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ABSTRACT

Genome-scale metabolic models have been recognized as useful tools for better understanding living
organism’s metabolism. Merlin (https://merlin-sysbio.org/) is an open-source and user-friendly
resource that hastens these models’ reconstruction process, conjugating manual, and automatic
procedures, while leveraging user’s expertise with a curation-oriented graphical interface. An updated
and redesigned version of merlin is herein presented. Since 2015, several features were implemented
in merlin, along with profound changes in the software architecture, operating flow, and graphical
interface. The current version (4.0) includes the implementation of novel algorithms and third-party
tools for genome functional annotation, draft assembly, model refinement, and curation. Such updates
led to an increase in the user-base, resulting in multiple published works including genome metabolic

(re-)annotation and model reconstruction of multiple (lower and higher) eukaryotes and prokaryotes.
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INTRODUCTION

Genome-scale Metabolic Models (GSMM) are genome-wide representations of a given organism’s
metabolism. Accordingly, the metabolic information inferred from the genome is integrated with
biochemical data, commonly retrieved from reference databases. Within their broad spectrum of
applications (1), high-quality GSMM can be used to predict phenotypes under different genetic and
environmental conditions. Such models have been guiding metabolic engineering towards maximising
cell factories’ efficiency, predicting the most suitable conditions for driving flux into the production of

compounds of interest.

During the past two decades, an increasing number of genome sequences have become available (2).
Correspondingly, the number of curated GSMM has taken the pace, as it overtook the mark of the six
thousand since 1999’s Haemophilus influenzae model was published (1). Nevertheless, such models’
reconstruction process is often time-consuming and laborious, as it could last from a few months to

years (3).

Given the usefulness of GSMM, several endeavours were devised to accelerate their reconstruction’s
extensive tasks. State-of-the-art platforms can integrate fully and semi-automatic methods and
graphical interfaces capable of assisting the model’s manual curation (4). Automatic methods provide
useful clues and resources to hasten the reconstruction of metabolic networks. Nonetheless, manual
curation is recognised as a relevant task to ensure the high quality of genome-wide metabolic
reconstructions (3). Such fact derives from the often absent or incomplete genome annotations (5)
and biochemical data. As far as this is concerned, a balance between automatic processes and

manual curation is desirable.

Merlin (6) is a comprehensive open-source platform, regularly updated, initially released in 2010 and
published in 2015, aiming to assist and accelerate the main tasks of the GSMM’ reconstruction.
Multiple tools for genome functional annotation, draft assembly, model refinement, and validation

have been implemented as plugins since the last major version.

Over the last years, merlin’s user-base has grown considerably, resulting in the reconstruction of
GSMM of multiple organisms from all domains of life, ranging from small-sized genome bacteria to the

complexity of higher eukaryotes such as the oak tree.

Herein, we present the newest version of merlin (version 4), which includes profound software
architecture changes, database management, and significant updates in already implemented
operations. Furthermore, new valuable features were developed and integrated into the framework,
mainly as plugins. Additionally, the graphical interface suffered profound alterations, as it was
adjusted to enhance the user-friendliness and the assistance of the manual evaluation and curation.
Boosted by all these improvements, merlin version 4 is an oriented and powerful tool with great

scalability that ensures the trade-off between automatic and manual reconstruction workflows.
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SOFTWARE ARCHITECTURE AND OVERVIEW

Merlin version 4 is implemented on top of AlBench, a Java application framework for scientific
software development (7), and includes four main functional modules: Genome Functional Annotation,
Model Reconstruction, Curation, and Data Import/Export. The software architecture is divided into
layers of software dependencies. Herein, two main layers can be considered: plugins and project

(outer and grey shaded layer in Figure 1, respectively).
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Figure 1 — Merlin’s holistic software architecture. This figure captures the functional modules covered by
merlin and the layers of software dependencies. The modules are divided into Genome Functional Annotation,
Model Reconstruction, Curation and Data Import/Export. Each of these modules comprises several tools
associated to a given stage of reconstruction or data acquisition. These tools are either in the plugins form
(outer, green-shaded boxes) or are included in the software project (inner, dark-grey shaded boxes). The
project, which includes the main components of the software, is also composed by the BIOCOMPONENTS,
CORE and ORM modules (central, light-grey boxes). Such components are the cornerstone of the software, as
all the operations depend on the classes contained here.

