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Abstract

The Natural Products Atlas is a database of microbially derived natural products that contains structures, producing organism taxonomy, biosyn-
thetic and chemical ontology classifications, grouping by compound classes and cross-links to a suite of other natural product-related data
resources. The database is supported by a web server that includes functionality to browse the collection, search the database using both chem-
ical structures and text/numerical terms and visualize the chemical diversity it contains using interactive dashboards. In the current database
release, we have curated 1347 papers, increasing the number of compounds to 36 545. In addition, we have initiated a large-scale effort to
incorporate data from papers reporting structural reassignments and revisions to previously published structures. This effort led to the incorpo-
ration of 590 corrections to existing entries, significantly improving the accuracy of the dataset. The Natural Products Atlas may be accessed at
www.npatlas.org.
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goal of collecting, curating and distributing information on all

Introduction

The chemistry of the microbial world has a profound effect
on many areas of our lives. From the influence of the human
microbiome on health and wellbeing, to the protection or de-
struction of crops and food stocks by environmental strains,
microbial chemistry contributes substantially to processes that
shape society. Notwithstanding the importance of this topic,
until recently there was no open access repository containing
the structures of all known microbial metabolites. The Natu-
ral Products Atlas was developed to address this gap, with the

known microbial secondary metabolites.

The Natural Products Atlas was originally published in
late 2019 (1), with a second paper describing extensions and
improvements to the platform published in 2022 (2). These
two papers have now been cited 352 times (Web of Science,
September 2024). Among these, approximately a quarter of
papers focus on the discovery of individual classes of natu-
ral products (NPs; NP discovery), a quarter are review papers
on different elements of NP discovery or databases and half
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describe large-scale examination of NPs’ chemical space (Fig-
ure 1). These topics range from new database construction to
omics data integration and encompass a wide range of appli-
cations that would not have been possible without the avail-
ability of the Natural Products Atlas as a central repository of
known microbial NPs’ structures.

In the previous Atlas release, we completed a thorough
review of the original publications for all structures in the
database missing assignments of one or more chiral cen-
ters. We performed this reanalysis to ensure that the struc-
ture representations in the database contained all informa-
tion from the original papers, rather than simplified structural
depictions. During this effort, it became clear that an appre-
ciable number of NPs are published without full configura-
tional assignment. These structures are sometimes later up-
dated through total synthesis or reisolation, defining the con-
figurations at these unknown positions. In addition, a smaller
number of cases involve the correction of structures that were
originally incorrectly assigned, changing either configurations
at one or more chiral centers, or the gross connectivity of the
carbon skeleton.

Because the Natural Products Atlas reports the original iso-
lation paper for each compound, reassignments to structures
were not tracked in previous versions of the database. To ad-
dress this shortcoming, we have initiated a program to find
and curate all papers reporting corrections or updates to ex-
isting entries. This paper describes the methodology and out-
come from this effort, which has led to the correction of hun-
dreds of structures and significantly improved the accuracy of
the database. In addition, we describe the curation of the most
recent set of papers reporting new microbial NPs and discuss
current discovery trends revealed from these data.

Materials and methods

Curation of newly reported NPs

Curation of new papers (defined below) reporting micro-
bial NP discovery followed our established curation pipeline.
Briefly, titles and abstracts from a set of 50 journals known
to contain NP papers were classified using an in-house sup-
port vector machine model to identify papers describing new
NP isolation. A named entity recognition tool was then used
to extract compound names and source organism taxonomies
from the title/abstract text, and relationships between organ-
isms and compounds were defined using a relationship model.
Compound names were searched against PubChem to acquire
chemical structures where available. Finally, article data were
formatted for our data curation web server and assigned to
curators for manual review and database insertion.

