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Abstract

Microorganisms produce a wide range of natural products (NPs) with clinically and agriculturally
relevant biological activities. In bacteria and fungi, genes encoding successive steps in a
biosynthetic pathway tend to be clustered on the chromosome as biosynthetic gene clusters
(BGCs). Historically, “activity-guided” approaches to NP discovery have focused on bioactivity
screening of NPs produced by culturable microbes. In contrast, recent “genome mining”
approaches first identify candidate BGCs, express these biosynthetic genes using synthetic biology
methods, and finally test for the production of NPs. Fungal genome mining efforts and the
exploration of novel sequence and NP space are limited, however, by the lack of a comprehensive
catalog of BGCs encoding experimentally-validated products. In this study, we generated a
comprehensive reference set of fungal NPs whose biosynthetic gene clusters are described in the
published literature. To generate this dataset, we first identified NCBI records that included both a
peer-reviewed article and an associated nucleotide record. We filtered these records by text and
homology criteria to identify putative NP-related articles and BGCs. Next, we manually curated
the resulting articles, chemical structures, and protein sequences. The resulting catalog contains
197 unique NP compounds covering several major classes of fungal NPs, including polyketides,
non-ribosomal peptides, terpenoids, and alkaloids. The distribution of articles published per
compound shows a bias towards the study of certain popular compounds, such as the aflatoxins.
Phylogenetic analysis of biosynthetic genes suggests that much chemical and enzymatic diversity
remains to be discovered in fungi. Our catalog was incorporated into the recently launched
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Minimum Information about Biosynthetic Gene cluster (MIBIiG) repository to create the largest
known set of fungal BGCs and associated NPs, a resource that we anticipate will guide future
genome mining and synthetic biology efforts toward discovering novel fungal enzymes and
metabolites.

Abstract

Chemical and Enzyme Sequence Diversity
Natural Product - Article Network

1. Introduction

Microorganisms produce natural products (NPs) with a remarkable range of structures and
bioactivities. Fungi produce NPs with particularly diverse properties, including antibiotics
(e.g. penicillin) and toxins (e.g. aflatoxins) (Amare and Keller, 2014; Hoffmeister and
Keller, 2007; Newman and Cragg, 2007). NPs are often biosynthesized by multi-enzyme
pathways, and the proteins comprising one pathway are often encoded within a clustered set
of genes, termed a biosynthetic gene cluster (BGC) (Cimermancic et al., 2014; Keller et al.,
2005; Medema et al., 2011). Many putative BGCs remain “cryptic” or “orphan”, meaning
their encoded proteins and resulting chemicals are not expressed under standard conditions
and are currently uncharacterized. The chemicals produced by these silent gene clusters
represent untapped chemical diversity that could hold pharmacological and agricultural
value (Walsh and Fischbach, 2010).

Researchers employ various approaches to determine the products encoded by cryptic fungal
gene clusters (Wiemann and Keller, 2014). Synthetic biology and genetic engineering efforts
include activation of transcriptionally silent clusters in natural hosts (Bouhired et al., 2007;
Mao et al., 2015; Mattern et al., 2015) and expression of uncharacterized clusters in
heterologous hosts (Chang et al., 2013; Heneghan et al., 2010; Kealey et al., 1998; Pel et al.,
2007; Richter et al., 2014; Sakai et al., 2012, 2008; Yin et al., 2013). The synthetic biology
toolset continues to expand with new methods, such as gene cluster refactoring (Shao et al.,
2013) and the expression of multi-gene pathways (Unkles et al., 2014).

In the modern era of BGC research that benefits from the continuous flood of new
sequencing data, computational approaches play a critical role in the discovery of NPs from
uncharacterized BGCs. BGCs can be computationally identified by homology and other
techniques, and their chemical product can sometimes be predicted based on the enzymes
they encode (Donia et al., 2014; Medema and Fischbach, 2015; O'Brien et al., 2014; Pi et
al., 2015; Throckmorton et al., 2015). These studies have revealed that fungal genomes
encode several classes of BGCs capable of producing valuable, diverse NPs, including
polyketides, non-ribosomal peptides, terpenoids, alkaloids, and others. Many of the basic
biosynthetic mechanisms for producing the major classes of fungal NPs are well
characterized, and new BGCs can therefore be detected in fungal genomic sequences via
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homology to core biosynthetic enzymes (Cimermancic et al., 2014; Inglis et al., 2013;
Medema and Fischbach, 2015). The number of fungal BGCs yet to be discovered is vast, as
a single fungal genome can house 40-80 gene clusters with homology to major BGC classes
(Inglis et al., 2013). With rapid advancements in sequencing technologies, it is expected that
within a decade, millions of bacterial and fungal sequences will be available to the public
(Medema and Fischbach, 2015), which will be invaluable for NP genome mining efforts.

