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The digital revolution is driving significant changes in how people store, distribute, and use information. With

the advent of new technologies around linked data, machine learning and large-scale network inference,

the natural products research field is beginning to embrace real-time sharing and large-scale analysis of

digitized experimental data. Databases play a key role in this, as they allow systematic annotation and

storage of data for both basic and advanced applications. The quality of the content, structure, and

accessibility of these databases all contribute to their usefulness for the scientific community in practice.

This review covers the development of databases relevant for microbial natural product discovery during

the past decade (2010–2020), including repositories of chemical structures/properties, metabolomics,

and genomic data (biosynthetic gene clusters). It provides an overview of the most important databases

and their functionalities, highlights some early meta-analyses using such databases, and discusses basic

principles to enable widespread interoperability between databases. Furthermore, it points out

conceptual and practical challenges in the curation and usage of natural products databases. Finally, the

review closes with a discussion of key action points required for the field moving forward, not only for

database developers but for any scientist active in the field.
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1. Introduction

Information management remains a central limitation in
natural products science. Access to comprehensive, structured,
freely available repositories containing key data allows
researchers to determine what has been found to date, under-
stand how previous discoveries relate to new ndings, and
identify how new results t into the broader picture of natural
products diversity and biosynthesis. In this review we will
present the current landscape of databases for microbial
Jeffrey van Santen is a Senior
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chemistry at Thompson River University, he joined Prof. Lining-
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This journal is © The Royal Society of Chemistry 2021
natural products science, and discuss how to address the
challenges and limitations facing the eld as we move towards
the implementation of large, comprehensive, integrated data
architectures for natural products data and metadata.
1.1. A brief history of natural products data management

Although we now take for granted the rapid, facile access to
electronic data on natural products, this is a relatively recent
development (Fig. 1). Prior to the 1990s, there were essentially
no online scientic databases containing information on
natural products. Instead, most data management strategies
involved the laborious transcription of key data from print
journals to index cards for use in individual laboratories. It
cannot be overstated how much this lack of access to
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comprehensive, ordered datasets has negatively impacted our
eld. Asking senior researchers about historical data manage-
ment approaches yields a litany of stories describing painful
days spent chasing information through the print literature.
These stories include such historical curiosities as punch cards,
800 oppy discs, photocopier accounts, suitcase sized ‘laptops’,
and early mainframe computers.

During this period, numerous print reference books were
maintained that collated key data from the scientic literature.
Of particular note were the Chemical Abstracts series, the Ring
Systems Handbook,1 Fungal Metabolites volumes 1 and 2,2,3 the
Handbook of Antibiotic Compounds (volumes 1–14),4 the Index
on Antibiotics from Actinomycetes volumes 1 and 2,5,6 and the
Encyclopedia of Antibiotics.7

Searching through such compendia was inherently slow, and
instances of rediscovery were common. To reduce redundant
effort by individual researchers, many organizations began to
develop their own in-house data collections. A representative
example of this type of resource is the system developed by the
pharmaceutical company Lederle Laboratories beginning in the
early 1960s, as described by Dr Guy Carter:

“Lederle Laboratories maintained its own ‘database’, dub-
bed the Antibiotic Properties le, of which we were very proud.
The database consisted of a series of 3-ring binders, arranged in
alphabetical order, holding a single page of information on
each antibiotic including structure (if known, and a surprising
number were not), biological spectrum and any other bio data,
like cytotoxicity, and chemical properties that were known, like
elemental analysis, mw and most importantly a UV spectrum -
frequently xeroxed from the original paper and pasted on the
form. The database was maintained by the Lederle library staff,
and was compiled by Lederle retirees, who were hired to review
the literature for new compounds - quite a system!”

In the 1980s, several important electronic resources began to
emerge. CAS and Beilstein began developing the large-scale
literature databases that have become Scinder and Reaxys.
Initially these tools had very strict fee-for-search models that
oen limited the number of searches that researchers could
perform in a given month. Gradually, this evolved to the
Fig. 1 Timeline of data distribution methods for natural products.

266 | Nat. Prod. Rep., 2021, 38, 264–278
institution subscription model we know today. In the area of
natural products, two academic efforts are of particular note.
Professor Hartmut Laatsch created AntiBase,8 a database of
microbial natural products, while Professors John Blunt and
Murray Munro created MarinLit, a database of articles on
marine natural products. Both resources were originally avail-
able on CD-ROM by paying an annual subscription to the
developers to support development costs.

Commercial publishers were also developing electronic
databases. For example, CRC Press began to publish the
Dictionary of Natural Products,9 which also came with a CD-
ROM containing a basic search engine. These various elec-
tronic resources developed incrementally over the following
decades, and remain the reference tools of choice for many
natural products research groups around the world today.

1.2. A new age in natural products discovery

The early 2010s were marked by the emergence of new tools that
made data-centric methods accessible to the ‘average’ natural
products scientist; one without a dedicated training in
programming or computer science. Examples of such tools
include NaPDoS10 and eSNaPD,11 for assessing the biosynthetic
diversity of microbial strains, FuSiOn12 for the de novo predic-
tion of compound modes of action, and iSNAP13 for the der-
eplication of non-ribosomal peptides from mass spectrometry
data.

One tool that had a signicant impact on the adoption of
new data technologies was antiSMASH.14–18 First released in
2011, antiSMASH provided a simple, freely accessible web
interface for the identication of biosynthetic gene clusters
(BGCs) from genomic sequence data. The natural products
community quickly recognized the power that such analyses
could bring to many aspects of their research programs, and
antiSMASH became a mainstay tool for many natural product
programs. Instead of requiring subject experts to scan raw
sequence data by hand, antiSMASH offered users a straightfor-
ward mechanism to generate initial automated annotations,
which could then be prioritized for further investigation. The
accessibility and power of this new resource set the tone for
This journal is © The Royal Society of Chemistry 2021
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natural product tool development, and generated an immediate
demand for new tools that would provide the same level of
functionality in other areas of natural products.
1.3. Data storage, dissemination and collaboration

The exponential growth in omics research and so called “Big
Data” is self-evident. The world's data volume has grown from
about 1.5 zettabytes (ZB, 1021) in 2009 to a projected 44 ZB by
2020.19 Current models suggest that the global data volume will
reach 175 ZB by 2025.20

In this age of internet and digital information, there is an
increasing need to store and share not only raw experimental
data but also analysis results, processed data, research proto-
cols, knowledge materials and scientic ndings. Gone are the
days where scientists spent days scouring the library for
answers and waiting for the next delivery of printed journals to
keep track of what was happening in their eld. Nowadays,
people can disseminate, query, and even collaborate on
research data with others around the globe in real time and in
a large-scale fashion (e.g. crowdsource efforts). In this modern
approach to science, databases play an essential role in
ensuring that the data being generated are stored, processed,
presented and shared in the most effective means.