As shown in Figure 1, the project’'s CORE represents the software’s core, where datatypes, interfaces,
and containers are implemented to manipulate relevant data (e.g. genes, metabolites). Moreover, the
database access and Object-relational mapping (ORM) modules were integrated into the project layer

and are discussed in the next subsection.
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The project’'s BIOCOMPONENTS represent the internal library wrappers that allow handling and
manipulating a given model without depending on the internal database. Accordingly, these

computational objects can be used for independent operations.

Finally, Application Programming Interfaces (APIs) for external data access and other essential
operations are contained in the merlin’s project layer. Table S2.2 (Supplementary data) provides a
brief description of each database used by merlin and enumerates the operations that use data

retrieved from those sources.

The plugins’s layer represents optional features that can be both installed and updated at any time.
Moreover, a plugins management system was implemented to allow users to update the software
without downloading and installing a completely new version. Each plugin and their implementation

are enumerated and described in Table S2.1 (Supplementary data).

This new architecture is more flexible than the previous, as it allows the implementation and release

of new features more easily and effectively.
ORM

The new features available in the newest version require the storage and manipulation of complex
biological data. In the previous version, the interaction between the MySQL (https://www.mysqgl.com/)
database and the biological data involved prepared statements. Database maintenance and
management using prepared statements can be a time-consuming task that requires technical skills

and may hinder the development of new features.

To address this problem, two frameworks, Hibernate (https://hibernate.org/) and Spring Data
(https://spring.io/projects/spring-data) were integrated into merlin’s engine. Hibernate is an open-
source ORM framework created to simplify development, allowing the conversion of Plain Old Java
Objects (POJO) classes into database tables by using mapping configurations. The data present in a
Java object is automatically converted into Structured Query Language (SQL) data without the
development of SQL queries, required for the prepared statements. The adoption of an ORM
framework improved the database maintenance, as any modification of Java entities can be
automatically reflected into the database schema, facilitating the development of database migration
patches between versions of merlin and its plugins. Another improvement prompted by the ORM
adoption was the option to use the H2 database (http://h2database.com/), a Java embedded
database, which overrides the technical requirement of installing MySQL in the machine that will run

merlin.

Spring data was integrated into merlin’s engine to foster Hibernate framework functionalities and
further improve merlin’s database management. In the new version of merlin, Spring-based data
accesses manage the database operations performed by Hibernate ORM and merlin CORE data
structures. The data accesses split the database operations from merlin’s operations, enabling the

development of improved data storage schemas, transparent to merlin’s operations, which allows
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integrating different types of database, e.g. non-relational databases like MongoDB

(https://www.mongodb.com/) or Neo4J (https://neo4j.com/).
NEW FEATURES AND UPDATES
Workspaces management

In the previous version, merlin allowed deploying several “Projects” simultaneously to reconstruct
different GSMM independently. In merlin version 4.0, “Projects” are renamed to “Workspaces”, which
characterises better the reconstruction environment. A new feature offered by merlin is that
“Workspaces” can be exported, imported, and cloned at any moment or stage of the reconstruction
process. This useful feature allows backing up and recovering “Workspaces” at any time, or just
change machines without losing any work. Moreover, backward compatibility is guaranteed by a

plugin that allows importing previous versions of merlin’s “Workspaces”.

New features for genome’s functional annotations

Genome enzymatic annotation routines in merlin include the selection of both gene products and
Enzyme Commission (EC) numbers from Basic Local Alignment Search Tool (BLAST) (8) or HMMER
(9) results. For this selection, the scoring algorithm that accounts for the frequency and taxonomy
described elsewhere (6, 10) is applied. In previous versions of merlin, the parameterization of the
scoring algorithm was manually and empirically determined, often being a time-consuming process or

not providing the optimal parameters for the genome being annotated.

SamPler (11) is a semi-automatic method that relies on statistical metrics and the manual annotation
of a genome sample to determine the optimal parameters. Such tool is available in the plugin form to
configure merlin’s annotation routine, semi-automatically. Though useful and offering optimum results,
an automatic procedure is also available for this task. Merlin provides the automatic workflow
operation that annotates genes according to a list of taxonomically related genus or species. Such list
is used to prioritize the gene product and EC number from entries associated with the utmost
organisms or genus. Hence, homologous genes from taxonomically related organisms will be chosen

as the best candidates for the gene product and EC number selection.

