (iBP1870) P. salmonis (iPSA584)

Genes 99 17 8
New Reactions 188 23 13
Gene-reaction associations 188 76 13

The results of the draft reconstruction were then compared to the recently published
first manually curated draft reconstruction of the same organism carried out by Morini and
collaborators [87], and also with a draft reconstruction generated in KBase. The comparison
of the three GSM models’ characteristics is displayed in table 6. Note that the “Reactions”
count presented in the table also comprises the transport reactions.

Table 6.: Main model’s components of three draft reconstructions of T. pallidum, namely the
one generated on merlin, a recently published one (iSM161) and a draft generated
by KBase. * - as the model was not available, it is not possible to determine if the
reaction set included transport reactions and which reactions had not GPRs.

merlin’s drfift iSM161[87] KBase’s dl‘flft

reconstruction reconstruction
Metabolites 354 277 665
Reactions 224 239 529
Transport Reactions 52 * 67
Genes 124 151 83
Reactions without GPRs 36 * 350

As shown in table 6, the first two draft models (merlin’s draft reconstruction and the cu-
rated draft iSM161) have similar size and characteristics, whereas KBase’s model is much
larger. According to the authors, the iSM161 draft reconstruction was already curated,
which shows that merlin’s draft reconstruction is robust as the number of reactions, metabo-
lites and genes is very similar. Furthermore, considering the genome size and literature
references [29, 46, 75, 89, 103], it can be noticed that this bacterium has one of the small-
est prokaryotic genomes, and thus limited biosynthetic capabilities [46], depending largely
on the host to obtain the necessary nutrients. Therefore, the small number of reaction-
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associated genes seems reasonable and framed by the biological context of the organism.
The reactions present in the merlin’s draft reconstruction were grouped by pathway and the
percentage of reactions assigned to each pathway was calculated. The outcome of this anal-
ysis is represented in the pie chart displayed in Figure 13. Pathways with reactions’ count
lower than 5 were merged into the "Other pathways” category. Note that same reactions
may be present in different pathways.

2. 0% Reactions distribution by pathway

20% O‘V 1.7%

20%
2.4%

m Other pathways (less than 5 reactions)
m Undefined pathway
® Transporters pathway
Purine metabolism
® Pyrimidine metabolism
m Carbon metabolism
m Aminoacyl-tRNA biosynthesis
m Biosynthesis of amino acids
m Carbon fixation in photosynthetic organisms
m Pentose phosphate pathway
m Peptidoglycan biosynthesis
B Glycine, serine and threonine metabolism
m Glyoxylate and dicarboxylate metabolism
= Methane metabolism
Nicotinate and nicotinamide metabolism
Glycolysis / Gluconeogenesis

246
24%

Figure 13.: Pie chart representing the relative frequency, in percentage, of reactions by path-
way, in the merlin’s draft reconstruction.

Transport reactions represent 14.1% of the metabolism. This is a significant fraction of the
organism’s reactions, which strengthens the claim that the organism limited biosynthetic
capabilities, requiring considerable repertoire of transport proteins with broad substrate
specificity to obtain the required nutrients from the environment [46]. Moreover, it should
be considered in future work to perform an analysis of transport proteins with TranSyT,
merlin’s new tool to track transport systems, as it is likely that this organism encodes in its
genome several more transport proteins.

Furthermore, 19.2% of the draft model’s reactions were not assigned to a pathway. This
high percentage of reactions may be associated with the fact that not all identifiers on
the reference models were converted to the ModelSEED’s. Thus, to generate a better and
consistent draft, one needs to ensure the homogeneity of the model’s species and reactions
identifiers.
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5.3.3 Biomass Assembly

The biomass composition, represented in table 7, was assembled in the model and the
biomass assembly equation was added to the draft model. The biomass core composition
of the published model of E. coli K12, iAF1260, was used as template for the T. pallidum

biomass assembly.