To enable effective data storage and collaboration, databases
should adhere to FAIR (ndable, accessible, interoperable and
reusable) principles in their implementation.21,22 This is
particularly important for the inclusion of researchers from
developing nations, where subscription cost for commercial
tools can present an insurmountable barrier to access. Many
companies provide mechanisms for reduced cost or free journal
access to researchers from selected countries, but for low-to-
middle income countries that are not included, data access
remains a signicant barrier to scientic development. This
barrier can be signicantly reduced by creating high-quality
FAIR-compliant resources.
2. Databases for microbial natural
products research
2.1. Chemical structure and properties databases

The current landscape for natural product structural databases
is highly fragmented. A recent comprehensive review by Sor-
okina and Steinbeck23 lists an astonishing 122 resources for
natural product structures developed since the year 2000. This
list includes both commercial and non-commercial reposito-
ries, covering a wide range of source organisms and geographic
locations. However, despite the breadth of natural product
databases available, the options for microbial natural product
scientists are surprisingly limited. From the 122 resources, 50
permit access to the full set of structures. Of these, 11 contain
entries for bacterial natural products, and only three (NPASS,
StreptomeDB and the Natural Products Atlas) permit ltering by
taxonomic origin to extract only the microbially-derived
compounds. These three resources therefore currently repre-
sent the best freely available sources of information on micro-
bial natural products structures (Fig. 2).
This journal is © The Royal Society of Chemistry 2021
2.1.1. NPASS. NPASS25 (http://bidd.group/NPASS/) is
a recently developed natural products database (2018) designed
to provide both source organisms and biological activities for
natural products. It contains partial coverage of the chemical
space of natural products from several taxonomic sources,
including plants, invertebrates and microorganisms. In total it
contains 35 032 compounds, of which approximately 9000 are
microbial in origin.

2.1.2. StreptomeDB. StreptomeDB26 (http://
www.pharmbioinf.uni-freiburg.de/streptomedb3/) is a targeted
database that focuses exclusively on the bacterial genus Strep-
tomyces. Recently updated in 2020, it contains 7125 compounds
with source organism information, as well as some bioactivity
and spectral data.

2.1.3. The Natural Products Atlas. The Natural Products
Atlas27 (https://www.npatlas.org/) is a new resource (2019)
designed to provide comprehensive coverage of all microbially-
derived natural product structures. It currently contains 25 523
compounds (v2019_12) and is under active development. It
features bi-directional links to two other natural products
resources; the MIBiG database of biosynthetic gene clusters and
the GNPS database of natural products mass spectra.

In addition to open source databases, a number of high-
quality commercial platforms are available. Of these, the
Dictionary of Natural Products (DNP), MarinLit and AntiBase
are the most well established, although AntiBase was last
updated in 2014. All three of these databases are large (>30 000
compounds) and contain rich metadata. They have broad
coverage of the published literature and are generally very
accurate. However, they have high annual subscription costs
and do not permit bulk export of structural data or other
information to external applications. This limits their utility to
individual searches and precludes their integration with other
natural products-based data resources.

2.1.4. DNP. DNP (http://dnp.chemnetbase.com/) contains
over 290 000 entries (accessed Feb. 2020) and includes natural
products from all major source organism groups, as well as
physicochemical and biological data. The database is continu-
ally updated through an extensive process of manual curation
by subject experts, ensuring high data quality standards.
However, spot checks on the dataset based on compound
names suggest that coverage is not universal, even for some
well-known compound classes (e.g., abyssomicins).

2.1.5. MarinLit. MarinLit (http://pubs.rsc.org/marinlit/) is
a literature database of marine natural products, including
structures, taxonomy, and reports on total synthesis for 35 015
compounds (accessed Feb. 2020). It includes compounds from
invertebrates and algae, as well as 8082 compounds from
marine-derived microorganisms. Impressively, this database is
updated almost daily, making it the most contemporary
resource in this area.

2.1.6. Dictionary of Antibiotics and Related Substances.
The Dictionary of Antibiotics and Related Substances28 is
a reference text of over 2000 pages listing all known naturally
occurring antibiotic substances (>10 000). It was recently
updated (2013) from the original edition from the 1980s, and
Nat. Prod. Rep., 2021, 38, 264–278 | 267
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Fig. 2 (A) Distribution of compound source types in selected natural products databases. (B) Distribution of biosynthetic gene cluster source
types in selected biosynthetic gene cluster databases. (C) Overlap of microbial natural product InChIKey structure representations between open
access databases. Microbial database overlap was calculated using the unique sets of the InChIKey connectivity hashes from each database. This
decreases the compound count in each database because sets of configurational isomers are reduced to single flat structures: NP Atlas 25 523 to
23 927, NPASS 8729 to 8096, and StreptomeDB 7125 to 6283. The Proportional Venn Diagram was created using eulerAPE v3.24
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now includes many entries from the BMIC database, which was
maintained for many years by Dr Janos Berdy and was the
foundational database for the Handbook of Antibiotic
Compounds. It is accompanied by a searchable CD-ROM.

There also exist numerous natural products databases from
biotech and pharmaceutical companies, as discussed in Section
1.1. Unfortunately, many of these are difficult, if not impossible,
to obtain. Most are not under active development, and are
archived in only physical formats, or in legacy database struc-
tures. Despite willingness from some companies to release
these data to the wider community, access can be precluded by
practical challenges such as completing liability release docu-
mentation; a task of typically low priority for legal departments.

Finally, it is worth mentioning the natural products coverage
of the two largest chemical literature databases; Scinder and
Reaxys. Both of these platforms include the majority of
compounds from the natural products literature. However,
neither is particularly well suited to natural products-based
queries beyond simple structure searches. Scinder does not
include any ags identifying compounds as natural products,
making it impossible to separate natural products from
268 | Nat. Prod. Rep., 2021, 38, 264–278
synthetic compounds. Reaxys does include the term ‘Isolated
from Natural Source’ but many known natural products are not
annotated with this ag, meaning that searches performed
using this lter are not comprehensive.
2.2. Biosynthetic gene cluster databases

As the rate of BGC discovery began to accelerate in the early
2000s, the biosynthesis community faced many of the same
challenges that had been encountered by the natural products
structure elucidation community thirty years earlier. In partic-
ular, information about BGC discovery was becoming scattered
across the scientic literature, or stored in a less structured
manner in genomic databases such as NCBI GenBank. As with
structure-based discovery, this limited the possibilities for
cross-linking between resources and prevented programmable
access to exploit the knowledge within. To address this issue,
several databases of BGC data have been developed.

