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Aspergillus section Flavi includes some of the most famous mycotoxin producing
filamentous fungi known to mankind. In recent years a number of new species
have been included in section Flavi, however these species have been much less
studied from a chemical point of view. In this study, we explored one representative
strain of a total of 28 fungal species in section Flavi by systematically evaluating the
relationship between taxonomy and secondary metabolites with LC-MS/MS analysis for
the first time and dereplication through an in-house database and the Global Natural
Product Social Molecular Networking (GNPS) platform. This approach allowed rapid
identification of two new cyclopiazonic acid producers (A. alliaceus and A. arachidicola)
and two new tenuazonic acid producers (A. arachidicola and A. leporis). Moreover,
for the first time we report species from section Flavi to produce fumifungin and
sphingofungins B-D. Altogether, this study emphasizes that the chemical diversity of
species in genus Aspergillus section Flavi is larger than previously recognized, and
especially that understudied species are prolific producers of important mycotoxins such
as fumi- and sphingofungins not previously reported from this section. Furthermore,
our work demonstrates Global Natural Product Social (GNPS) Molecular Networking as
a powerful tool for large-scale chemotaxonomic analysis of closely related species in
filamentous fungi.

Keywords: Aspergillus section Flavi, cyclopiazonic acid, tenuazonic acid, fumifungin, chemical diversity,
LC-MS/MS, molecular networking

INTRODUCTION

Aspergillus section Flavi comprises a large number of species, many of which have a significant
impact on human health and the society (Varga et al., 2011). Aspergillus flavus and Aspergillus
parasiticus are two of the most studied species, because they are predominant species responsible
for contamination of crops and food, and because of their capacity to produce aflatoxins (Hedayati
etal., 2007; Rank et al., 2012; Frisvad et al., 2019; Uka et al., 2019), which are famous carcinogenic,
teratogenic and mutagenic mycotoxins (Brise et al., 2009; Norlia et al., 2019). Among them, AFB;
is the most potent one classified as a group 1 human carcinogen by the International Agency
for Research on Cancer (IARC) (Claeys et al., 2020). Therefore, it is crucial to identify aflatoxin
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and other mycotoxin producers, in order to design management
strategies for avoiding their contamination of crops and monitor
threats to human health.

On the other hand non-toxinogenic species such as A.
oryzae and A. sojae are used for production of sake, soya
sauce and other fermented foods. Furthermore, A. oryzae is
an industrial workhorse for the production of enzymes (Ferrao
et al., 2017; Frisvad et al, 2018). Due to their importance,
Kjeerbelling and co-workers recently sequenced 19 genomes
spanning section Flavi and compared 23 species, which, from
a genetic point of view, demonstrate great diversity in their
secondary metabolism (Kjeerbelling et al., 2020). To group the
increasing number of new species in section Flavi according
to their phylogenetic relationships, Houbraken and co-workers
have recently introduced new series in the classification of
genus Aspergillus, grouping the current 36 species in section
Flavi into the eight series Alliacei, Avenacei, Bertholletiarum,
Coremiiformes, Flavi, Kitamyces, Leporum and Nomiarum
(Gilchrist et al., 2020; Houbraken et al., 2020). However,
only a few studies have systematically categorized metabolites
from the now many species in section Flavi from a chemical
perspective in order to explore potential mycotoxins or valuable
compounds (Uka et al.,, 2020). Therefore, we here propose a
mass spectrometric (MS) based workflow to comprehensively
analyze the metabolites among the species in section Flavi
and further systematically evaluate their chemotaxonomic
relationships. We hypothesize that several understudied species
in this section are also likely to be the producers of known
mycotoxins, and thereby pose a potential risk to contaminate
food and agricultural products and to cause health problems
in humans (Ferrio et al., 2017; Frisvad et al, 2018). More
specifically, in this report we have applied a GNPS molecular
networking based strategy consisting of taxonomic information
and an in-house fungal metabolite library search with the
aim of identifying new metabolite families and finding new
mycotoxin producers from a set of 28 strains representing
individual species in Aspergillus section Flavi (Kildgaard et al,,
2014). Molecular networking was developed as a promising
approach for the analysis of MS fragmentation data and for
visualization of a spectral similarity map between measured
metabolites (Yang et al, 2013; Aron et al, 2020). It is
part of a central component of the Global Natural Products
Social (GNPS) molecular networking platform for performing
dereplication against a large, community-acquired reference
library of spectra (Wang et al., 2016). The underlying assumption
in a molecular networking analysis is that structurally related
molecules will likely share comparable MS/MS fragmentation
patterns. Therefore, similar compounds will gather in the final
networks to create clusters of analogs (Watrous et al., 2012).
Molecular networking is a powerful tool for the organization
and visualization of large datasets. Furthermore, it offers the
possibility of multiple annotations including different kinds of
data such as spectrometric, taxonomic, or biological features
(Crisemann et al., 2017; Nothias et al., 2018; Olivon et al., 2019).
Despite the above-mentioned advantages, it must be pointed out
that the success of a molecular networking-based dereplication
relies greatly on the quality and the availability of MS/MS

