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nan and Raman found that almost 60% of models had no standard-
ized (i.e., interpretable) metabolite identifiers, 36% could not be
evaluated for mass imbalances due to unstandardized formatting,
and 35% did not contain gene-protein-reaction associations in the
SBML file (Ravikrishnan and Raman 2015). As a community, we
must therefore ask why standards are not used more broadly if
they enable the sharing, reuse, and evaluation of biological mod-
els and associated simulations. At the 5th Annual Conference on
Constraint-based Reconstruction and Analysis (COBRA 2018), we
surveyed the COBRA community regarding the use of community
standards. This survey identified two major drivers for the lack
of standardization in the COBRA field (full anonymized survey
results provided in Data S1).
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First, the responses identified several complex biologies that
are not captured by current standards. For example, modelers of
intracellular pathogen metabolism struggle to comply with nomen-
clature and mass balance when adding both pathogen and host
biochemistry (Carey et al. 2017). Similarly, it is challenging to use
the correct and sufficiently detailed nomenclature for biologically
relevant tautomers and polymers (Data S1). While such issues
will likely only be relevant in specific biological applications, it is
vital for these edge cases to be addressable by community-adopted
standards.

Second, users identified a set of novel analyses that current
standards do not sufficiently support (Data S1). Current standards
are inherently insufficient for novel techniques. Extensive com-
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Fig. 1 Poll results from the COBRA community survey. The survey was initially compiled and released at the 5th Annual Conference
on Constraint-based Reconstruction and Analysis (COBRA, October 14-16, 2018); feedback from the conference was used to refine

the survey, with an updated version later shared via social media (results are shown here; raw data provided in Data S1). The survey
included 16 multiple choice and three open ended questions to summarize the field’s use and awareness of existing standards, as well as
collect community-identified challenges. A total of 89 researchers completed the survey, representing different levels of expertise in the
field; some questions permitted multiple responses (panels C and D). De-identified survey results can be accessed at: https://github.com/

maureencarey/community_standards_supplemental.

munity networks—such as modeling multiple members of the
microbiota (Magnusdoéttir et al. 2017)—and modeling macromolec-
ular expression mechanisms (Yang et al. 2018) represent current
areas in metabolic modeling where some standards are currently
lagging. Although standards must and do evolve as the field
progresses, they inherently cannot capture the latest cutting-edge
developments, just as biology textbooks cannot capture the latest
scientific findings. This ‘lag’ in standardization is not field-specific
(Hernandez et al. 2010), and such cutting-edge examples will likely
only be identified in novel methods development. Both of these
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user-identified limitations require community-driven efforts to
update standards as the field expands into new application areas
and with novel analytic approaches.

We hypothesize that two additional factors play a role in these
standardization challenges. First, biologists, modelers, and soft-
ware developers are sometimes ‘siloed” into separate communities
and with distinct motivating factors (e.g., research interests, fund-
ing mechanisms). As a result, biologists and modelers are often
not aware of relevant resources generated by software developers
(Data S1). Our survey identified that fewer than 25% of researchers
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Table 1. Resources for using community standards and software tools. Resources developed for broad
applications in computational systems biology are denoted with an asterix; unmarked resources are

specific to the COBRA field.
Resource Description Link/reference
Minimum Information Required In the
MIRIAM* i i . (Le Novere et al, 2005)
Annotation of biochemical Models
Minimum Information About a Simulation
MIASE* i (Waltemath et al, 2011)
Experiment
Memote MEtabolic MOdel TEsts (Lieven et al, 2018) https://memote.io/
Help for users of COBRApy, the python
implementation of COBRA software (Ebrahim https://groups.google.com/forum/#!forum/cobra-pie
et al, 2013)
COBRA- Help for users of The COBRA Toolbox, the
related Google MATLAB implementation of COBRA software https://groups.google.com/forum/#!forum/cobra-toolbox
8 (Heirendt et al, 2019)
groups
Discussion forum of the systems modeling
community of the International Society for hitps://groups.google.com/forum/#!forum/sysmod.
Computational Biology (ISCB)
COBRA GitHub Repository for COBRA software, includes issue e
and help pages
Community for coordinating standards for
COMBINE* modeling in biology (umbrella organization for http://co.mbine.org
SBML, MIRIAM, MIASE, and more)
Kbase Help Issue-tracking system to aid users to utilize . .
Board tools and datasets
SBML Tests the syntax and internal consistency of an . Facilit )
Validator* SBML file
Conformance testing system to test the
SBM!‘ TESt degree and correctness of the SBML support http://sbml.org/Software/SBML_Test_Suite/
Suite ] N
provided in a software package
BIGG Models Freely accessible database of GEMs (King et e
al, 2016) bito://bige.ucsd.edy
Repository of mathematical models of
BioModels* biological and biomedical systems (Glont et al, https://www.ebi.ac.uk/biomodels/
2018)
Platform for accessing, analyzing and
WfEL. 54 manipulating GEMs (Moretti et al, 2016)