Given the wealth of genomic discovery opportunities at our disposal, the future of fungal NP
research relies in part on our ability to make relevant information about BGCs accessible to
the community (Medema and Fischbach, 2015; Medema et al., 2015). Large numbers of
BGCs and NP structures have been characterized over decades of fungal NP research (Lim
et al., 2012; Walsh and Fischbach, 2010), but these published results have not been curated
and made available in a standardized format. A comprehensive catalog of fungal NPs with
experimentally characterized biosynthetic genes would be of great value to the community.
While many catalogs related to fungal genetics and metabolism exist, they either focus on
primary metabolism (Cerqueira et al., 2014; Stajich et al., 2012), or do not directly link
secondary metabolite structures to the encoding BGCs (Degtyarenko et al., 2008; Gaulton et
al., 2012; Pence and Williams, 2010; Wang et al., 2009). DoBISCUIT (Ichikawa et al.,
2013) and ClusterMine360 (Conway and Boddy, 2013) link molecular structure to DNA
sequence, but focus on bacterial NPs.

The need for a fungal NP reference catalog inspired us to perform a comprehensive curation
of published articles describing fungal NPs and associated biosynthetic genes. To identify all
possible published articles related to fungal NP biosynthesis, we developed an automated
search strategy to extract NP-related publications from the PubMed database, each of which
was linked to a fungal nucleotide record in GenBank. We then employed the “many hands
make light work” approach to annotate the fungal NPs described, by integrating this
research challenge into the classroom. Under the close guidance of NP experts, trained
undergraduate students curated those publications that experimentally verified biosynthesis
of fungal NPs. The resulting catalog includes 197 unique fungal NPs from 217 peer-
reviewed articles, and 779 nucleotide records. Here we present a systematic analysis of the
resulting articles, chemical structures, and protein sequences. We contextualize our results
within the framework of the recent MIBiG (Minimum Information about a Biosynthetic
Gene cluster) effort, a parallel large-scale community annotation project (Medema et al.,
2015). The information from our study is expected to guide the exploration and engineering
of fungal systems for the biosynthesis of novel NPs. Furthermore, the significance of our
findings extends into pedagogical space, as the student-led curation represents a unique
educational process with direct benefits to the NP and synthetic biology research
communities.

2. Materials and Methods

2.1 ldentification of NP-related articles in PubMed linked to nucleotide records

To identify a preliminary set of NP-related peer-reviewed articles for manual curation, we
employed an automated search of NCBI PubMed for articles with deposited nucleotide
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records. We refer to these as “article-nucleotide™ pairs, since they have both a PubMed
article (with a PubMed ID or PMID) and a NCBI nucleotide record ID.

As the first step in this process, we identified articles related to NP biosynthesis using three
automated searches for: (a) nucleotide records with homology to known core enzymes,
according to searches using antiSMASH 2.0 (Blin et al., 2013), (b) nucleotide records
identified by text queries on full records or record titles in the NCBI nucleotide database,
and (c) published articles identified by text queries of articles in the PubMed database. The
text queries were composed of a list of compound classes, names of secondary metabolites,
and keywords indicative of NP gene clusters. Full queries used in the searches are listed in
Supplementary Materials section 1.1. From the candidate nucleotide records (a and b), we
retained only those with linked PubMed abstracts or PubMed Central full text articles. From
the candidate PubMed articles (c), only those with linked nucleotide records were retained.

We identified 2,449 articles linked to nucleotide records of fungal origin, 1,652 articles with
nucleotide records of plant origin, and 5,904 articles linked to nucleotide records of bacterial
origin. Manual examination of a subset of the fungal articles revealed that most were not
relevant to this study: for example, some describe a fungal genome sequence with no
mention of NPs, and some describe a non-biosynthetic gene. To remove such articles, we
developed an automated “NP-filter”, the details of which are described in Supplementary
Materials section 1.2.

2.2 Manual curation of NPs described in peer-reviewed articles

The “NP-filter” step reduced the number of fungal articles to 960, but only decreased the
coverage of “gold standard” entries, i.e., the bacteria or fungal entries present in either
DoBISCUIT or ClusterMine360, by 1% (Supplementary Materials, Section 1.3 and Table
S1). Each of the 960 articles linked to fungal nucleotide records was assigned a score from
1-8.5 based on the types of supporting query strategies, with higher scores indicating
stronger supporting evidence (see Supplementary Materials, Section 1.4). We observed a
strong enrichment of ClusterMine360 entries in the highest-scoring articles. The 349 articles
with scores > 2 covered 92% of the fungal “gold standard articles” (38 articles associated
with the fungal entries in ClusterMine360).