data (Fox Ramos et al, 2019). Moreover, the dereplication
process by molecular networking itself annotates only a limited
number of nodes because of the limited amount of MS files
for fungal secondary metabolites in the GNPS library. To this
end, an in-house MS/MS library was implemented in this
report to efficiently target important mycotoxins as well as
unidentified analogs across species in section Flavi (Kildgaard
et al., 2014). With this combined approach, all the producers
of each investigated metabolite were shown by the molecular
networks and important mycotoxins that have not been found
previously in this section were detected, uncovering a more
comprehensive description of the chemical profiles of species
in this important section. Altogether, this study highlights
novel species-specific and series-specific metabolite production
relationships and enables the prioritization of strains for future
MS-guided natural product discovery projects.

MATERIALS AND METHODS

General Experimental Procedures

All solvents were purchased from Sigma-Aldrich (Steinheim,
Germany). The formic acid used was from Fluka (for LC-MS).
Water was purified using a Milli-Q system (Millipore, Bedford,
MA, USA).

Culturing and Extraction

The spore suspension (1 x 10° ~ 107 spores/mL) was
used to inoculate the CYA growth media, which contained
the following ingredients (g/L Milli-Q water): yeast extract
(5g), Czapek dox broth (35g), agar (20g), ZnSO4.7H,0O
(0.01g), CuSO4.5H,O (0.005g). Briefly, the section Flavi
strains (Supplementary Table S1) were grown as three point
inoculations for seven days at 25°C on CYA in the dark.
Subsequently three plugs (6 mm inner diameter) were taken
across the colony. One ml of isopropanol: ethyl acetate (1:3
v/v) with 1% formic acid was added for extraction of secondary
metabolites and the mixture was sonicated for 1h. The
liquid sample was transferred to another tube and evaporated.
Methanol (500 pl) was then added to dissolve the extracts
and the samples were sonicated for 10 min. Samples were then
centrifuged for 3 min, and afterwards 150 pl of the supernatant
was transferred to HPLC vials for analysis. All samples were
prepared and analyzed in an identical manner.

Data-Dependent LC-ESI-HRMS/MS
Analysis

Ultra-high-performance liquid chromatography-diode array
detection-quadrupole  time-of-flight mass  spectrometry
(UHPLC-DAD-QTOFMS) was performed on an Agilent
Infinity 1290 UHPLC system (Agilent Technologies, Santa Clara,
CA, USA) equipped with a diode array detector. Separation
was achieved on a 250 x 2.1 mm i.d., 2.7 um, Poroshell 120
Phenyl Hexyl column (Agilent Technologies, Santa Clara, CA)
held at 60°C. The sample, 1 pL, was eluted at a flow rate of
0.35mL min~! using a linear gradient from 10% acetonitrile
(LC-MS grade) in Milli-Q water buffered with 20 mM formic
acid increasing to 100% in 15 min, staying there for 2 min before
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returning to 10% in 0.1 min. Starting conditions were held for
3 min before the following run.

Mass spectrometry (MS) detection was performed on an
Agilent 6545 QTOF MS equipped with Agilent Dual Jet Stream
electrospray ion source (ESI) with a drying gas temperature
of 160°C, a gas flow of 13L min~!, sheath gas temperature
of 300°C and flow of 16L min~!. Capillary voltage was set
to 4000V and nozzle voltage to 500V in positive mode. MS
spectra were recorded as centroid data, at an m/z of 100-
1700, and auto MS/HRMS fragmentation was performed at
three collision energies (10, 20, and 40eV), on the three most
intense precursor peaks per cycle. The acquisition rate was
10 spectra s—!. Data were handled using Agilent MassHunter
Qualitative Analysis software (Agilent Technologies, Santa Clara,
CA). Lock mass solution in 70 % MeOH in water was infused
in the second sprayer using an extra LC pump at a flow
of 15 pL/min using a 1:100 splitter. The solution contained
1 uM tributylamine (Sigma-Aldrich) and 10 uM Hexakis (2, 2,
3, 3-tetrafluoropropoxy) phosphazene (Apollo Scientific Ltd.,
Cheshire, UK) as lock masses. The [M + H]™ ions (m/z 186.2216
and 922.0098, respectively) of both compounds were used. In-
house fungal metabolite library search was done as described by
Kildgaard et al. (2014).