in the COBRA field were familiar with MIASE and only 56% were
aware of MIRIAM (Data S1); these best practices cannot be used
if they are not known. In turn, biological limitations—like those
discussed above—might not be relayed to software developers fo-
cusing on a standard formulation. Thus, even community-driven
efforts do not necessarily move laterally across subdisciplines. Sec-
ond, as users, the lack of standardization often makes it easier to
generate a novel reconstruction or analytic tool than to improve
upon an existing version, further diversifying the set of existing
approaches and amplifying the challenge of developing unifying
standards.
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COMMUNITY-DRIVEN SOLUTIONS

One solution to increase the standardization in the field is to penal-
ize noncompliant models through the manuscript review process;
more than 85% of community-survey responders think this should
occur (Data S1). However, there is little incentive against sharing a
noncompliant reconstruction or even for failing to make a recon-
struction publicly available. To remove these barriers, we suggest
the field shifts to incentivize standardization, reuse, and markers
of quality, and ultimately to improve communication amongst
biologists, modelers, and software developers. Incentivizing stan-
dardization through funding models is inherently challenging:
funding for science is evaluated in the short-term, whereas the
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benefits of software or resource development are observed on a
longer time scale. We can integrate funding for infrastructure into
applied projects to pair funding for the biological applications of
genome-scale metabolic modeling and infrastructure development
for the COBRA field.

Communication between those developing standards and those
attempting to use standards is essential. One possible solution
would be better mingling between the communities that design
standards (e.g., SBML) and the communities that use them (e.g.,
COBRA), a solution that could be implemented through scientific
meetings: each conference could have a dedicated keynote presen-
tation by a representative from the other community, followed by
a panel discussion led by the presenting representative. By main-
taining clear contributing instructions for the COBRA software
suites, associated analysis packages, and software for infrastruc-
ture, innovative solutions can be added to the standards by those
who identify the cutting-edge fringe cases.

RECOMMENDATIONS FOR STANDARDS

In response to some of the issues and challenges outlined above,
we propose a set of guidelines to help improve the accessibility, con-
tent, and quality of metabolic network reconstructions—both for
those creating reconstructions/models (Boxes 1 and 2) and those
peer-reviewing reconstructions/models (Box 3). The suggestion of
these standards was informed by panel discussions at the COBRA
2018 conference and from the community poll results (Data S1).
Our recommendations here represent field-specific implementa-
tion of the FAIR Data Principles (Wilkinson ef al. 2016), a set of
guidelines intended to improve reproducible research (Sansone
et al. 2019).

First, focusing on the reconstruction process, we propose that a
reconstruction metadata file is shared and includes model build-
ing information, such as the genome, database, and software ver-
sions (example README.md is provided in Data S2 or COMBINE
archive in Additional file 2 of (Bergmann et al. 2014)). Although
this information is likely in the original manuscript, this format
would link the reconstruction to the reconstruction file.

Second, we encourage the use of version control and specific ef-
fort to document automated and manual curation. Version control
can be implemented in multiple ways, mainly through a publicly
available repository that includes all iterations or by making all
versions publicly available and identifiable through clear naming
conventions. Further, we propose that all curation efforts be doc-
umented in the reconstruction and explicitly include a literature
reference and notes in the annotations field of a reaction.

Third, we emphasize the need for MIASE requirements (Wal-
temath et al. 2011) when sharing simulation results. These data
about experimental data, constraints, and versioning can be stored
in a COMBINE repository or the analytic code, if publicly avail-
able. Ultimately, a standardized format (like COMBINE) could
enable minor advances in COBRA software to facilitate the re-
implementation of a simulation.