Table 7.: e-Biomass constitution assembled for the T. pallidum draft reconstruction and based
on the iAF1260 E. coli K12 template. Each component participation in biomass
generation is disposed in grams of macromolecule per gram of dry weight per
hour.

Biomass component Coefficient (g MM . g DW-1. h-1)

e-Protein 0,578
e-DNA 0,033
e-RNA 0,216

e-Cofactor 0,014
e-Lipid 0,096
LPS 0,036
Murein 0,026

This process involved converting E. coli’s biomass composition to T. pallidum, which
added new metabolites in the model. Hence, new transport reactions to import/uptake
these molecules into the cell must be included in the model. Improving this model would
involve wet-lab analysis to identify, for instance, the lipids that compose the membrane, as
a better study on the organism’s requirements is advised to generate a more accurate and
reliable biomass assembly equation. Despite, that analysis and the draft manual curation,
were not performed as it was not on the scope of this work. The full biomass content table
is attached as supplementary figure S1, available in the Support Material section.

Once the biomass assembly and macromolecules polymerization equations were included
in the model, the draft GSM model was exported to SBML level 3 format using the previ-

ously described new tool.
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CONCLUSIONS

The work presented in this thesis aimed to expedite merlin’s reconstruction process and
enrich it with a broad set of different tools. Thus, in this work a set of tools, includ-
ing a SBML models” importer and an automatic draft generator, were developed. This
new improved version of merlin can be accessed through the GitHub repository at https:
//github.com/merlin-sysbio. These new implemented tools confer a more automatic
character to merlin’s model’s reconstruction process and to merlin itself, as they succeeded
to generate the draft genome-scale reconstruction of T. pallidum. Now, merlin not only is
able to import draft reconstruction templates or well curated models from other sources,
but to generate its own draft reconstruction to use as start point in the model reconstruc-
tion process, thus to apply its curation features reportory. The draft reconstruction of the
bacterium T. pallidum subs. pallidum str. Nichols was also generated used the implemented
tools, followed by the biomass assembly to finally be exported to SBML Level 3.

Therefore, globaly the main goals of this work were achieved, as a set of tools connected
with each other to expedite merlin’s processes, as well as a draft genome-scale of T. pallidum

is presented.

6.1 LIMITATIONS

Though several improvements were performed to merlin in the scope of this work, limita-
tions are still present in this framework. Namely the new model’s importing tool reliance
on ModelSEED'’s identifiers to retrieve additional data, although it may not be an issue if
a very detailed SBML with a complete set of information for each of its components. Fur-
thermore, another limitation relies on the automatic draft generator’s dependency on the
quality and consistency of the input models, which will likely come from the importing

process, to generate a draft with as few inconsistencies as possible.
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6.2. Prospect for future work

6.2 PROSPECT FOR FUTURE WORK

As the reconstruction of genome-scale models is continuously growing, so is the need to
improve metabolic models” reconstruction software. merlin is not different, as more im-

provements and new tools can be performed in future works, such as:
e Update SBML models” importer to use data from other databases, such as BIGG;

e Implement a tool to retrieve published models available in online databases such as
BIGG, for further import;

e Reduce merlin’s dependency on KEGG database.

Moreover, the curation and refinement of the T. pallidum draft genome-scale reconstruc-
tion, obtained in this work, seems mandatory.
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SUPPORT MATERIAL

Table S1.: Clustal Omega alignments result identity matrix.

TPANIC_RSo1120 BPro1 KWB89_RSo00920 YPOros KPN_RS15635 b2591

TPANIC_RSo1120 100 74.72 76.12 74.71 74.4 74.87
BProx 74.72 100 81.62 81.9 81.83 81.82
KW89_RS00920 76.12 81.62 100 84.33 84.52 85.45
YPOrog 74.71 81.9 84.33 100 94.95 94.22
KPN_RS15635 744 81.83 84.52 94.95 100 96.23
b2591 74.87 81.82 85.45 94.22 96.23 100
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