Curation of reassignment data
Preparation of literature training set

To create a training set for classifier development for arti-
cles reporting reassignment of NP structures we collected and
manually inspected a large body of article titles and abstracts
(~5000) from the organic chemistry literature. Because re-
ports of reassignment are rare, we enriched the set by includ-
ing results from targeted keyword searches and articles con-
taining the names of microbial NPs. We then manually re-
viewed the title and abstract of each article, classifying them
as either about reassignment (1) or not (0).
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Creation of random forest classifier

Using the literature training set described above (1025 articles
about reassignment and a balanced number of ‘negative’ arti-
cles that did not report reassignments) we created a random
forest classifier to identify articles reporting structure reassign-
ments for NPs. Following hyperparameter tuning and param-
eter optimization, the model returned an accuracy of 85.4%,
recall of 80.6% and precision of 87.7% using an 80:20 train
test split that resulted in a holdout set of 410 articles (204 = 1,
206 = 0). An attempt was made to introduce class imbalance
in favor of positive results to improve the recall of the model.
However, this led to large increases in the false positive rate,
which was not practical for downstream manual curation, so
no biased weighting was used in the final model.

Classification of literature articles

Titles and abstracts for 268 824 articles derived from 10
chemistry journals from the period 2000-2023 were collected
from the NCBI E-utilities resource and classified using the
reassignment classifier, returning 8468 candidate articles. Be-
cause the model was not trained to differentiate between mi-
crobially derived and plant/invertebrate-derived compounds,
these articles were scanned for compound names and related
terms from the Natural Products Atlas database. Articles re-
lated to microbial NPs were retained, yielding 4418 candidate
articles for manual review.

Curation of reassignment data

Candidate reassignment articles were combined with lists of
articles derived from targeted keyword searches, reformatted
into a flat comma-separated values (csv) format that included
the Natural Product Atlas Identification (NPAID) and Sim-
plified Molecular Input Line Entry System (SMILES) string
where available, and divided into datasets for manual review.
Curators examined each row of the dataset to decide whether
the article was about NP reassignment and whether the com-
pound being reassigned was of microbial origin. Compounds
meeting these criteria were then updated in the table by adding
the corrected structure and the type of reassignment. Com-
pleted datasets were compiled into a single file, reviewed for
accuracy and removal of duplicates and sent to the developer
team for database insertion. In some cases, reassigned com-
pounds were missing from the Atlas, or compounds were re-
assigned to previously reported structures that were not in the
Atlas database. In both cases, the original isolation article for
the missing compound was found, curated and inserted into
the Atlas using our standard article curation pipeline to ensure
the inclusion of all corrected structures.

Incorporation of additions and corrections

User deposited articles were exported from the backend server,
standardized using in-house literature standardization tools
and reformatted for insertion into the Natural Products Atlas
curation web server. Each article was then manually reviewed
in the curation platform using our standard curation work-
flow and inserted into the database using a comprehensive set
of checks for standardization and uniqueness against the ex-
isting database entries.

User-deposited corrections were exported from the backend
server, reformatted to csv format and manually reviewed for
accuracy. Manual review involved reexamination of the orig-
inal paper(s) reporting new compound discovery, and com-
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Figure 1. Distribution of subject areas covered by papers citing the Natural Products Atlas (2019-2024).

parison with the proposed correction to confirm the accu-
racy of the proposed change. In some cases (e.g. addition
of synonyms), the correction involved insertion of new ar-
ticles into the database and the creation of a new entry in
the synonym table, linked to the compound page. In others
(e.g. correction to source organism taxonomy), the correc-
tion included insertion of new taxonomic terms (if not already
present in the database) and updating of links between com-
pound and taxonomy tables. Corrections that passed man-
ual review were subjected to checks for standardization and
uniqueness and updated directly in the database using the ad-
ministrator Application Programming Interface as described
above.

Results

Curation of newly reported NPs

The previous publication describing the Natural Products At-
las included articles published up to the end of 2020. In this
new release, we have extended the coverage up to the end of
2022, reviewed additional papers from the period prior to
2021 and added selected coverage of papers from 2023/24.
In total, this required the inspection and manual curation of
1347 research articles using the Natural Products Atlas cu-
ration platform. Of these, 1308 articles were added to the
database, with an average of 3.05 new compounds per article.
This curation effort increased the size of the database by 3993
compounds to a total of 36 545. The ratio of fungal to bac-
terial compounds in 2021/22 was 4.4:1. This is significantly
higher than the previous ratio for the Atlas database (2.4:1 for
2019/20) and follows a recent trend toward new compound
discovery from fungi.