2.2.1. ClusterMine360. Made available in 2013,
ClusterMine360 29 (http://clustermine360.ca) was one of the
rst platforms to venture in to the task of cataloguing the
information on experimentally validated BGCs with known
This journal is © The Royal Society of Chemistry 2021
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products. Focusing on the Nonribosomal Peptide (NRP) and
Polyketide (PK) classes, it contains 300 BGCs linked to their
chemical products. While initially prepared for continuous
expansion via user-submitted annotations, it seems that the
total number of BGCs covered by the database has not increased
signicantly since its initial release.

2.2.2. DoBISCUIT. Released around the same time as
ClusterMine360, DoBISCUIT30 (https://www.nite.go.jp/en/nbrc/
genome/dobiscuit.html) published an initial collection of 72
known PK BGCs. Unfortunately, the database is no longer
accessible, although its main page is still active and shows
a nal log of 108 BGCs recorded on December 27, 2016.

2.2.3. MIBiG Repository. In 2015, a coordinated effort of
more than 150 natural product scientists resulted in the
publication of the Minimum Information about a Bio-
synthetic Gene Cluster (MIBiG) data standard and repository31,32

(https://mibig.secondarymetabolites.org) for known and exper-
imentally characterized BGCs. Holding information on more
than a thousand of characterized BGCs, MIBiG was quickly
adopted by the community as a central reference database for
BGC data. Notably, antiSMASH16 automatically compares each
detected BGC to all reference gene clusters from MIBiG. Four
years aer the initial release, in 2019, a second iteration of both
the database and schema was announced, highlighting an
accumulated total of 2021 BGC entries and a major overhaul of
its online repository infrastructure. MIBiG contains only BGCs
which have been experimentally veried to be responsible for
the production of one or more known natural products. MIBiG
entries are also subject to extensive manual curation and
annotation by both the developers and the scientic commu-
nity, further increasing the information content and data
quality in this repository.

2.2.4. IMG-ABC. Taking advantage of the Joint Genome
Institute (JGI)'s extensive bacterial genomic platform, IMG/M,
the IMG-ABC33 (https://img.jgi.doe.gov/cgi-bin/abc/main.cgi)
sets out to be the most comprehensive and feature-rich data-
base of known (indirectly sourced from MIBiG) and computa-
tionally predicted bacterial BGCs.

Prior to IMG-ABC v5, the database comprised a total of more
than one million BGCs predicted using both antiSMASH and
the ClusterFinder algorithm.34 The latter approach has since
been dropped in favour of the more stringent but more ‘high-
condence’ BGC class detection of antiSMASH 5. This has
resulted in a drop of total BGCs provided by IMG-ABC, with
410 558 BGCs available as of 29 June 2020.

An important detail to note is that, due to the JGI's Data
Usage policy (https://jgi.doe.gov/user-programs/pmo-overview/
policies/), it is not advisable to do bulk-analysis and publica-
tion of IMG-ABC's data as some of the genomes may still be
under embargo. In the future, we recommend that IMG/M (and
IMG-ABC) should follow the footsteps of their fungal genome
database counterpart, MycoCosm (https://
mycocosm.jgi.doe.gov/),35 to provide a simple ltering of
embargoed genomes, thus enabling a ‘safe’ bulk-download and
analysis of their data.

2.2.5. antiSMASH Database. The antiSMASH database
(antiSMASH-DB)36,37 (https://antismashdb.secondarymetabolites.
This journal is © The Royal Society of Chemistry 2021
org) was initially released in 2016 by the same team who devel-
oped antiSMASH to act as a central repository for pre-computed
antiSMASH runs. In contrast to the IMG-ABC, antiSMASH-DB
aims to provide a limited, dereplicated list of putative BGCs
sourced from the highest quality bacterial genomes. For sets of
highly similar genomes (e.g., thousands of Escherichia coli
genomes with only a few single nucleotide polymorphisms),
representatives have been picked instead of providing results for
all strains individually. One key reason to do this is to provide
a seamless integration with antiSMASH via its ‘ClusterBlast’
module, which performs a sequence comparison of each detected
BGC with those in the database. Following its second release in
2018, antiSMASH-DB harbours a total of 152 106 BGCs pre-
calculated from 24 776 bacterial genomes (of which 32 548 BGCs
were derived from 6200 complete genomes) from the NCBI RefSeq
database.38 The upcoming third release will include BGCs from
high-quality fungal genomes as well.

2.3. Databases for metabolomics and analytical chemistry

A number of resources for the sharing and analysis of metab-
olomics data have arisen in the last decade. Many of these
resources focus around the FAIR sharing of data to enable more
productive natural products discovery, and are not limited to
the scope of microbial natural products science.

2.3.1. The Global Natural Products Social molecular
network (GNPS). The GNPS39 (https://gnps.ucsd.edu/) system is
an ecosystem for sharing and analyzing tandem mass spec-
trometry data. It is built on the MassIVE platform, and features
an impressive suite of internally connected tools. It also
provides functionality for complete data lifecycle management,
from data acquisition through to publication. One of the most
popular features is molecular networking, which enables the
visualization relationships between spectra from MS/MS
experiments. Data submitted for analysis in GNPS are orga-
nized into datasets, which can either be kept private or made
public. To date there are 1413 public datasets available online
(accessed Feb. 24, 2020). In addition, GNPS houses a number of
public MS/MS spectral libraries, containing 74 130 annotated
spectra.

2.3.2. MetaboLights. MetaboLights40 (https://
www.ebi.ac.uk/metabolights/) is a database run by EMBL-EBI
that was originally created in 2012, and overhauled in 2019. It
is a database for metabolomics data with capabilities for storing
and reporting on a large variety of data types, including NMR,
GC/MS, LC/MS, as well as metabolite structures, their reference
spectra, and biological roles. MetaboLights is the recom-
mended repository for metabolomics data for a number of
journals based on the FAIRsharing initiative [https://
fairsharing.org/biodbcore-000168/].