The titles of the 960 articles were manually examined by two experts and assigned to three
categories based on how likely the articles were to describe NP gene clusters: “Yes” (high
likelihood, 251 articles), “Maybe” (99 articles), “No” (low likelihood, 610 articles). Among
those marked “No”, 264 were noted as single enzyme papers, i.e. those that described a
single, possibly NP-related, enzyme (such as a cytochrome P450). Other examples of
articles marked “No” include whole-genome sequence articles that mentioned a NP in the
article text but did not describe a BGC. We observed strong enrichment of ClusterMine360
articles in the “Yes” category (79.0%), while the “Maybe,” “Single Enzyme,” and “not
Single Enzyme” categories covered 2.6%, 5.3%, and 13.2% of ClusterMine360,
respectively. We selected 275 articles with score > 3 across all categories, or in the “Yes”
category with a score > 2 for further full-text curation.
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The first-pass curation of the 275 articles was conducted by 19 undergraduate students
(junior and senior chemistry and biology majors at Haverford and Bryn Mawr colleges) with
aid from the Pubtator (Wei et al., 2013) text-mining tool (http://www.ncbi.nlm.nih.gov/
CBBresearch/Lu/Demo/PubTator/). Articles were assigned at random, with each article
being assigned to two different students. Curators used a standardized workflow to ensure
consistent methodologies. Curators first read the abstract and article to identify all relevant
NPs linked to the nucleotide record(s) of interest. For each NP, curators catalogued the
name, molecular structure (as a Simplified Molecular-Input Line-Entry System or SMILES
string), chemical resource IDs (found on PubChem, ChEMBL, and ChemSpider), and NP
classification (non-ribosomal peptide synthetase or NRPS, terpene, polyketide synthase or
PKS, hybrid, or other). When a compound was not available in existing databases, curators
drew the compound structure in ChemDraw software and extracted the SMILES string
(Weininger, 1988). Curators also identified experimental evidence from the article
confirming an association between the NP(s) and gene cluster(s). If the NP was a non-
ribosomal peptide, curators identified adenylation domain substrate specificities. The link
between nucleotide records and NPs was confirmed by searching for the associated
nucleotide accession numbers in PubMed. An entry supported by two independent curators
was viewed as confirmed. The remaining entries were examined by experts in a separate
round of curation and were marked as either confirmed or rejected.

2.3. Confirmation of unique compound names and structures

To obtain the best-matched PubChem Compound Identifiers (CIDs), we converted each
SMILES string to the International Chemical Identifier (InChl) key (Heller et al., 2013), and
searched for the InChl key in PubChem. If an exact match of the isomeric SMILES
(SMILES with isotopic and/or chiral specifications) was located in PubChem, we used the
corresponding PubChem CID. Otherwise, we converted isomeric SMILES to non-isomeric
canonical SMILES and used the corresponding PubChem CID. We crosschecked the
compound names from the student curators with the synonyms from each PubChem entry
and resolved conflict by manually re-examining the associated articles. For conflicting
isomeric SMILES or CIDs of the same connectivity and compound name, we manually
examined the chemical structures and retained only the SMILES with the most complete
stereochemical information. Errors in structure or missing stereochemistry were corrected.
Multiple conflicting isomeric SMILES bearing different compound names in a single
research article were viewed as different compounds and all were retained; for example,
aflaquinolone F and aflaquinolone G.

2.4. Chemical informatics analysis of compounds

For a given molecule, multiple valid SMILES strings can accurately represent the chemical
structure. To ensure the uniqueness of each compound in our dataset, we converted all
SMILES to the canonical SMILES string, which is a unique SMILES string among the
many possible strings and is generated by the normalization (canonicalization) algorithm.
We then used the canonical SMILES to generate compound fingerprints using the Chemistry
Development Kit (Guha, 2007; Steinbeck et al., 2003). The fingerprint of a compound is
represented as a bit vector indicating the presence of substructures in the compound. The
similarity between two compounds is measured by the Tanimoto coefficient (Nikolova and
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Jaworska, 2003), defined as, T=a- b/[1 - (1 —a) - (1 — b)], where a - b is the dot product
between two fingerprint bit vectors a and b for the two compounds. The Tanimoto
coefficient is interpreted as the ratio of shared bits (substructures) to the total bits
(substructures) in two compounds. We performed hierarchical clustering of the compounds
using the neighbor-joining algorithm with 1 — T as the distance metric. Compound clusters
were obtained with a cutoff 0.75 for Tanimoto coefficient. Based on our manual inspection,
this provides a proper resolution that groups most compound analogs and intermediates
(compounds from the same BGC) together (Table S2).