Curation of user-submitted articles and corrections

Since the inception of the Natural Products Atlas project, the
website has included functionality for the deposition of arti-
cles missing from the database (i.e. the addition of compounds
not present in the database; https://www.npatlas.org/deposit),
and the reporting of additions or corrections to the existing
data (i.e. updating of information for compounds currently
held in the database; https://www.npatlas.org/corrections). To
date, community use of these functions has been low. Since
2019, we have received depositions of 237 articles, more than
half of which were from the Atlas development team. Sim-
ilarly, we have received 155 additions/corrections, many of
which were also from the development team. Nevertheless,
these community contributions are very important for im-
proving the accuracy of the database as they are often sub-
mitted by domain-specific experts who find subtle errors that
would be very difficult for the Atlas team to detect using auto-
mated tools. Additional submissions from the community are
therefore strongly encouraged. For this release, we reviewed
and incorporated all new data from both sources as described
in the ‘Materials and methods’ section. This included updates
to incorrect structures (27), addition of synonyms (46) and
various corrections to taxonomy terms or isolation references.

Addition of structural reassignment information
Identification of articles reporting structure reassignments
The inclusion of reassignment data is a new feature for this
release of the Natural Products Atlas. In this context, reas-
signment articles are defined as articles that updated or correct
the structures of previously published NPs. To identify articles
covering these topics, we pursued a two-pronged approach.
First, we performed classical literature searches using keyword
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terms including ‘structure reassignment’, ‘structural revision’,
etc. Second, we manually classified ~2000 articles from the
synthetic products/NPs literature into two groups (true/false)
based on whether they included information about structure
reassignments and used this training set to create a random
forest classifier to identify reassignment articles from the pri-
mary literature. Classifying ~270 000 articles from PubMed
(see “Materials and methods’ section) returned 8468 candi-
date articles about structure reassignments. After the removal
of duplicates, the title and abstract from each article were
searched against lists of compound names and genera from
the Atlas database to identify reassignment articles relevant to
microbial NPs. Finally, article lists (4418 articles total) were
provided to curators for review.

Curation of reassignment data

Curators manually reviewed each article to identify the com-
pound(s) being reassigned, identified those that were micro-
bial NPs and manually extracted the NPAID (if available) or
name and structure (if no NPAID available) of the original
structure, the SMILES representation of the reassigned struc-
ture and the type of reassignment. In total, curators reviewed
4418 articles, of which 411 contained reassignments of mi-
crobial NPs. Together these results identified 157 compounds
not previously included in the Atlas database, 494 compounds
that required structure reassignment and 81 compounds pre-
viously included in the Atlas that required removal (see ‘Dis-
cussion’ section).

Data management for structure reassignments

Addition of reassignment data to the Atlas necessitated
changes to the underlying database schema. The central identi-
fier in the database is the NPAID (e.g. NPA012345). This is de-
fined in a ‘compound’ table that is at the heart of the schema.
Until now, this table has also included information about the
structure of the compound associated with this NPAID. How-
ever, with the inclusion of reassignment data, the structural
representation is no longer fixed for the lifetime of each entry.
Therefore, compound structure was removed to a separate ta-
ble, allowing both the currently accepted structure and any
previous (incorrect) structures to be associated with the same
NPAID. These two tables are connected by a linker table that
lists the substance ID (NPAID), the compound structure ID
and the reference ID for the reference reporting that struc-
ture. In this way, information is preserved about the prove-
nance of each version of the structure, in line with our goal
of associating every data point with a primary reference from
the scientific literature.