TRIAGE (12) a tool that performs the annotation of transport proteins and the generation of transport
reactions was published just after merlin. However, due to its strict rules for the Transport Candidate
Gene (TCG) identification, the Transporter Systems Tracker (TranSyT) was developed (13). TranSyT
generates a set of system-specific transport reactions with gene-protein-reaction (GPR) rules

associated. Afterwards, these reactions are integrated into the model, automatically.

The compartmentalisation of proteins and metabolites requires loading reports from WolfPSORT (14),
PSORTDb3 (15), or LocTree3 (16). Compared to older versions, merlin can no longer use a remote
Java API for accessing WolfPSORT’s functionalities. Instead, it offers operations to integrate each
tool’s prediction report rapidly. For WolfPSORT and LocTree3 reports, merlin web-scraps the

prediction results directly on the web, requiring only the Uniform Resource Locator (URL) of the report


https://doi.org/10.1101/2021.02.24.432752

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.24.432752; this version posted February 25, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

webpage, whereas, for PSORTb3, merlin parses a prediction file (‘Long Format”), and integrates the
results in the database. LocTree3 reports allow widening the range of options for subcellular
localisation prediction of enzymes and metabolites, providing a valuable tool whose performance is
equal or better than other state-of-the-art software (16). These annotations can be integrated into the

model, defining thresholds for the subcellular localisation prediction scores.
Biomass formulation

The most common approach towards the biomass formulation includes the adoption of biomass
equations from taxonomically related organisms. Although recurrent and assumed not to propagate
significant errors (17), this method has been suggested as incorrect by a more recent study (18).
Instead, estimating the average protein and (deoxy)ribonucleotide contents from the genome seems
to provide better predictions (18). Hence, merlin provides an operation that estimates the contents as
mentioned above, automatically. Furthermore, gene expression data can be used to adjust the protein

contents to experimentally data.

Moreover, merlin provides templates for biomass equations. These templates include averaged
contents of each biomass-related macromolecule for different types of organisms. These values were
retrieved from the literature, from the Model SEED database (19), or can be experimentally
determined. Nevertheless, it is worth noting that these templates can only serve as baselines,

requiring further curation and adjustments.
New features for network curation

Debugging large networks can be a time-consuming task, even for the most experienced curator.

Both merlin graphical interface and services provide means to hasten such a laborious task.

The network topology can be assessed using the “Draw in Browser” functionality, which allows
visualising KEGG pathways in the default browser. Two new plugins, namely MetExploreViz (20) and
Escher Maps (21) complement the network topology analysis package, allowing to visualise more
than one pathway simultaneously and highlighting network characteristics such as compartments,

shared pathways, and network gaps.

Although these tools ease manual curation, they cannot evaluate which reactions are carrying flux,
which metabolites are not being produced, or assess the model’s consistency. Therefore, new plugins
were implemented, namely Biological networks In Silico Optimization (BiolSO) (22) and MEMOTE
(23). BiolSO highlights whether a set of reactions are carrying flux when maximised or minimised.
Also, it enables tracking errors that impair the synthesis of a given reaction’s metabolites. This tool
assists the manual curation and gap-filling along with merlin’s user-friendly graphical interface that
permits adding, editing, and removing reactions. Lastly, MEMOTE (23) constitutes a suite of
standardised tests proposed by the modelling community to assess the model’s quality. The quality of

the models reconstructed in merlin can be verified without leaving merlin’s graphical interface.
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Changes in the Graphical Interface

Merlin’s GUI has significantly changed since the previously published version (6). Besides alterations

in the colours and graphical components, the workspace’s entities have changed as well.

In version 4, model, annotation, and validation are the main modules. As shown in Figure S1.1
(Supplementary material), the model module is subdivided into five main entities: genes, proteins,
metabolites, reactions, and pathways. The information associated with each of these entities is
enumerated in comprehensive tables where users are allowed to edit, insert, and remove elements at
any moment during the reconstruction process. These entities represent the metabolic information
present in the model. The annotation module is subdivided into enzymes and compartments, in which
results from the genome functional annotation are enumerated. The inclusion of the compartments
entity in merlin 4 allows users to curate the subcellular localisation prediction results. Lastly, validation
can include tables with results retrieved from curation and validation tools such as BiolSO and
MEMOTE.