We compared the chemical similarity and performed hierarchical clustering of curated
compounds together with other fungal NPs, which are represented by the ChEBI chemicals
under ontology term ChEBI: 76946 (fungal metabolite) (Degtyarenko et al., 2008). An NP
in ChEBI with a Tanimoto coefficient of similarity =0.75 to any compound in our catalog
was considered covered by our catalog.

2.5. AntiSMASH annotation and phylogenetic analysis of biosynthetic genes

3. Results

Certain types of core enzymes are known to biosynthesize the major classes of fungal NPs,
and these enzymes can be readily identified by homology. We identified core enzymes in the
nucleotide records from the curated catalog using the set defined by antiSMASH 2.0 (Blin et
al., 2013). In an analogous fashion, we identified core enzymes in 581 annotated fungal
genomes in GenBank. For phylogenetic analyses of these enzymes (or selected domains
therein), we first performed multiple sequence alignment using MAFFT (Katoh, 2002),
followed by approximate maximume-likelihood phylogenic inference using FastTree (Price et
al., 2010). Phylogenetic trees were visualized in R using the APE package. The PKS tree
was rooted at the common ancestor of the mitochondrial ketosynthase (KS) and type | fatty
acid synthase (FAS) proteins.

3.1. High-quality curation of articles that link fungal nucleotide sequences to natural

products

To identify publications that link fungal nucleotide sequences to NPs, we combined multiple
query strategies on PubMed article and NCBI nucleotide databases (Figure 1). We identified
960 NP-related articles that were linked to one or more nucleotide records of fungal origin.
Of these, we selected 275 articles with a high probability of linking gene sequences to NPs
(see Methods for details). Undergraduate students manually curated these 275 full-text
articles as part of a class assignment. Each student recorded the NP compound name(s)
associated with each article, or “no compound” in cases where there was none. Structures of
NPs were recorded as SMILES strings (Weininger, 1988).

To ensure quality of curation, we randomly assigned each of the 275 articles to two
independent student curators (see Methods). An “entry” was defined as an article-compound
pair (or article-no-compound pair if there was no compound). The student curation resulted
in 608 unique entries. An entry supported by two independent curators was marked as
confirmed. The remaining entries were examined by experts in a separate round of curation,
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and were marked as either confirmed or rejected. 453 (75%) entries were confirmed, while
155 (25%) were rejected. Among the 453 confirmed entries, 393 had SMILES entered,
corresponding to 217 articles (see Figure S1 for details). The 155 rejected entries spanned 83
articles, most of which were articles that also contained a confirmed entry. These tended to
be compounds assigned by one curator because they had been mentioned in the article, but
ultimately rejected because their biosynthesis was not definitively verified.

Stereochemistry is a vital consideration when looking at NP structure, with stereoisomers
often possessing distinct biological activities. In some cases, multiple stereoisomers
naturally co-occur and are assigned distinct names, e.g. solanapyrone A and solanapyrone D.
To distinguish such compounds, we obtained isomeric SMILES when possible.

We compared collated gene clusters in various stages of our pipeline with those in the
ClusterMine360 (Conway and Boddy, 2013), a crowd sourced BGC database that was the
largest online resource for fungal BGCs available at the study outset. Our original list of 960
articles covers all 38 articles that are linked to 26 fungal nucleotides in ClusterMine360.
Subsequent filtering dramatically reduced the total number of articles while retaining the
majority of NP-related articles in this database. The set of 275 articles we selected for full
text curation covered 33 of the 38 articles in ClusterMine360 (87%, Figure 2A) and 25 of
their 26 fungal BGCs (96%, Figure 2C), while our final curation covers 29 (76%) of articles
(Figure 2B), and 23 (88%) of the BGCs (Figure 2D).

Although we adopted a strict procedure to ensure curation quality, we still observed errors
during manual post-processing, some resulting from errors in the literature itself. For
example, curators included a gene cluster for viridiol and viridin from Trichoderma virens
(Mukherjee et al., 2006) based on gene expression evidence, but later research suggested
that the BGC is responsible for the synthesis of structurally distinct volatile terpene
compounds (Crutcher et al., 2013). The former article (Mukherjee et al., 2006) was detected
by our text-mining pipeline, and subsequently manually curated as describing viridiol/
viridin. Such errors are a consequence of the evolving research.

We identified 10 NPs (5.1% of our catalog) that are currently not covered by PubChem.
Among those NPs in PubChem, there are several cases where PubChem entries are
incomplete or inaccurate, generally containing the compound structures but lacking the
compound names. We also observed two cases where the structures provided in the original
articles contained errors, and three cases where the PubChem entries provided the wrong
structures. Our final catalog contains 217 articles for 197 unique compounds, which are
linked to 779 nucleotide records from 174 species.