Incorporating reassignment information into data display and
search functions

Addition of reassignment data also created new considera-
tions for search options and information display. For example,
should incorrect structures be included in standard search re-
sults? On the one hand, the answer should be no, since there
is no currently available data supporting their presence in na-
ture. On the other hand, the answer should be yes, since these
structures are present in the scientific literature but are now
known to be incorrect; information that could be of signif-
icant value to researchers studying these compounds. To re-
solve this issue, reassigned structures are excluded from search
results but are available in the JSON version of the download
options.
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A second consideration concerns substances whose struc-
tures have been disproven. In rare cases, published struc-
tures are reassigned to existing NPs (i.e. their structures were
initially incorrectly assigned as new compounds, and subse-
quently reassigned to a previously published structure). In
these cases, the NPAID of the misassigned compound becomes
deprecated, since structures must be unique in the database.
This raises the question of how to display the information
on the incorrect structure. Removing these data may lead
users to conclude that the molecule is legitimate but that the
entry is missing from the Natural Products Atlas. However,
retaining it suggests that the structure is legitimate. To re-
solve this issue, we added a banner to the compound page for
each deprecated structure, stating that the structure had been
reassigned to a different entry in the compound pages and
providing a hyperlink to the currently accepted compound
page (see ‘Discussion’ section). Deprecated compounds are ex-
cluded from search results unless the Advanced Search options
are used. To access deprecated structures, include the search
term ‘has_exclusions’ == TRUE in the Advanced Search page.
Deprecated structures are excluded from the download files,
since these files are often used as training sets for Artificial
Intelligence (AI)/Machine Learning (ML) development (3-5)
as well as classical dereplication (6-8). However, the depre-
cated structures are available as a separate file in the Zenodo
repository (see ‘Data availability’ section).

Addition of reassignment data has created a new layer of in-
formation that must be displayed to users. Compounds may
have one or more reassignment articles associated with them,
and consequently several different structure representations
over their discovery lifetimes. To present this to users, com-
pounds with reassignments now include a reassignment table
on the compound page that lists the original isolation struc-
ture and reference, as well as a chronological list of reassign-
ments with their respective structures. The structure displayed
as the main image on the compound page (and listed in the
download file) is the currently accepted version of the struc-
ture. As with all data in the Natural Products Atlas, this pro-
vides a direct link between each data point and the primary
reference from which it was derived.

Because reassignments sometimes lead to compounds be-
ing corrected to previously published structures we have
also implemented synonym handling. Unlike most chemical
databases, these synonyms are also all tied to references from
the primary literature. Where available, synonyms are now
displayed as a separate table below the main data table on
each compound page. Both accepted compound names and
synonyms are included in name searches. All synonyms are
also included in the download files.

Interoperability and cross-linking to other NPs
resources

One useful attribute of the Natural Products Atlas is that it
maintains cross-links to other domain-specific resources in
NPs research. These include the MIBiG database of biosyn-
thetic gene clusters (https:/mibig.secondarymetabolites.org)
(9), the GNPS repository of mass spectrometry (MS) data
(https://gnps.ucsd.edu) (10) and the NP-MRD database of nu-
clear magnetic resonance (NMR) data (https:/np-mrd.org)
(11,12). In the latest release, we have updated the cross-links
to all three of these repositories, capturing both new data in
those repositories that links to existing Natural Products At-
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Figure 2. Examples of microbial NP structures (2021-2022) with low structure similarity scores to existing entries in the Natural Products Atlas (13-24).

las entries, and links to newly added compounds in the Atlas
database. In addition, we have added cross-links to the Col-
laborative Microbial Metabolite Center (https://cmmc.gnps2.
org) knowledgebase, which is a new data ecosystem for mi-
crobial metabolites in human microbiome datasets.

A complication of adding reassignment data is that this
will reduce the number of cross-links to other resources un-
less those resources also update their representations of cor-
rected structures. However, given that experimental data such
as MS and NMR spectra contain spectroscopic properties
of chemical matter that are not impacted by the appended
structure representation it is still useful to create these cross-
links, even if the data repository holds an outdated repre-
sentation of the structure. To resolve this issue, we search
all structural variations for each compound and include the
cross-link to the most recent structure for which a match is
found.