Molecular Networking and Data Analysis
All MS/MS data were converted from Agilent MassHunter data
files (.d) to the mzXML file format with MS-Convert and
uploaded to the GNPS Web platform (http://gnps.ucsd.edu.)
for molecular networking analysis using Classic mode (Watrous
et al, 2012; Wang et al., 2016). Species belonging to the same
series were analyzed together as one group in GNPS, resulting
in five groups. In addition, eight standard samples were included
in the sixth group. Different parameters (cosine, minimum
matched peaks) were evaluated to determine the best networking
conditions. A cosine score of 1 indicates identical spectra, while
a cosine score of 0 indicates no similarity. Finally, the data were
filtered by removing all MS/MS fragment ions within +-/- 17 Da
of the precursor m/z. MS/MS spectra were window filtered by
choosing only the top 6 fragment ions in the +/- 50 Da window
throughout the spectrum. The precursor ion mass tolerance was
set to 0.1 Da and an MS/MS fragment ion tolerance of 0.02 Da.
A network was then created where edges were filtered to have
a cosine score above 0.69 and more than six matched peaks.
Further, edges between two nodes were kept in the network if,
and only if, each of the nodes appeared in each other’s respective
top 10 most similar nodes. Finally, the maximum size of a
molecular family was set to 100, and the lowest scoring edges
were removed from molecular families until the molecular family
size was below this threshold. The spectra in the network were
then searched against the GNPS spectral libraries. The library
spectra were filtered in the same manner as the input data. All
matches kept between network spectra and library spectra were
required to have a score above 0.69 and at least 6 matched peaks.
The generated molecular network was visualized using Cytoscape
3.7.2 (38) (Smoot et al., 2011), whereby consensus spectra are
presented as nodes connected by edges to aligning nodes.

All MS/MS spectra of dereplicated compounds from
Supplementary Table S2 were also annotated and deposited
in the GNPS library, and all data files and workflows
can be found at the links below: GNPS molecular
networking  job:  https://gnps.ucsd.edu/ProteoSAFe/status.
jsp?task=1479da25db9a49b79bbfe4cfc7084e51. MASSIVE:
doi: 10.25345/C5GZ1W.

RESULTS

Generation of the Multi-Informational

Molecular Networks

In order to comprehensively investigate the chemical diversity of
section Flavi, 28 strains of each representing individual species
from five series in genus Aspergillus section Flavi were three point
inoculated on Czapek Yeast Agar (CYA). Extracts (isopropanol
/ ethyl acetate, 1:3, v/v) of the cultures were made after seven
days, analyzed by HPLC-HRMS/MS using positive electrospray
iononization mode. Next, the obtained fragmentation data was
organized by molecular networking from GNPS platform for
discovery of potentially novel analogs of known metabolites or
identification of possible new mycotoxin producers in Aspergillus
section Flavi.

Molecular networking was mapped with the taxonomic
information from the recent report of Houbraken and co-
workers (Houbraken et al., 2020), where they introduced
a new series classification in Aspergillus. In this work we
explored the metabolites of the species in series Alliacei, Flavi,
Kitamyces, Leporum and Nomiarum (Figure 1). Each group was
assigned a specific color tag. The generated pie chart does
not represent quantitative information from the data because
it relies only on MS/MS spectral counts. In this way the
molecular networking algorithm groups the fragmented ions
into clusters using an algorithm to compare the similarity of
the fragmentation spectra. When a compound is marked, other
analogs with similar structures will also be found because of the
MS/MS similarity.

By the help of the initial dereplication step against the GNPS
libraries we identified 11 known compounds, including aflatoxin
G; and Bj, ochratoxin A and aspergillicins. However, many
important metabolites known to be produced by species in
section Flavi could not be recognized or did not exist in the
GNPS library, thus supporting the interest of dereplication by an
in-house database (Kildgaard et al., 2014).