LOOKING AHEAD

Here, we have summarized existing standards in the COBRA field
and identified challenges associated with both the development
and compliance of software and model standards. We have pro-
posed ‘checklists’ for use during both the reconstruction and peer
review processes that will help improve the accessibility, content,
and quality of metabolic network reconstructions. Additional
community-inspired challenges and results from the COBRA com-
munity survey conducted in early 2019 are documented in the
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Data S1; we hope these examples will inspire new discussions and
novel solutions.

There exist several open challenges for the field regarding the
adoption of and development of new standards. We must em-
brace flexible standardization to facilitate their adoption and to
build upon existing work. For example, although resources like
MetaNetX (Moretti ef al. 2016) and the BiGG Models database
(King et al. 2016) facilitate the mapping of genes, reactions, and
metabolites across the different namespaces, nomenclature dis-
crepancies remain a challenge and sometimes result in redundant
nonstandardized efforts. Another challenge is for community stan-
dard development to be derived from the community instead of
in a top-down manner. While this organizational structure is cur-
rently in effect for the SBML community, it only functions if there
is community participation—we need those who use the standards
(i.e., modelers) to raise their hands and participate in the decision
making process.

Ultimately, community adherence to standards will improve
modeling reproducibility and better document the reconstruction
process. We hope that the community embraces existing standards
and our community-driven suggestions moving forward—both
during the preparation of manuscripts and during the peer review
process—and anticipate that compliance will increase the rigor of
the field while simultaneously making it easier for scientists from
other disciplines to build and use metabolic models.
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Box 2: Proposed minimum standardized content for a metabolic network reconstruction. We propose that
modelers use this list as a guide to help standardize accessibility, content, and quality; however, more
comprehensive documentation and more interpretable and accessible information can only improve the
usability and biological relevance of the shared reconstruction.

Model

[J Recognized naming convention

[J Machine-readable reference to organism and species embedded via MIRIAM annotation (including other
classification(s), if necessary)

[J NCBI reference genome

[J Author(s) contact information embedded

Metabolite
[J Human readable, descriptive name (e.g., D-Glucose)
[Jcharge (e.g., 0)
[J Chemical formula (e.g., C6H1206)
[J InChl strings
[] At least one database identifier from a reliable resource, such as:
[J MetaNetx
[ BiGG
[J KEGG Compound
(J chesl
(Jseep
[J HmDb

Biochemical reaction

[J Human readable, descriptive name (e.g., phosphofructokinase)

[J Reaction formula

[ stoichiometric coefficients

[] At least one database identifier from a reliable resource, such as:
[J MetaNetx
JBiGG
[J KEGG Reaction

[J EC Number

Gene
[J Name and/or identifier
[J DNA sequence ID
[ Protein sequence ID
[J Position (including chromosome, if applicable)
[[J Associated reactions (GPR)

Box 3: Proposed checklist for reviewers. We propose that reviewers of manuscripts that include a novel
metabolic network reconstruction use this list as a guide to help standardize accessibility, content, and quality.

Reconstruction:
Availability:
[J1s the reconstruction publicly available?
[JIs the reconstruction shared on an accessible database?
Formatting:
[J1s the model saved in a language-independent format (i.e., SBML)?
[] optional: additional formats (e.g., XLS)
Nomenclature:
[J Does the reconstruction’s name indicate a version?
[] Does the reconstruction’s name indicate an organism?
[J Are identifiers (genes, metabolites, reactions) consistently from one namespace?
Optimization:
[] Have Memote \cite{Lieven2018-nt} tests been run?
[JIs the objective reaction indicated?
[J1s evidence (i.e., references) provided for use of the objective function(s)?
[[] can the reconstruction be instantiated without error with COBRA software?

Simulations:
[J Are simulation parameters provided in any of the following formats (include at least one):
(] README.md file?
[_] COMBINE repository?
[ full analytic code?
[[J Is the COBRA software version documented?
[ Are the solvers documented?

Manuscript:
] Are COBRA software efforts appropriately credited?
[J Are previous iterations and/or other versions of the reconstruction appropriately credited?
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