Discussion

New curations

The rate of new microbial NP discovery remains high, with
1437 new compounds reported in 2021 and 1516 in 2022.
Among the compounds reported in 2021/22, 71 were from
genera not previously included in the Natural Products Atlas,
suggesting that exploration of new areas of taxonomic space
remains an active area of investigation. In terms of chemical

novelty, performing structure similarity comparison for each
compound reported in 2021/22 against all compounds in the
previous release of the database (Morgan fingerprinting ra-
dius = 2, Dice similarity scoring) revealed 47 compounds with
maximum similarity scores <0.5. This demonstrates that un-
usual scaffold discovery continues to be a regular element of
NPs science, and that the natural world remains an important
resource for architecturally complex and unusual molecules
(Figure 2). Although the ratio of new compounds reported
from fungal and bacterial sources in 2021/22 was 4.4:1, the
ratio for compounds with low similarity scores was ~1:1 (24
bacterial and 23 fungal). Care must be taken with inferring
the relative ‘novelty’ of compounds from both sources because
the overall number of compounds is low, and includes several
cases where multiple compounds were reported from a single
family, influencing this ratio.

Reassignments

Considerations for incorporating reassignment data. A ma-
jor advancement for this release of the Atlas is the addition
of reassignment data. Reassignment data are defined as data
published after the initial report of the NP that update or
correct the original structure. These range from the assign-
ment of one or more chiral centers whose configurations were
not originally determined, to revision of the gross carbon
skeleton of the structure. This is distinct from the correction
of database errors introduced during curation/ingestion (e.g.
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Figure 3. Examples of sources of structure reassignment (28-33).

misrepresentation of structures that were correctly reported in
the literature or misspelling of compound names or taxonomic
terms).

Maintaining an accurate and comprehensive record of sci-
entific knowledge is the central objective of all scientific
databases. Yet the pressures of daily publication of new in-
formation and periodic updates and corrections to existing
knowledge make this difficult to sustain. Many academic
database projects are never updated after their initial release
(25). Others engage in periodic curation efforts (26) or adopt
a ‘Wiki’ style curation model that federates curation to the
scientific community (27). However, most of these efforts pri-
oritize the addition of new information, rather than updating
or correcting previous entries.

Because reassignments are typically reported as part of
larger studies, it can be difficult to find this information un-
less it is explicitly stated in the abstract text. This is in part
because most journal copyright rules preclude the large-scale
downloading and automatic data extraction from full article
text. In addition, discussions of structure reassignments can
often be complicated, with a wide range of outcomes, making
these data slow to curate, and complicated to manage. To-
gether these issues help to explain why rates of curation of
reassignment data are currently low.

Revised structure
2023

Reassignments are typically identified via one of three
routes: (i) total synthesis that reveals inconsistencies between
the spectral data for the original molecule and the synthetic
material of the proposed structure; (ii) re-isolation of the com-
pound and re-examination of the spectral data or (iii) re-
examination of the original data using computational spectral
prediction tools (Figure 3). In all cases, the outcome is that
new information is made available that updates our knowl-
edge about the structure of the reported molecule.

In general, reassignments fall into one of three categories: (i)
The compound is unique, but the originally reported structure
requires revision. (2) The compound was originally reported
as unique but is the rediscovery of a known compound whose
spectral data were misinterpreted. (3) The compound does not
have the reported structure, but the correct structure cannot
be determined.

Each of these scenarios requires a different action in the
Natural Products Atlas database. For scenario 1, a new repre-
sentation of the structure is added to the database, and this is
assigned as the current structure for that compound and dis-
played in the compound page. The original structure remains
associated with the original isolation paper and is available in
the download JSON file (see ‘Results’ section). For scenario
2, the NPAID for the incorrect structure is deprecated (since
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this molecule never existed) and the assigned name is added
as a synonym to the NPAID for the correct structure. The re-
assignment paper is used as the provenance reference for this
synonym so that users can easily determine why the incorrect
name is associated with the correct structure. In scenario 3,
the NPAID is also deprecated, and the structure removed from
default searches and download files. In cases where NPAIDs
are deprecated, banners are added to compound pages stating
that the compound has been removed and explaining why this
deprecation occurred.