2.4. NMR metabolomics

A recent comprehensive review by McAlpine et al.41 established
the state of NMR dereplication with respect to the eld of
natural products. The review demonstrates that there remains
an urgent need for a comprehensive and open data exchange of
NMR data for natural products. Following publication of this
Nat. Prod. Rep., 2021, 38, 264–278 | 269
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review, the National Center for Complementary and Integrative
Health and the Office of Dietary Supplements at the NIH in the
US initiated a call for proposals to develop such a resource.42

This call resulted in the establishment in 2020 of the Natural
Products Magnetic Resonance Database (NP-MRD; www.np-
mrd.org) which aims to create an open access repository of
experimental and calculated spectra for natural products
structures.

In addition to this new initiative there are a number of
current databases and tools which have addressed this problem
with both experimental and predicted NMR spectra.

2.4.1. NAPROC-13. NAPROC-1343 (http://c13.usal.es/) is
a database which contains 13C NMR spectra for over 6000
natural product compounds. The database has a web interface
allowing for rapid identication of compounds present in
complex mixtures, as well as providing structural information
useful for novel structure elucidation.

2.4.2. NMRshiDB. NMRshiDB44 (https://
xn–nmrshidb-vs49b.nmr.uni-koeln.de/) contains many similar
features to NAPROC-13 as well as NMR from other nuclei.
However, it is not exclusive to natural products chemistry.

2.4.3. Biological Magnetic Resonance Data bank (BMRB).
BMRB45 (http://www.bmrb.wisc.edu/) contains a wide variety of
experimental and simulated NMR data from proteins, peptides,
nucleic acids, and other biomolecules. BMRB is not exclusive to
microbial natural products, and also contains data from all
realms of natural products and metabolomics. BMRB also
maintains a library of NMR pulse sequences and computational
soware for biomolecular NMR.

2.4.4. Human Metabolome Database (HMDB). HMDB46

(https://hmdb.ca/) is an open-access database which provides
detailed information about metabolites found in the human
body, thus including those essential to the human microbiome.
Many metabolites also contain experimental 1D and 2D NMR
spectra, freely available for download.

2.4.5. CH-NMR-NP. CH-NMR-NP47 (https://
www.j-resonance.com/en/nmrdb/) is a database hosted by
JEOL of NMR data compiled from a list of journals from 2000–
2014. It contains 1H and 13C NMR data from approximately
35 500 natural products and is not exclusive to microbial
natural products. CH-NMR-NP is searchable online and permits
download of the NMR data in the JEOL Delta data format on
a compound-by-compound basis.

3. Database curation and usage
3.1. Practical challenges for database users

Surprisingly, it remains very difficult to compare data between
resources in this area. Chemical structure and compound name
are the common terms connecting many of these databases. In
principle it should be possible to associate data from one
resource (e.g. biosynthetic gene cluster) with data from another
(e.g. NMR or MS data) via the chemical structure. In practice
however, there is no agreed upon standardization method for
chemical structures which provides a unique, machine readable
structural representation without information loss. For
example, several SMILES strings are possible for a single
270 | Nat. Prod. Rep., 2021, 38, 264–278
structure, standard InChI representations do not retain infor-
mation on preferred tautomers, and MOL les are large blocks
of text that are unwieldy to store in most database formats.
These issues mean that databases typically align poorly by
structure without signicant additional manual curation.

Compound names are similarly challenging. Small changes
in punctuation, the inclusion and encoding of special charac-
ters, or the absence of trivial names for many compounds in the
literature all contribute to poor overlap between resources. This
is further complicated by the assignment of new synonyms for
existing compounds and, occasionally, the erroneous assign-
ment of the same name to multiple structures. To add further
complication, some compound classes receive several different
parent names, oen in an attempt to increase the visibility of
new discoveries. Conversely, some researchers use the same
parent name for all compounds isolated from a given organism,
regardless of structural relatedness. Both of these issues
complicate the grouping of related structures based on trivial
names.

Some resources have invested substantial effort in improving
interoperability. For example, the Natural Products Atlas and
MIBiG teams have manually reviewed every entry in the MIBiG
database and identied the appropriate Natural Products Atlas
entry in each case. These two resources now include bi-
directional links between data pages, and offer exportable
tables that list links between primary keys in each platform.
Similar links have been set up with the GNPS platform.

Investing similar effort to align other key resources by
structure could have a signicant impact on the development of
new cross-discipline discovery tools. An example of an effective
cross-referencing system is provided by UniChem,48 a system set
up by the EMBL-EBI to connect chemical structures across
multiple databases by assigning a UniChem identier to each
unique chemical structure, and linking this identier to all the
databases affiliated with the UniChem system.
3.2. Practical challenges for database creation and
management

The current publishing model is not well suited to large-scale
database creation and maintenance. Each journal has its own
format and data requirements, and no journals produce stan-
dardized, machine readable les containing key primary data
(Fig. 3). Rather, these data are oen provided as supplementary
materials in a wide variety of formats. Deposition of data to
public resources (e.g. depositing biosynthetic gene clusters with
NCBI) is valuable, but accession numbers must still be extracted
manually from the methods or data availability sections of the
papers, slowing the rate of data curation.

For chemical structures, the situation is even more difficult.
Most authors do not deposit new structures to public databases
(e.g. PubChem49 or ChEBI50), meaning that structures start as
computerized representations (e.g. ChemDraw les) are repro-
duced by journals as at images in PDFs, and must then be
manually re-entered in machine readable formats. This medi-
eval approach to information dissemination is a signicant
barrier to data integration efforts, and one that the community
This journal is © The Royal Society of Chemistry 2021
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must urgently address. The American Chemical Society style
guide includes a clear summary of many of the challenges
surrounding machine interpretation of printed structures.51

We propose that editors require a SMILES string in the
manuscript for every new compound, as an additional compo-
nent of the experimental data section. Although this is not
a substitute for a separate structured data le (e.g. MDL SDF or
structured JSON), it is easy to implement and would improve the
digitalization of natural products research results by increasing
structure availability and reducing error rates caused by manual
re-entry of compound structures. Initiatives of some journals,
such as Nature Chemical Biology,52 to collect such data and
automatically submit all published structures to the PubChem
database in a computer-readable format show that this is
feasible.

For BGCs the problem is sometimes even worse as, unlike
chemical structures, digital representations of BGC
sequences cannot be reconstructed from images in a paper.
Hence, deposition of the data to a public repository is abso-
lutely required in order to assess a scientic paper on its
merits, and to reproduce and leverage these results. The fact
that many journals, even highly regarded ones such as the
Journal of the American Chemical Society, regularly publish
papers on BGCs without the sequence being made available
anywhere is highly problematic. As is the case for proteins,53

we feel that it is imperative that accession numbers to Gen-
Bank entries containing the BGC are explicitly mentioned in
the paper. When a BGC is characterized from a genome
sequence previously published by another research group,
authors should refer to the accession number of that genome
and the coordinates of the BGC within it, or at least provide
locus tags of the genes or accession numbers of the encoded
proteins, to allow readers and database developers to nd the
underlying data.