Other features

Merlin allows generating a draft reconstruction from other models. This feature uses BLAST (8) or
Smith-Waterman (24) alignments’ algorithms to decide which reactions should be inherited from the

input model. The ultimate output is a draft reconstruction ready for refinement and curation.

Furthermore, several databases and external GSMM’ cross-references are assigned to all metabolites
and reactions. These are displayed in a comprehensive table after pressing the magnifier button in

the corresponding row of the respective entity (either metabolites or reactions).

Merlin 4 also allows to import and export the genome, annotation results in GenBank (25) file format,
and the GSM model in several levels and versions of the Systems Biology Markup Language (SBML)

(26) format (level 2 versions 1 to 4 and level 3 versions 1 and 2) at any stage of the reconstruction.
RESULTS AND DISCUSSION
Updated workflow

Merlin’s modus operandi has changed since 2015’s published version. The general workflow is
depicted in Figure 2. The whole operating flow is assisted by an enhanced user-friendly interface that

leverages the user expertise and curation’s quality.
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Figure 2 — Merlin updated workflow. The reconstruction steps, the possible inputs and, outputs and processes.
The “hand” symbol indicates manual processes, the “engine” symbols signals the completely automatic ones,
while the semi-automatic ones are marked by both. Each stage’s possible inputs are shown in yellow boxes,
processes in blue, and outputs in green. Finally, the asterisk corresponds to the processes’ required inputs. The
workflow encompasses four main stages: enzymes annotation, draft assembly, model curation, and model
refinement. The output of each stage is not necessarily required for the next, as merlin provides operations to
import external genome annotation files and GSMM. Hence, users are able to start reconstructing a model
from scratch or from externally obtained annotations and models. If the process of reconstruction is entirely

performed in merlin, the output of each stage is required for the following one.
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The starting point is either selecting or creating a new Workspace using the menu workspace -> open
at the top bar illustrated in Figure S1.1. When creating a new Workspace, the user may import an
organism’s genome automatically; however, as highlighted in Figure 2, manually importing the

genome is also possible.

The next step is to automatically annotate the enzymes with either BLAST (8) or HMMER (9), going
through the annotation -> enzymes -> BLAST or HMMER. On the other hand, annotation reports may

be imported, using annotation -> enzymes -> load menu.

The following stage is applying the scoring system described in (6) to the annotation output. Setting
the best score parameters from the previous annotation is facilitated using new plugins such as
SamPler at annotation -> enzymes -> SamPler. Alternatively, the scoring may be overruled with the
automatic workflow at annotation -> enzymes -> automatic workflow. The output of these semi- and
automatic methods will be a set of annotated enzymes. The described processes’ results will be

available at the enzyme’s view, as shown in Figure S1.2 in the supplementary material.

Nevertheless, the manual curation of each one of these results is advisable. Such process is highly
facilitated by the graphical interface provided by merlin, as shown in Figure S1.2. Furthermore, the
enzymes view (Figure S1.2) provides information about the state of the annotation, gene products,
EC numbers, and scores. Each row’s magnifier button provides information on the BLAST (8) or
HMMER (9) operations results. Moreover, the status column highlights the enzyme’s revision state,
following the pattern described in (27), and redirecting users to the UniProtKB (28) database site. The
candidate gene products and EC numbers are available in the dropdown boxes, being easily updated

and integrated into the model if necessary.

The next step is integrating the curated enzymes annotation with metabolic information (metabolites
and reactions), retrieved from the Kyoto Encyclopedia of Genes and Genomes (KEGG) (29) (second
stage in Figure 2). Additionally, finalising the assembly of the so-called draft metabolic network will
require the biomass formulation, which can be performed using the plugin at model -> create -> e-
biomass equation. The biomass pseudo-reactions and KEGG information will be enumerated in the
reactions view (Figure S1.3), the metabolites, and pathways view. The integrated information is
available and can be updated at any stage of the reconstruction. Moreover, in this second stage of the
workflow, a draft model can be automatically reconstructed using the model -> draft model

reconstruction operation.