3.2. Literature bias towards certain compound families and fungal genera

To create a global view of existing literature on BGCs, we visualized the annotated article-
compound relationships as a network between articles and compounds (Figure 3A). The
nodes in the graph represent articles or compounds, and the edges represent confirmed
article-compound relationships in our catalog.
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Plotting the node degrees in the log-scale revealed that both the number of compounds per
article and the number of research articles per compound follow power-law distributions
with exponents approximately equal to two (Figure 3B). According to theories in network
biology, such a power-law distribution indicates a “rich-get-richer' circumstance (Barabasi,
1999). The power-law distribution of articles per compound suggests a preferential
attachment of research activities around popular compounds. For example, the top 15
(11.7%) compound families are described by 38.2% of the articles. Figure 4A shows the
most frequently studied compounds. Aflatoxins alone are the focus of 31 BGC-associated
research articles (14.3%).

Similarly, we found that certain fungal genera are disproportionally represented in the
literature. For example, 51 of 197 compounds are reported from Aspergilli (26% of the
compound set) (Figure 4B). At the class level, only 9 out of 46 fungal classes are covered,
while the majority of compounds are produced by the Sordariomycetes, Eurotiomycetes,
Dothideomycetes, and Leotiomycetes classes (Figure 4C). We observed a correlation
between the number of articles per compound and the number of species producing the
compound (Pearson correlation = 0.43, p-value 4 x 10710 for individual compounds;
Pearson correlation = 0.72, p-value 5 x 10722 for compound families). Presence of a BGC in
multiple species could explain why a compound would be studied more, although the
reverse could also be true (those more extensively studied tend to be discovered in more
species).

3.3. Chemical diversity of natural products in the curated catalog

We sought to understand the chemical diversity of compounds in our curated catalog,
compared with a larger set of fungal metabolites in general. For comparison of chemical
structures, we converted each compound to a chemical fingerprint representing the presence
or absence of a string of substructures (O'Boyle et al., 2011). The Tanimoto coefficient of
two such fingerprints reflects the chemical similarity between two compounds. Clustering
compounds by these fingerprints revealed products and intermediate compounds from
identical and related BGCs (Table S2). For example, one compound cluster includes
aflatoxin B1, B2, G1, and G2, and a second compound cluster includes fumonisin C1-C3,
B1-B4, fumonisin C1-OH, and isofumonisin C1.

To compare the compounds in our catalog to known fungal metabolites, we used the
chemical database ChEBI, which contains a repository of 685 fungal metabolites
(Degtyarenko et al., 2008). These include both primary metabolites (such as amino acids)
and NPs. We clustered this set of 685 compounds together with compounds in our catalog
according to their substructure fingerprints (Figure 5 and Supplemental Figure S5). The NPs
in our catalog are spread fairly evenly across the larger set of fungal metabolites. Clades not
represented in our catalog include many primary metabolites as well as fungal NPs for
which the encoding biosynthetic pathways have not been characterized. For example, the
genes encoding the strobilurin fungicides (Clough, 1993) do not appear in our literature-
based catalog; these compounds originate from the understudied Basidiomycete phylum of
fungi. Overall, 26% of the 685 fungal metabolites are similar to at least one compound in
our catalog at a Tanimoto similarity cutoff of 0.75. We note that ChEBI focuses on high
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quality curation rather than completeness, so not all structurally characterized fungal NPs
are present.

To further examine the relationship between compound structures and biosynthetic genes,
we compared the core enzyme annotation (from antiSMASH 2.0) with the chemical
structure-based clustering of compounds (Figure S2). As expected, we observe a strong
clustering of compounds according to the associated core-enzyme types. Specifically,
compounds synthesized by single types of core enzymes (PKS, NRPS, or terpene cyclase)
form separate clusters, while the compounds produced by multiple types of core enzymes
(“hybrids”) tend to be more scattered.

3.4. Phyla of origin of nucleotide sequences

Nucleotides in our reference catalog originate primarily from Ascomycetes, especially from
the Pezizomycotina subphylum (98%), which contains the filamentous fungi such as
Aspergilli. This bias was expected, as most fungal NPs characterized to date have been
identified in filamentous fungi. The bias highlights an opportunity for identifying novel NPs
and enzyme activities in more diverse species, particularly those that are uncultivable.

Fungal genome sequencing projects are rapidly expanding our knowledge of fungal genetic
diversity (Grigoriev et al., 2014). GenBank currently harbors 581 annotated fungal genomes
(genomics set), comprising 338 unique species (accessed July 2015). We compared the
phylogenetic diversity in our curated catalog with that in the genomics set, finding that the
public genomes were more evenly distributed across phyla and subphyla than our catalog,
though they were still biased towards Ascomycetes (Table 1).