Ideally, every database should relate each data point to the
appropriate reference from which these data were derived. This
This journal is © The Royal Society of Chemistry 2021
would allow users to evaluate data more carefully than aggre-
gated datasets where data provenance is unknown. Fortunately,
the digital object identier (DOI) system provides a unique
identier for journal articles that is easily converted to a hyper-
link to each article and provides a simple method for storing
article information. Frustratingly however, some publishers
have not assigned DOIs to their legacy article collections.
Because DOIs are not universally assigned, database systems
must therefore handle both DOIs and full reference data
(journal, volume, issue, pages). With the advent of e-journals
that use non-standard citation formats, this has quickly
become a complicated and error prone process. We therefore
present a second recommendation that publishers review their
legacy holdings and, where appropriate, assign DOIs to these
back catalogues. This simple action would have a signicant
impact on the information content and interoperability of
separate natural product-based data resources.

One nal and oen overlooked point is the cost of running
and maintaining a database. Servers, IT staff, and continued
soware development are oen forgotten in planning the
longevity of data tools. Furthermore, a database may reach the
end of its life due to funding or being superseded by another
platform. Currently when this happens, data are oen simply
lost. One simple and effective solution is to store versioned
releases of data dumps on a free scientic data storage solu-
tions such as Zenodo (run by CERN and OpenAIRE, https://
zenodo.org/) or GigaDB (run by the GigaScience journal,
http://gigadb.org/). Otherwise, standard steps can be followed
to archive a database.54 Doing so can prevent the relegation of
data to the annals of lost and forgotten databases and is best
practice for FAIR data.
3.3. Curating microbial natural products data in 2020

Curating natural products data from the primary literature
remains a predominantly manual process. It requires three
main steps; identication of articles pertaining to microbial
Nat. Prod. Rep., 2021, 38, 264–278 | 271
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natural products discovery, extraction of structures, gene clus-
ters and other data from each article, and organization of these
data into a structured format. The most challenging of these is
the identication of relevant articles. Traditionally, more than
50% of all microbial natural products discoveries were pub-
lished in either the Journal of Antibiotics or the Journal of Natural
Products. However, as natural products research has broadened
in scope, the number of venues for reporting natural products
discovery has increased. This creates challenges for data cura-
tion. Manual inspection of titles and abstracts for all published
articles is now an impossibly large task. Instead, curation efforts
must rely on either targeted curation of key journals, or text
mining strategies using keywords to nd relevant articles from
public data sources such as PubMed. Both of these approaches
have limitations that impact the coverage of curation efforts.
Focus on a targeted list of journals can exclude reports in
peripherally related areas (e.g. marine chemical ecology or
microbiome studies) while text mining approaches are likely to
miss core articles and are susceptible to bias depending on the
algorithm(s) used for ltering. Authors can assist with this
effort by ensuring that the discovery of new natural products or
BGCs is prominently described in the abstract. In most cases,
curators do not have bulk access to the full text versions of
articles, meaning that the title and abstract are the only infor-
mation available for article prioritization. A clear statement
describing new compound or BGC discovery in the abstract is
therefore the most effective method to ensure that new data are
included in curation efforts.
3.4. Community contributions

A second route to data curation is through investigator-initiated
submissions directly to databases. This approach has many clear
advantages. It makes curation a distributed effort, rather than
relying on a small number of volunteers. This in turn improves
both coverage and accuracy, because the original authors are
providing the key data directly. It reduces effort because these data
(e.g. structures) are already in an appropriate electronic format,
and reduces error rates by eliminating instances where curators
incorrectly interpret data from original articles.

There are however a number of disadvantages to the commu-
nity contribution model. Databases without control over data
insertion can quickly become corrupted through either accidental
or malicious behavior. This may oen be unintentional, as it is
easy to misinterpret a step in a submission form and input the
wrong data. In addition, submissions from external users may not
conform to the dened scope of the database.Without appropriate
care, the contents of the database can quickly become heteroge-
neous, making it difficult or impossible to perform meaningful
analyses on the entire dataset.

To address these challenges, most platforms include
a secondary curation step, where external submissions are
reviewed by subject experts for appropriateness and complete-
ness. This approach is much faster than de novo literature
searching, as the core data have already been submitted in an
appropriate format. To make sure that submitted data are as
unambiguous as possible, a clear ontology detailing the options
272 | Nat. Prod. Rep., 2021, 38, 264–278
for each data eld is required, as well as clear instructions and
tutorials for submission.55 From our experience with the
Natural Products Atlas and MIBiG, approximately 50% of
community submissions are accepted ‘as is’, with a further 35%
requiring format or content corrections, and 15% being rejected
as outside the scope of the database.

Currently, the Natural Products Atlas, MIBiG, MetaboLights
and GNPS are four of the only natural products resources that
accept external submissions. This is likely in part due to low
demand, because of ‘submission fatigue’ from the ever-
increasing list of requirements placed on corresponding
authors. Initial submissions now require extensive information
about authors and grants, and accepted articles must oen be
separately deposited in open repositories to satisfy funding
agencies. To add to this, sequence data must typically be
deposited in an open repository (e.g. NCBI) and crystal structures
deposited with the Protein Data Bank or the Cambridge Struc-
tural Database. Understandably, uptake for voluntary submission
of additional data is low. However, the power provided to the
scientic community offered by the accumulation of data in
these repositories cannot be overstated. It is up to the natural
products eld to lead the way in data deposition, and to develop
new strategies that improve data coverage in these areas without
increasing the burden on lead investigators. There are clear
incentives for researchers to do so, including increased visibility
and citation rates for their science, as well as the ability to see and
use these data when navigating publicly available data resources.
4. Integration and interoperability
between databases
4.1. Multi-omics and meta-analysis driven microbial natural
products discovery

This area of natural products science is still in its infancy, but
a number of important discoveries have already been enabled
by the availability of comprehensive, well-structured datasets.