Gaps and inconsistencies are likely to be found in the draft reconstruction. Hence, as highlighted in
the third stage of the workflow (Figure 2), merlin provides several tools to highlight blocked and
unbalanced reactions, and correct reactions’ reversibility, among others to assist in the network
manual curation. Additionally, the reactions view (Figure S1.3 in Supplementary material) allows
users to rapidly insert, edit, duplicate, and remove existing reactions through explicit buttons and
checkboxes. This view also enables users to visualise and include reactions from the universal

internal database, facilitating manual gap-filling.
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BiolSO analysis can be performed in validation -> BiolSO -> execute BiolSO, providing useful insights
into the network’s state. After running BiolSO, a table is docked in the dashboard’s validation module,
rendering the results as in Figure S1.4 (Supplementary material). Likewise, other tools such as
MetExploreViz, Escher, accessed through validation -> network visualisation, and Draw in Browser

operation (Figure S1.3) can be used to get insights into the network topology.

The transporter systems annotation and transport reactions generation can be performed with
TranSyT, by executing model -> create -> transport reactions TranSyT. These reactions will be then
listed in the reactions view, having associated a surrogated pathway designated Transporters
Pathway. The model compartmentalisation is then advisable, either through PSort3b, LocTree3 or
WolfPSort, by executing annotation -> compartments -> load reports. The results will be rendered at
the compartments view docked in the dashboard’s enzymes module as shown in Figure S1.5 in the
Supplementary material. Further integration through annotation -> compartments -> integrate to
model is mandatory, allowing the user to define thresholds over the obtained prediction scores and
ignore possible erroneous compartments. Finally, the GPR associations are automatically generated
using BLAST or Smith-Waterman alignments’ algorithms through merlin’s operation model -> create -

> gene-protein-reaction associations.

MEMOTE test suite can be then applied to assess the general state of the model. This plugin is
available through validation -> memote and the tests’ report will be rendered in a comprehensive table
that will be docked under the validation module of the dashboard (Figure S1.6. in the Supplementary

material).

Lastly, the model can be exported (workspace -> export -> model) in the SBML format with valid

identifiers and cross-references for metabolites and reactions.

Merlin provides an optimized workflow that allows users to start the reconstruction process from
scratch to a high-quality GSM model. Nevertheless, the workflow’s flexibility, complemented by
import/export operations, enables users to begin or continue the reconstruction process from external
genome annotations or external GSMM. Such feature also enables the curation, reannotation, and
refinement of already reconstructed models and annotated genomes using merlin’s internal tools.
Moreover, each of the obtained results within merlin can be exported in GenBank, Excel Workbook,
and SBML formats.

Validation

Since 2015, tenths of high-quality GSMM were reconstructed using merlin and at least 11 were
published (30-36). A list of models completely developed in merlin is provided in Table S2.3
(Supplementary material). The applications of these models include synergies with food
biotechnology, being integrative tools for drug targeting, and efficient biomaterials production.
Noticeably, the first genome-wide metabolic model of a ligneous tree was developed using merlin.
Moreover, merlin’s curation tools and interface have been used to (re-)annotate several organisms’

genomes (37-40).
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The metabolic annotation of Pythium irregulare CBS 494.86’s genome has been employed in merlin
(37, 41), delivering interesting results towards the better comprehension of Eicosapentaenoic acid
production. EC numbers were linked to 3809 genes, whereas 945 to membrane transporter proteins.
Genes associated with amino acid and lipid production, as well as with the consumption of carbon
and nitrogen sources present in wastewater were identified. Such result provides important insights
into the metabolism of P. irregulare CBS 494.86 and the possible applications in the production of

value-added lipids for industrial purposes.

The continuous development of merlin provided valuable tools for the improvement of a

Kluyveromyces. lactis model (42). Such model is recognized as a reference among the yeast
community, as it serves as baseline for both experimental studies on metabolism and regulation
towards biotechnological applications (43-49) and to build models of other yeast (50, 51). The

Streptococcus pneumoniae R6 (31) model has been reconstructed in merlin, having exciting results
regarding the genome annotation and predictive capability. In this work, 67 essential genes that were
not listed in the Online GEne Essentiality (OGEE) database (52) were proposed as critical for certain
environmental conditions, guiding the discovery of novel drug targets. Moreover, the phenotype

predictions under different conditions were assessed and corroborated by five different studies.

Likewise, other pathogens were modelled using merlin. A remarkable example was Candida albicans
(32) that now provides an accurate platform for drug targeting. The model correctly predicted 78% of
the essential genes (84 out of 108 validated experimentally) under anaerobic growth for different

carbon and nitrogen sources.