In total, curation of 4418 articles led to the inclusion of 590
structure reassignments including the removal of 81 incorrect
compounds. Interestingly, this effort identified a small number
of instances where multiple research groups reported synthesis
of the same structure but reached different conclusions about
the correct structure representation. For example, stevastelin
C3 was originally reported from a Penicillium fungus in 1994
(34). A total synthesis was reported in 2002 but unusually, a
footnote in this paper indicated that the original spectral data
were not available and therefore the synthetic material had not
been compared with the original NP (35). A subsequent total
synthesis in 2004 (36) was able to acquire spectral data for
the original compound, revealing a mismatch in the structures.
Reanalysis of the original data followed by total synthesis of
the proposed structure led to a revision of the structure of the
NP.

Separately, we encountered one case where a NP
(medermycin/lactoquinomycin A) (37,38) was reassigned
on the basis of chemical and spectral data (39), but the origi-
nal structure was reinstated by a rebuttal paper from a third
research group six months later (40). These complex cases
highlight the intricacies of curating reassignment data. With
the move toward AI/ML-enabled extraction of information
from the scientific literature, it is tempting to suggest that
data curation could become a largely automated process.
However, cases like these highlight the challenges associated
with such an approach and suggest that manual review will
remain an essential element of high-quality data curation for
the foreseeable future.

It is important to note that the effort to curate all structure
reassignments in microbial NP chemistry is not yet complete.
It is not always straightforward to identify papers reporting
structure reassignments, particularly if this information is only
discussed in passing in the main body of the text. It is also
possible that the database contains compounds that require
revision, but that these structures have yet to be subjected to
rigorous reanalysis by the community. Advances in computa-
tional prediction of spectral data are expected to simplify the
challenge of identifying structures that require such reanaly-
sis. However, this would be made easier if the training sets
used to build these models were accurate, which is not pos-
sible if data from the primary literature contains high error
rates, creating a ‘Catch-22’ scenario. Progress toward highly
accurate spectral prediction for NPs is unlikely to make signif-
icant headway until reassignment data are more consistently
incorporated into existing databases and training sets.

License terms

Up to and including database version 2024_03, the Natural
Products Atlas has been covered by a Creative Commons CC
BY 4.0 Attribution 4.0 International license. This license al-
lows sharing and adapting of the material for commercial and

non-commercial applications. In summer 2024, the commer-
cial publisher Wiley released a new version of a long-dormant
database of microbial NPs called AntiBase. A major selling
feature of this new release is that AntiBase now includes all
the compounds from the Natural Products Atlas. While this
was within the terms of the license, it was not in the spirit
of the original design, which assumed that commercial users
would be engaged in NP discovery rather than redistributing
the full dataset for profit without contributing to its develop-
ment. Considering this situation, future releases of the Nat-
ural Products Atlas (starting with 2024_09) will be covered
by a Creative Commons CC BY-NC 4.0 Attribution 4.0 In-
ternational license that precludes commercial use. Companies
wishing to use future versions of the Natural Products Atlas
should contact support@npatlas.org to discuss access options.

Conclusion

The latest release of the Natural Products Atlas adds new com-
pounds published since the previous release, updates cross-
links and user-submitted corrections and additions and now
includes information on structural reassignments, improving
the accuracy of information on compounds that have been
subjected to structural reevaluation.

Data availability

The data underlying this article are available in the Natu-
ral Products Atlas at www.npatlas.org. Documentation for
the API is available at https://www.npatlas.org/api/v1/docs.
Previous releases of the Natural Products Atlas database
are available in Zenodo at https://dx.doi.org/10.5281/zenodo.
3530792.
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