4.1.1. Global analyses performed with natural product
databases. Several groups have performed recent meta-analyses
on natural products science using natural product databases.
Pye et al.56 investigated the rate of novel compound discovery as
a function of time and source organism type using a combina-
tion of commercial and in-house databases. They showed that,
while the absolute number of novel scaffolds being discovered
each year remains roughly constant, the number of derivative
compounds being reported has increased dramatically over the
past 30 years; currently, less than 10% of new marine and
microbial compounds can be considered ‘novel’ scaffolds.

Pascolutti et al.57 used the Dictionary of Natural Products
(DNP) to identify small, ‘fragment-like’ natural products, and
evaluate their physicochemical properties. They demonstrated
that a subset of structures was representative of a large
percentage of the total motif diversity in this sample set, and
suggested that these molecules could form the foundation for
future fragment-based screening libraries.

O'Hagan and Kell58 took this premise one step further to ask
which combination of 96, 384, 1152 or 1920 compounds would
This journal is © The Royal Society of Chemistry 2021
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best represent the chemical space in Nature. Using a combina-
tion of the now-defunct Universal Natural Products Database59

and DNP they were able to identify libraries that covered up to
30% of overall chemical space, and to propose a high coverage
library made up entirely of commercially available natural
products.

Global analyses have also been performed for BGCs, such as
the study by Cimermancic et al.34 in 2014, which surveyed the
biosynthetic landscape across 1154 sequenced bacterial and
archaeal genomes, revealing widely distributed BGC classes of
unknown function. Since then, the size of genomic databases
has grown by orders of magnitude, however. As an example,
NCBI RefSeq now holds more than 190 000 bacterial genomes
compared to �29 000 in late 2014, not to mention the rising
availability of metagenome-assembled genome (MAG)
sequences.60–63 These newly available genomic data provide
exciting opportunities to assess, for example, which taxonomic
groups encode the richest natural product biosynthetic diversity
and should therefore be targeted for discovery efforts, or how
biosynthetic diversity is governed by species phylogeny versus
ecology.64

4.1.2. New uses for structure databases. The availability of
curated structure databases has enabled the development of
a number of exciting extensions to existing analytical platforms.
Reher et al.65 recently published a new version of the Small
Molecule Accurate Recognition Technology platform, termed
SMART 2.0. This tool uses neural networks to match HSQC
NMR spectra of unknown compounds against a database of
known compounds. Using this approach, the SMART 2.0 algo-
rithm predicts the identities of compound classes for unknown
molecules directly from a single NMR spectrum. In this new
release, the authors included calculated HSQC spectra based on
structures from several natural products databases. This
dramatically increased the number of reference spectra, from
2054 in the original report to >53 000 in this new version.

In the area of mass spectrometry, a number of tools have
been developed for the prediction of MS/MS fragmentation
patterns.66–69 These approaches provide a powerful new
discovery modality for natural products researchers by
providing an alternative to the need for validated synthetic
standards for all compounds. For example, the latest version of
the CFM-ID platform, CFM-ID 3.0,68 includes a large reference
library of pre-calculated spectra, as well as online and local
options for calculating spectra for bespoke compound libraries.
Similarly, the new release of the SIRIUS platform (SIRIUS 4)69

incorporates the CSI:FingerID platform70 and predicts the most
likely structure for signals from mass spectrometry data, based
on comparison with a database of known structures. These
complement additional tools, such as MS2LDA71 and the asso-
ciated MotifDB,72 which provide annotation of metabolite
substructures based on motifs found across databases of
tandem mass spectra. The availability of both compound
databases and tools like CFM-ID and SIRIUS therefore enables
the creation of targeted annotation libraries based on specic
parameters relevant to a given study (taxonomic origin,
compound class, etc.).
This journal is © The Royal Society of Chemistry 2021
4.1.3. New uses for BGC databases. One of the most
obvious uses of BGC databases is in the process of der-
eplication: identifying whether BGCs detected in a set of (meta)
genome sequences are likely to encode known biosynthetic
pathways or not. For example, Crits-Christoph et al.73 used the
MIBiG database to show that >90% of BGCs they identied in
metagenome-assembled genomes from uncultivated Acid-
obacteria, Verrucomicobia, Gemmatimonadetes, and Roku-
bacteria were likely to encode novel pathways. This process of
dereplication can now also be automated for large genomic
datasets using the BiG-SCAPE algorithm.74 BiG-SCAPE
computes sequence similarity networks from user-specied
antiSMASH results together with all MIBiG database BGCs
and reconstructs gene cluster families (GCFs), from which one
can assess which BGCs are similar to a known BGC from MIBiG
and which are not.

Another clear use case of BGC databases is to annotate
functions in, for example, microbiome studies and using these
annotations to infer ecological interactions. For example, Bah-
ram et al.75 used a set of MIBiG entries linked to products with
proven antimicrobial functions to assess whether fungal anti-
biotic production potential is associated with the frequency of
bacterial antibiotic resistance genes across topsoil
metagenomes.

Furthermore, people have been using BGC databases like
antiSMASH-DB to identify BGCs that contain specic combi-
nations of genes of interest. For example, Krause et al.76 per-
formed pattern matching to chart the occurrence and diversity
of PapR2-like regulators (SARP-type DNA-binding proteins with
potential as generic activators for silent BGCs) within
antiSMASH-DB, which revealed its widespread distribution
across Actinobacterial genomes.

Another straightforward use of a BGC database is to chart the
biosynthetic diversity of organisms within a larger taxonomic
group.77 Databases such as antiSMASH-DB make these analyses
straightforward, by providing ready to use, pre-calculated BGC
data and metadata (e.g., on their taxonomic origins) that can be
accessed via an Application Programming Interface (API).

Finally, BGC databases also have potential to function as
a ‘parts catalogue’ for pathway engineering using synthetic
biology. For example, the ClusterCAD soware78 allows users to
design new modular polyketide synthase assembly lines by
sourcing polyketide BGCs and polyketide synthase modules
from MIBiG, and providing a graphical interface to mix and
match these to build novel polyketide structures of interest. In
principle, this type of computer-aided design could be
expanded in various ways, e.g. by sourcing and searching any
BGC from publicly available data in IMG/ABC or the antiSMASH
database, or by, for example, including searches for genes
encoding tailoring enzymes.