3.5. Natural product biosynthetic core enzymes in curated catalog versus genomic

sequences

Many known fungal NPs are biosynthesized in part by a core enzyme(s) that can be readily
identified by homology, such as the polyketide synthase (PKS) for polyketide pathways and
the non-ribosomal peptide synthetase (NRPS) for non-ribosomal peptide pathways. Alkaloid
and terpenoid classes are broader, but their subclasses also share certain biosynthetic
enzymes.

We searched for core enzymes in the curated set of nucleotide sequences using
antiSMASH2.0, and identified five classes of common core enzymes: PKSs, NRPSs,
dimethyl allyl tryptophan synthases (DMATSs, involved in the biosynthesis of certain ergot
alkaloids), trichodiene synthases (involved in biosynthesis of a type of terpenoid), and
geranylgeranyl pyrophosphate synthases (GGPPSs, also terpenoid). To evaluate the potential
prevalence of these core enzymes across fungal species, we searched for proteins bearing
homology to these five types of core enzymes in the 581 fungal genome sequences in
GenBank. We identified 326 instances of these five enzymes in our curated set, and 8,879
instances in the genomics set (Table 2). The large number of enzyme homologs for which
the NPs are not known suggests undiscovered chemical diversity.

The large number of uncharacterized biosynthetic genes (Table 2) prompted us to
investigate the phylogenetic distribution of characterized vs. uncharacterized core enzymes
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(Figure 6 and Figure S3). Alignment of the ketosynthase (KS) domains of all PKS proteins
revealed that proteins generally group by phylum of origin (Figure 6 and Supplemental
Figure S6). While many of the major Ascomycete clades harbor at least one characterized
enzyme, there are numerous sub-clades that are “orphans,” or harbor no curated enzyme
from our catalog. Similar trends were observed in the phylogenies of the other classes of
core enzymes (Figure S3): homologs from the Basidiomycete phylum tend to represent
uncharacterized clades, and enzymes from these clades may therefore encode novel
compounds. Basidiomycetes are underrepresented in the genomics set (Table 1). As more
genomes are sequenced, we anticipate that the Basidiomycete clades on the phylogenies
(Figure 6) will become better resolved.

3.6. Integration with the MIBiG repository

The MIBIG repository, a community annotation of published, experimentally characterized
BGCs, was a parallel effort to our catalog (Medema et al., 2015). Comparison of the two
datasets indicates they are complementary, as different article selection criteria were used.
The fungal entries in MIBIG correspond to 110 articles in total, 65 of which were included
in the 275 articles of our final set, leaving 210 articles unique to our curation (Figure S4A).
The remaining 45 MIBIG articles were not included in this study either because they did not
have a deposited nucleotide record (required for our initial searches) or because they were
linked with full genome sequences. Such clusters require software-based cluster predictions
to locate in genome sequences, and hence are excluded from the curation pipeline by our
filtering strategies. At the biosynthetic gene level (which corresponds to MIBIG entries), 76
BGCs (106 compounds) overlapped between our catalog and MIBIG, including two MIBIG
entries that were updated based on our catalog (Figure S4B). 45 BGCs (69 compounds) were
unique to our catalog. The remaining 22 entries in our catalog were mostly partial genes or
non-core enzyme genes, not included in the MIBIG repository. There are 44 BGCs (46
compounds) in the MIBIG repository that are not in our catalog. 33 of these were linked to
whole genome/chromosome sequence records, and hence did not meet our inclusion criteria
for article-nucleotide pairs. Nine of the 44 BGCs were not linked with published articles (or
were linked with articles not indexed by PubMed). One was linked to an article published
after we finalized the article list. Only one BGC was truly missed by our standards (see
Table S3 for details).

We converted our catalog into the minimal format of MIBiG and submitted it to the MIBiG
repository (see Table S3 for the full list). The combination of this literature-based catalog
and MIBIG resulted in 165 unique fungal BGCs with at least one core enzyme fully
sequenced. To our knowledge, this represents the largest collection of experimentally
validated fungal NP gene clusters to date. The complete resulting reference set of fungal
BGCs is available from the MIBiG web page (http://mibig.secondarymetabolites.org) in
GenBank, FASTA, and JSON formats.