For the dereplication of previous known compounds from
extracts, the MS/HRMS spectra were searched against the
in-house library using Agilent MassHunter PCDL manager
(Agilent Technologies) (Kildgaard et al., 2014). Twenty-six
compounds (Supplementary Table S2) were found in this step
and from these eight important compounds, including aflatoxin
B3, O-methylsterigmatocystin, ochratoxin B, cyclopiazonic acid,
fumifungin, aflatrem, desertorin A, desertorin B (mycotoxins or
unique metabolites in this section) were chosen and submitted
to GNPS as a starting point, called “seeds,” in order to explore
structurally similar molecules in molecular networking. In this
way they served as the initial focal points in the network
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Reference spectra from standards samples

FIGURE 1 | Workflow procedure used in this study.

processed from a mixture of unknown compounds using MS/MS
spectra (Figure 1).

Altogether, the generated molecular network consisted of
2,155 nodes connected with 2,394 edges with 45.75 % of the nodes
organized into a total of 180 molecular clusters comprising two
or more nodes each. The self-looped nodes were attributed to
unrelated molecules that did not have any structurally related
molecules in the samples.

Analysis of Known Natural Product
Molecular Families in the Molecular
Network

As expected, molecular networking generated from the 28
species of the section Flavi extracts combined with in-house
database analysis allowed the dereplication of several known
type of compounds such as aflatoxins, ochratoxins, cyclopiazonic
acids, aflatrems, tenuazonic acids, lovastatins and miyakamides
(Figure 2), among which five clusters (A-E) appeared to
be particularly interesting, due to their importance as the
mycotoxins and bioactive compounds. The producers of each

dereplicated metabolite are outlined in Table 1 and the overall
dereplicated compounds are listed in Supplementary Table S2.

First of all, the network detected the presence of aflatoxin
Bi, B3, Gi, O-methylsterigmatocystin, putative GM, and
dihydroaflatoxicol in several samples, as they are shown in
the same cluster due to their structural similarity (Figure 3A).
Among the 28 studied species in section Flavi, A. pipericola, A.
cerealis, A. austwickii produced all of the six detected aflatoxins.
In addition, A. parasiticus, A. arachidicola, A. minisclerotigenes,
A. sergii, A. transmontanensis, A. pseudocaelatus and A.
luteovirescens produced both B- and G type of aflatoxins.
Moreover, A. flavus produced aflatoxin By and A. pseudocaelatus
produced aflatoxin Gj. All the aflatoxin B; producers had
the ability to produce O-methylsterigmatocysin, which is the
immediate aflatoxin precursor. These results are all in agreement
with previous literature reports (Frisvad et al., 2019).

Ochratoxin A is one of the most abundant food-
contaminating mycotoxins and is known to exhibit nephrotoxic,
immunosuppressive, teratogenic and carcinogenic properties
(Storari et al., 2012). In our study, the nodes of ochratoxin A
and B were readily identified by overlapping with the reference
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FIGURE 2 | Molecular network of all generated extracts and the standard compounds from the in-house database, including representative structures from 10 known
types of compounds. The orange nodes represent ions detected from series Flavi; green nodes represent ions detected from series Kitamyces; yellow nodes represent
ions detected from series Nomiarum; blue nodes represent ions detected from series Alliacei, while light blue nodes represent ions detected from series Leporum.
Color-assigned according to their series. Only clusters containing at least two nodes are shown. The detailed view for clusters A-E are presented in Figures 3-6.

spectra. A close look of the network indicated the presence
of related analogs in the same cluster, which were putatively
assigned as CTK3E9855 and ochratoxin beta based on the
comparison of fragmentation patterns (Figure 3B). Interestingly,
ochratoxins were only identified from species in the series
Alliacei that on the other hand did not produce aflatoxins in
good agreement with the most recent literature (Houbraken
et al., 2020).

Cyclopiazonic acid (CPA) is another important mycotoxin
that can be produced by several filamentous fungi used in
food fermentations. In addition, CPA is a specific inhibitor of
Ca’* stimulated ATPase in the intracellular Ca** storage sites
(Seidler et al., 1989). The main known producers of CPA in