4.1.4. Examples of data integration between databases.
There are very few examples of natural products discoveries
made directly through the integration of multiple databases.
This is no doubt due to the poor interoperability between most
current resources, and the weak standardization of core data
(structure representation, taxonomy, etc.). Some innovative
Nat. Prod. Rep., 2021, 38, 264–278 | 273
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research has been powered by combining chemical structure
data with BGC data. For example, the GRAPE-GARLIC soware
pipeline79 used retrobiosynthesis on an in-house database of
chemical structures to reconstruct their monomer composition,
which was the matched to monomers computationally pre-
dicted from BGC sequences found in public sequence data-
bases. Similarly, integrating BGC data with metabolomics data
has led to a range of approaches to (semi-)automatically link
molecules to the genes involved in their biosynthesis based on
pattern matching strategies.80–82 There is clearly a vast oppor-
tunity for the development of new tools in these areas, and we
look forward to seeing what the next decade will bring.
4.2. Enabling interoperability between databases

Natural products databases span a wide range of subject areas
(structures, biosynthetic gene clusters, geographic origin,
taxonomic origin etc.). However, because the eld is very large
and data curation is slow, most databases are designed with
narrow scope. This has led to a proliferation of small databases
with partial overlap in terms of content, and no standardization
of included elds.

A number of technologies exist which could facilitate the
exchange of data between databases. In particular, the
advent of the specications for the Semantic Web (or Web
3.0) by the World Wide Web Consortium (W3C, https://
www.w3.org/standards/semanticweb/) would greatly facili-
tate data interchange. These technologies include Resource
Description Framework, Web Ontology Language, and JSON-
LD, amongst many others. Implementing tools like this
affords structured and linked datasets and is currently
driving a change in how data is handled on the internet.
Practically, these technologies make data machine-readable
and are currently leveraged heavily by the web's largest
driving forces, including Google and Amazon. Unfortunately,
we have yet to see these technologies realized in the eld of
natural products. This is due in large part to the depth of
technical knowledge required to implement these
requirements.

A simpler approach is the development of web APIs with
well-dened schemas for existing online tools. APIs can deliver
data in JSON or XML format, permitting real-time extraction of
information from different resources, and eliminating the need
for the duplicate storage of key data. Replication of the same
data in different repositories is a basic ‘no–no’ in database
science, because of the challenges associated with ensuring that
both copies are always correctly synchronized.

Creating APIs not only enables the faster development of
front-end tools such as data summary dashboards or detailed
data pages, but it also provides informaticians with methods to
more easily access and interrogate data. This in turn reduces the
barrier to access to ask new questions in the eld, and catalyses
the exploration and development of new ideas.

To be interoperable, databases require at least one unique
eld that is the same in each dataset (the ‘primary key’). Real-
istically, chemical structures are the only practical option as the
primary key between natural products databases. To be useful,
274 | Nat. Prod. Rep., 2021, 38, 264–278
structures must therefore be entered consistently in all cases.
Database creators must decide how to handle a large number of
complicated situations including: entering racemates as one
compound or two, including or excluding salt forms, handling
atropisomers and metal complexes, managing partial and
missing congurations, identifying and updating structures
that have been corrected in subsequent studies, etc.

An ideal scenario would be to have a central, comprehensive
database of all natural product structures to which other
resources could refer. This would vastly increase the speed of
database creation (by eliminating the need to curate the struc-
ture component) and would automatically align all of these
resources (via the central structure ID). Sadly, no such database
currently exists. In the absence of such a resource, database
managers are encouraged to cooperatively dene compound
standardization strategies, and to manually review and align
structural data between resources. This unglamorous task
receives little recognition in the community, meaning that it is
a low priority for most academic research groups. Until the
natural products community develops guidelines and standards
for data curation, this situation will likely persist, which pres-
ents a considerable threat that the value and opportunity
offered by comparing datasets from different subject areas will
be lost.
5. Future perspective

Data-centric approaches have fundamentally altered the land-
scape in many areas of natural science. For example, from the
laborious early determination of protein crystal structures in
the 1960s, protein biochemistry has evolved to a sophisticated
eld where even non-experts can perform large-scale, auto-
mated docking studies of virtual libraries against almost any
biological target. Similarly, the longstanding effort to create
KEGG as an encyclopaedia of gene function83 is enabling the
development of tools for the automated annotation of gene
function across genomes and metagenomes (e.g. BlastKOALA
and GhostKOALA84).

Natural products science has yet to take full advantage of this
changing landscape of scientic discovery. Many discovery
programs remain focused on manual methods, without effec-
tively leveraging prior knowledge in the eld. This is evidenced
by high rates of compound rediscovery and the heterologous
expression of ‘unusual’ BGCs that turn out to produce well-
known compound classes. While this cannot always be avoi-
ded, better data integration of chemical structure data, genomic
data and metabolomic data has a clear potential to improve
prioritization of research efforts.

The opportunities offered by developing new data-driven
discovery methods are clear. However, it is unreasonable to
expect that researchers involved in tool development will also
create the basal datasets required to power these tools. Instead,
we must commit resources to the creation of large, well-
structured repositories of key information, and must develop
a culture where data deposition of new results is a standard and
expected part of the discovery workow. If we can accomplish
This journal is © The Royal Society of Chemistry 2021
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these goals, the return on this investment will be felt powerfully
in every corner of natural products science.
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W.-T. Liu, M. Crüsemann, P. D. Boudreau, E. Esquenazi,
M. Sandoval-Calderón, R. D. Kersten, L. A. Pace, R. A. Quinn,
K. R. Duncan, C.-C. Hsu, D. J. Floros, R. G. Gavilan,
K. Kleigrewe, T. Northen, R. J. Dutton, D. Parrot,
E. E. Carlson, B. Aigle, C. F. Michelsen, L. Jelsbak,
C. Sohlenkamp, P. Pevzner, A. Edlund, J. McLean, J. Piel,
B. T. Murphy, L. Gerwick, C.-C. Liaw, Y.-L. Yang,
H.-U. Humpf, M. Maansson, R. A. Keyzers, A. C. Sims,
A. R. Johnson, A. M. Sidebottom, B. E. Sedio, A. Klitgaard,
C. B. Larson, C. A. Boya P, D. Torres-Mendoza, D. J. Gonzalez,
D. B. Silva, L. M. Marques, D. P. Demarque, E. Pociute,
E. C. O'Neill, E. Briand, E. J. N. Helfrich, E. A. Granatosky,
E. Glukhov, F. Ryffel, H. Houson, H. Mohimani,
J. J. Kharbush, Y. Zeng, J. A. Vorholt, K. L. Kurita,
P. Charusanti, K. L. McPhail, K. F. Nielsen, L. Vuong,
M. Elfeki, M. F. Traxler, N. Engene, N. Koyama, O. B. Vining,
R. Baric, R. R. Silva, S. J. Mascuch, S. Tomasi, S. Jenkins,
V. Macherla, T. Hoffman, V. Agarwal, P. G. Williams, J. Dai,
R. Neupane, J. Gurr, A. M. C. Rodŕıguez, A. Lamsa, C. Zhang,
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W. Robien, C. M. Saunders, T. J. Schmidt, C. Seger,
B. Shen, C. Steinbeck, H. Stuppner, S. Sturm,
O. Taglialatela-Scafati, D. J. Tantillo, R. Verpoorte,
B.-G. Wang, C. M. Williams, P. G. Williams, J. Wist,
J.-M. Yue, C. Zhang, Z. Xu, C. Simmler, D. C. Lankin,
J. Bisson and G. F. Pauli, Nat. Prod. Rep., 2019, 36, 35–107.