4. Discussion

For natural product discovery and research to fully benefit from the genomic revolution, it is
imperative that existing findings be straightforward to access and analyze in a systematic
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manner. Recent calls to the community to systematically catalog NP biosynthetic gene-
associated metadata will facilitate the systematic deposition of newly-characterized NP gene
clusters into databases (Medema et al., 2015). However, there remains a wealth of
information spread out over the past few decades of scientific literature that will not be
captured by these future efforts. Our work here addresses this challenge, by generating an
extensive list of fungal biosynthetic genes published in peer-reviewed articles thus far.
Given the scope of the cataloging process and the large number of potential peer-reviewed
articles to be curated, we developed a unique approach that involved the computational
identification of articles that both (1) discuss fungal metabolite biosynthesis and (2) contain
a nucleotide record deposited in NCBI, linked to the article by the authors. We then
leveraged the abilities and interests of motivated undergraduate students and experts to
collate a comprehensive list of fungal NPs each with at least one associated gene sequence,
and further integrated this list into a community repository. We note that our automated
article prioritization pipeline was designed to retain only the most promising articles in order
to minimize the workload for manual annotation. Although some true BGCs may be missed
due to the stringent cutoff, our final curation covers over 88% of the fungal nucleotide
entries in ClusterMine360 (see section 3.1) and virtually all of the fungal BGCs in MIBIG
that are linked with non-full genome sequence records in GenBank and articles in indexed in
PubMed (see section 3.6). In addition, our approach successfully retrieved a large humber of
BGCs otherwise missed by MIBIG.

The success of our approach is highlighted by the fact that we disclose 197 fungal NPs
associated with sequenced genes and identify new areas ripe for investigation. We observed
certain biases in experiments on fungal metabolite biosynthesis. First, we noted that certain
molecules, such as aflatoxins, dominate the literature, with >10% of articles focused on this
single class. Second, certain fungal genera are disproportionally studied, with compounds
from Aspergilli alone comprising 25% of the compound set; by contrast, only 3.4% (20/581)
of sequenced fungal genomes are from Aspergilli. Third, researchers have only sampled a
small portion of the sequence diversity of important core enzymes such as PKSs. There are
certain species and clades (e.g., Basidiomycete; Figures 6 and S3) that remain completely
uncharacterized and may therefore represent untapped chemical diversity.

Our methods can be applied more generally to collate gene information for secondary
metabolites produced by other microorganisms, such as plants and bacteria. Only the initial
queries (text and homology) require adjustment; subsequent steps can be directly employed.
By including undergraduate students in the curation process, we were able to make rapid
progress while also providing students with a unique opportunity to contribute original
research to the biosynthetic community. Notably, this challenge inspired several students to
pursue postgraduate opportunities in natural product research. Our efforts to curate the
history of research on fungal gene-molecule connections thus also helped to cultivate the
future of the field. By sharing our positive experience with the community, we hope to
inspire others to consider integrating original research challenges into the classroom.

Our collaborative effort yielded a reference catalog linking fungal nucleotide sequence to
NP chemical structure, enabling researchers to more efficiently exploit past information to
guide future research and discovery. By integrating new entries into the MIBIG data
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repository in several standardized formats, our data can be readily retrieved and analyzed by
others (Medema et al., 2015). Modern genomic approaches to biosynthesis research require
a systematic understanding of characterized molecules and biosynthetic genes, particularly
in synthetic biology approaches involving comparative analyses of gene sequences. Such
efforts include mining genomic DNA for new classes of molecules, testing putative NP gene
clusters through heterologous expression, and rationally designing hybrid synthases to
produce “unnatural natural products”. In the era of synthetic biology, that efforts like ours,
combined with future MIBIG standard-compliant data, will provide fertile ground for future
developments in fungal natural product research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

» Through a close collaboration between a class of undergraduate students and
experts in natural product research, we created a catalog of 197 characterized
natural products along with associated biosynthetic genes. This catalog can be
exploited for future fungal synthetic biology efforts.

»  We observed bias in the literature on natural product biosynthesis towards well-
studied compounds such as aflatoxins, fumonisins, and trichothecenes.
Meanwhile, many groups of known fungal natural products and clades of
computationally identified biosynthetic genes are neglected.

»  We integrated our catalog with the MIBIiG repository, resulting in a combined
reference set of 158 fungal biosynthetic gene clusters with at least the core
enzyme sequenced.
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Starting from nucleotide records Starting from articles
identified by identified by identified by
antiSMASH text queries text queries

Retain article — nucleotide pairs
Remove non-fungal nucleotide sequences
Remove articles using negative filters

[ 960 unique articles, 18636 NTs ]

Manual selection by article titles
Automated selection by types of supporting queries

[ 275 unique articles, 1194 NTs ]

Curation of full-text articles each by 2 students
Expert examination of the inconsistent entries

608 entries, 453 (75%) confirmed entries
393 confirmed article-compound pairs

Finalize isomeric SMILES
Finalize compound names
Remove redundancy
Group analogs into families

217 articles, 779 NTs
197 NP compounds, 128 compound families

Figure 1.
Workflow of article identification and curation for experimentally verified BGCs. NT refers

to the nucleotide records in GenBank.
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Initial Set  CM360 Final Curation CM360
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Initial Set CM360 Final Curation CM360
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Figure 2.
Overlaps between curated articles and nucleotide records in this study versus those in the