Recently, four Lactic Acid Bacteria (LAB) GSMM were reconstructed with merlin; namely,
Streptococcus thermophilus LMD-9, Lactobacillus acidophilus La-14, Lactobacillus helveticus
CNRZz32, and Lactobacillus rhamnosus GG. The growth rate under different carbon sources, amino
acid auxotrophies, and minimal medium were in good agreement with the experimental data. These
GSMM were compared to other LAB models in different environmental conditions with the aim on

food biotechnology applications (33).

The Quercus suber GSM model (Cunha et al. 2021) epitomises the first genome-scale metabolic
model of a ligneous tree. This model comprises 6475 metabolites, 6248 reactions, 7901 genes, and 8
different compartments. The authors replicated and simulated growth under autotrophic and
heterotrophic conditions, covering the photorespiration process. Furthermore, although not
straightforward, this model includes plant secondary metabolism and complete pathways for the
bioproduction of suberin monomers, compounds of paramount importance in cork production. Finally,
the Quantum Yield (QA) and Assimilation Quotient (AQ) predicted by the model were validated and
are in accordance with values reported in the literature. Another highlight of this work is the
conversion of the generic model, reconstructed in merlin, into tissue-specific and multi-tissue models,

corroborating the scalability and usability of merlin models using Troppo (53).
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These models confirm the reliability and robustness of merlin. Moreover, the models’ applications
range from food biotechnology, drug targeting to biomaterials’ production. The large extent and
relevance of such applications are particularly endorsed by several published research articles (43—-47)
and different collaborations. Finally, the reconstruction of large-sized genome organisms such as

Quercus suber highlights, unequivocally, merlin’s scalability and quality.

Since its launch in 2016, merlin’s website was visited more than eleven thousand times and over
three thousand downloads were performed. Merlin has gained notoriety over the years and is
nowadays recognised as a reference software for the reconstruction of high-quality GSMM by the
scientific community through multiple research articles (54—62), reviews, and book chapters (1, 4, 63—
80).

CONCLUSION

Merlin 4.0 is an updated and robust open-source software developed in Java to reconstruct high-
quality GSMM. Several improvements and new features were included, when compared with the last
published version (merlin 2.0), these updates are related not only to the reconstruction process but
also the software architecture and graphical interface. Accordingly, new semi- and completely
automatic plugins were added, establishing synergies with the improved user-friendly graphical
interface to facilitate the model's curation. Moreover, merlin’s software architecture is currently much

more modular, allowing the easy insertion of both in-house and third-party computational tools.

Genome functional annotation, draft assembly, model curation, and refinement represent tasks
covered by merlin. The genome functional annotation, BLAST (8) or HMMER (9) results annotation
can be accelerated by either SamPler or the automatic workflow. TranSyT performs the transporter
systems annotation and integration the subcellular localisation prediction is also ensured. Besides
hastening the draft assembly, it can be generated from existing models. The model curation is
leveraged by multiple tools for tracking network errors and inconsistencies, complemented by network

visualisation add-ons.

The scientific community has extensively used merlin, as corroborated by the multiple published
works (32-35, 42, 81, 82) and considerable user-base expansion. The scalability and reliability of
merlin 4.0 have been showcased with the reconstruction of multiple models, but particularly with the

Quercus suber’s, which is the first GSMM of a ligneous tree.

In conclusion, merlin is an integrated, open-source, and updated platform designed to anchor GSMM'
reconstruction. The trade-off between automatic processes and assisted manual curation ensured by
merlin, allows users to leverage their genomics and biochemistry expertise towards high-quality

reconstructions.


https://doi.org/10.1101/2021.02.24.432752

bioRxiv preprint doi: https://doi.org/10.1101/2021.02.24.432752; this version posted February 25, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

DATA AVAILABILITY

merlin is an open-source application, currently available for Linux, Windows, and MacOS. It is
distributed under the GNU General Public License at the website https://www.merlin-sysbio.org.

Moreover, merlin source code, including plugins, is fully available at https://github.com/merlin4-sysbio.

Comprehensive documentation is provided at https://merlin-sysbio.org/tutorial.html. Animated
snapshots of merlin’s interface and clear descriptions of each step in the reconstruction are therein

provided.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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