42 B. C. Sorkin, J. M. Betz and D. C. Hopp, Org. Lett., 2020, 22,
2867.

43 J. L. Lopez-Perez, R. Theron, E. del Olmo and D. Diaz,
Bioinformatics, 2007, 23, 3256–3257.

44 C. Steinbeck and S. Kuhn, Phytochemistry, 2004, 65, 2711–
2717.

45 E. L. Ulrich, H. Akutsu, J. F. Doreleijers, Y. Harano,
Y. E. Ioannidis, J. Lin, M. Livny, S. Mading, D. Maziuk,
Z. Miller, E. Nakatani, C. F. Schulte, D. E. Tolmie, R. Kent
Wenger, H. Yao and J. L. Markley, Nucleic Acids Res., 2007,
36, D402–D408.

46 D. S. Wishart, Y. D. Feunang, A. Marcu, A. C. Guo, K. Liang,
R. Vázquez-Fresno, T. Sajed, D. Johnson, C. Li, N. Karu,
Z. Sayeeda, E. Lo, N. Assempour, M. Berjanskii, S. Singhal,
D. Arndt, Y. Liang, H. Badran, J. Grant, A. Serra-Cayuela,
Y. Liu, R. Mandal, V. Neveu, A. Pon, C. Knox, M. Wilson,
C. Manach and A. Scalbert, Nucleic Acids Res., 2018, 46,
D608–D617.

47 K. Asakura, J. Synth. Org. Chem., Jpn., 2015, 73, 1247–1252.
48 J. Chambers, M. Davies, A. Gaulton, A. Hersey, S. Velankar,

R. Petryszak, J. Hastings, L. Bellis, S. McGlinchey and
J. P. Overington, J. Cheminf., 2013, 5, 3.

49 S. Kim, J. Chen, T. Cheng, A. Gindulyte, J. He, S. He, Q. Li,
B. A. Shoemaker, P. A. Thiessen, B. Yu, L. Zaslavsky,
J. Zhang and E. E. Bolton, Nucleic Acids Res., 2019, 47,
D1102–D1109.

50 J. Hastings, G. Owen, A. Dekker, M. Ennis, N. Kale,
V. Muthukrishnan, S. Turner, N. Swainston, P. Mendes
and C. Steinbeck, Nucleic Acids Res., 2016, 44, D1214–D1219.

51 G. M. Banik, in The ACS Guide to Scholarly Communication,
ed. G. M. Banik, G. Baysinger, P. V. Kamat and N. J. Pienta,
American Chemical Society, Washington, DC, 2020.

52 Nat. Chem. Biol., 2007, 3, 297.
53 Biochemistry, ed. J. A. Gerlt, 2018, vol. 57, pp. 4239–4240.
54 J. E. Olson, Database Archiving, Elsevier, 2009.
55 S. C. Epstein, L. K. Charkoudian and M. H. Medema, Stand.

Genomic Sci., 2018, 13, 16.
56 C. R. Pye, M. J. Bertin, R. S. Lokey, W. H. Gerwick and

R. G. Linington, Proc. Natl. Acad. Sci. U. S. A., 2017, 114,
5601–5606.

57 M. Pascolutti, M. Campitelli, B. Nguyen, N. Pham,
A.-D. Gorse and R. J. Quinn, PLoS One, 2015, 10, e0120942.

58 S. O'Hagan and D. B. Kell, Biotechnol. J., 2018, 13, 1700503.
This journal is © The Royal Society of Chemistry 2021
59 J. Gu, Y. Gui, L. Chen, G. Yuan, H.-Z. Lu and X. Xu, PLoS One,
2013, 8, e62839.

60 B. J. Tully, E. D. Graham and J. F. Heidelberg, Sci. Data, 2018,
5, 170203.

61 D. H. Parks, C. Rinke, M. Chuvochina, P.-A. Chaumeil,
B. J. Woodcro, P. N. Evans, P. Hugenholtz and
G. W. Tyson, Nat. Microbiol., 2017, 2, 1533–1542.

62 R. D. Stewart, M. D. Auffret, A. Warr, A. W. Walker, R. Roehe
and M. Watson, Nat. Biotechnol., 2019, 37, 953–961.

63 A. Almeida, S. Nayfach, M. Boland, F. Strozzi, M. Beracochea,
Z. J. Shi, K. S. Pollard, D. H. Parks, P. Hugenholtz, N. Segata,
N. C. Kyrpides and R. D. Finn, bioRxiv, DOI: 10.1101/762682.

64 T. Hoffmann, D. Krug, N. Bozkurt, S. Duddela, R. Jansen,
R. Garcia, K. Gerth, H. Steinmetz and R. Müller, Nat.
Commun., 2018, 9, 803.

65 R. Reher, H. W. Kim, C. Zhang, H. H. Mao, M. Wang,
L.-F. Nothias, A. M. Caraballo-Rodriguez, E. Glukhov,
B. Teke, T. Leao, K. L. Alexander, B. M. Duggan, E. L. Van
Everbroeck, P. C. Dorrestein, G. W. Cottrell and
W. H. Gerwick, J. Am. Chem. Soc., 2020, 142, 4114–4120.

66 C. Ruttkies, E. L. Schymanski, S. Wolf, J. Hollender and
S. Neumann, J. Cheminf., 2016, 8, 3.

67 H. Mohimani, A. Gurevich, A. Shlemov, A. Mikheenko,
A. Korobeynikov, L. Cao, E. Shcherbin, L.-F. Nothias,
P. C. Dorrestein and P. A. Pevzner, Nat. Commun., 2018, 9,
4035.

68 Y. Djoumbou-Feunang, A. Pon, N. Karu, J. Zheng, C. Li,
D. Arndt, M. Gautam, F. Allen and D. S. Wishart,
Metabolites, 2019, 9, 72.
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