ClusterMine360 database (CM360). The first row (A and B) represents the overlaps at the
article level, while the second row (C and D) represents the overlaps at the nucleotide entry
level. “Initial Set” (in A and C) includes the 275 articles and associated nucleotide records
obtained by semi-automated selection. The “Final curation” set (in B and D) includes the
confirmed article-nucleotide pairs from 217 articles, which are annotated with at least one
compound.
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Figure 3.
Global network view of confirmed article-compound relationships. A. An overview of the

network between the articles and compounds. The network contains 393 article compound
pairs between 217 articles (purple nodes) and 197 compounds (green nodes). B. The node
degree distributions of the article nodes and compound nodes both follow the power-law
distributions. C. The sub-network (a connected component) containing T-2 Toxin. D. The
sub-network containing Aflatoxins.
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Figure 4.
The 15 most frequently studied compounds (A), and the most frequently studied fungal

genera (B) and classes (C) associated with compounds in the curated set of experimentally
verified natural product gene clusters. For (A), Closely related compounds are manually
merged into compound families. # Articles: number of unique articles covering one or more
compounds in each family. # Species: number of unique species origins of the nucleotides
associated with these articles.
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Figure 5.
Hierarchical clustering of 685 fungal metabolites in ChEBI and 197 compounds in our

catalog (marked yellow).

Fungal Genet Biol. Author manuscript; available in PMC 2017 April 01.

Page 22



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Lietal. Page 23

S P
0982
. l Mitochondrial fatty acid synthase (primary metabolism)
L 3 o = o x
0.986° 0.999 = §
- Fungal type | fatty acid synthase

(primary metabolism)

— ¢« | Uncharacterized Basidiomycete
0:546%] SR ST
0871y .
0.252
o 7o
1000 5 . | Non- SN, -
*" > | reducing S Y
= . PKS Aflatoxins va—& L Sterigmatocystins
v (MIC > oy S0 LRIR
- oy o
0895 s ; StcA)
= e,
. ooo
0951 Highly reducing PKS
~e
E (Fum1) R
0708 &
0.999 PKS-NRPS hybrids P
. (FUSA, e > A & N S~y
. . MKA, MicA) Fusarins PSS X N
0975 ~ g
oo
) — e —
1.000 = - OH L
= = Highly reducing PKS 2O O Q S
TRRakco | (MKB, MicB, LY mtornaros | [ statns . £
ee . | HpmB, PksJ) woemn G 8 Qi)\
= a
Ascomycota: Basidiomycota:
Pezizomycotina (filamentous): 253 genomes Agaricomycetes (mushrooms): 55 genomes < = Protein in curated
catalog (this study)

Figure 6.
Phylogenetic tree constructed using the KS domains of the PKS core enzymes identified by

homology in sequenced fungal genomes from GenBank. Characterized PKSs from this study
are highlighted with yellow diamonds. The numerical values associated with the internal
nodes are estimated reliability values for the splits generated by the Shimodaira-Hasegawa
test.
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Taxonomy origins of nucleotide records in curated set and in genomic set. Taxonomy is based on NCBI

Table 1

taxonomy levels 5 and 7 starting from level 1 Eukaryota

Taxonomy Fungal nucleotide records in curated set | Fungal genomes in GenBank
Pezizomycotina (filamentous) 765 (98%) 253 (43.5%)
Ascomycetes Schizosaccharomycetes 0 4 (.7%)
Saccharomycotina 1(.1%) 182 (31.3%)
Agaricomycetes (mushrooms) 9 (1.2%) 55 (9.5%)
Ustilaginomycetes 3 (.4%) 10 (1.7%)
Basidiomycetes
Tremellomycetes 0 24 (4.1%)
Malasseziomycetes 1(.1%) 2 (.3%)
Other 0 51 (8.8%)
Total 779 581
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Table 2

Page 25

Types of core enzymes identified in curated nucleotides in the catalog and in 581 fungal genomes in GenBank.
Published Clusters: the experimentally verified clusters curated in this study. Predicted clusters: number of

clusters predicted based on 581 fungal genomes in GenBank, majority of which are not experimentally

verified.

Core enzyme type

No. core enzymes in published clusters

No. core enzymes in predicted clusters

Ketosynthase-containing (PKS, FAS) | 127 4984
Condensation-containing (NRPS) 81 2983
DMATS (alkaloid) 44 550
Trichodiene synthase (terpene) 49" 26
GGPPS (terpene) 25 336
Total 326 8879

*
The number is biased by one article that sequenced 39 homologous gene clusters
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