section Flavi are A. aflatoxiformans, A. austwickii, A. cerealis,
A. flavus, A. minisclerotigenes, A. oryzae, A. pipericola, A.
pseudocaelatus, A. pseudotamarii, A. sergii and A. tamarii (Ferrao
et al., 2017). In this study, we notably found that additional
species could also produce CPA. In the cluster cyclopiazonic
acids (Figure 4A), cyclopiazonic acid (CPA) was first identified
by overlapping with the reference spectrum, with structurally
similar speradine A characterized by comparison with spectra
from our in-house database. A close look of these nodes indicated
that 13 strains can produce CPA, among them A. alliaceus and
A. arachidicola, two species that have never previously been
reported as CPA producers. This result was further verified
from the raw LC-MS data by comparing the spectra of CPA
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Desertorins Desertorin A + + | + + 4
Desertorin B + | + + 3
Aspergillic acids | Aspergillic acid + + + 3
Flavacol 4 1
Lovastatins Lovastatin acid + 1
Lovastatin analog 4 1
Lovastatin/mevinolin + 1
Parasiticolides | Parasiticolide A + + | + 3
Deacetylparasiticolide A + 1
$Sphingosins Phytosphingosine R T O R I I I I o I e B O B e B I B B B B B B B e e N R i)
TMC TMC-95A + + 2
Ustilaginoidins | ustilaginoidin C + + |+ | + + |+ |+ +| + + + |+ 12
Avenaciolides (-)-Canadensolide + | + +
DiketopiperazinesDitryptophenaline —+ + + | + | + +
Ergot alkaloids | Ergokonin B + | + + | + | + + + | + + | + | + + + |+ 4| 16
Heptelidic acids | Heptelidic acid + + | + 4
Kojic acids Kojic acid + |+ + + + + + |+ | +| + + 13
Chrysogines Chrysogine + + | + + | + + + |+ + 9

The rows indicate the known metabolites found in this study and the columns indicate the name of species. Abundance indicates the number of species producing the compound in this study. a OMST: O-methylsterigmatocystin. b

CPA: Cyclopiazonic acid. ¢ Miyakamide Valine: Miyakamide analogs with Valine.
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CTK3E9855

in both strains with the known cyclopiazonic acid producer A.
minisclerotigenes (Figure 4B). In addition, by comparing with
the literature data and exploring the fragment spectra, three
other structural related analogs in the same cluster could be
identified as 2-oxo-cyclopiazonic acid, speradine F and 3-OH-
speradine A (Uka et al., 2017). Furthermore, the exploration of
this cluster subsequently allowed the targeting of two potential
novel speradines with m/z 381.181 [C2,N,O4H,4] " and 397.175
[C22N0sHy4]™ that did not show any hits when searched
against the commercial databases Antibase and Reaxys (Laatsch,
2010)1,

Aflatrem is an indole-diterpene produced by A. flavus with
very potent tremorgenic toxicity (Nicholson et al., 2009), while
another indole-diterpene, aflavinine, has been identified as
an anti-insectant (Raj Joshi and Adhikari, 2020). Those two
compounds and their analogs where observed in the same cluster
because of their structural similarity (Figure 5). Among them,
the node of aflatrem was firstly identified by overlapping with a
reference spectrum. In addition, the molecular network revealed
the presence of aflatrem biosynthetic intermediates, including
paspaline and paspalinine by comparing the data with in-house
database. A close look of the related nodes also identified
aflavinine, 14-hydroxyaflavinine and 14, 25-dihydroxyaflavinine
by comparing the data with the literature (Rank et al., 2012).
The rest of the structural related analogs could be tentatively
assigned as asperindoles, penerpenes, hydroxypaspalinine, and
hydroxyaflatrem by comparing the fragmentation patterns with

Thttps://www-reaxys-com (accessed February 17, 2017).

identified compounds in the same cluster. However, without the
authentic standards we could not confirm the precise identity of
those compounds. Interestingly, we found the precursor mass of
m/z 693.32 in this cluster is unique in series Kitamyces and might
serve as a new chemical marker to distinguish this series from
others in section Flavi.

Discovery of Undescribed Classes of
Molecules in Section Flavi by Molecular

Networking

The workflow used here also allowed the rapid identification
of a cluster representing analogs of the antifungal agent
fumifungin (Figure 6A) (Mukhopadhyay et al, 1987). From
previous studies, fumifungin have only been reported from
A. fumigatus and A. lentulus (Larsen et al., 2007), however
here we for the first time report fumifungin also from
section Flavi. Detection of three additional nodes, suggested
the presence of several analogs that could be putatively
identified as sphingofungin B, C and D based on their
elemental composition and similarities in their fragmentation
patterns (Figures 6B,C). These metabolites share a similar
backbone to the carcinogenic mycotoxins, fumonisins, and
may therefore contribute to various serious adverse health
outcomes (Frisvad et al., 2009). Fumifungins do not have
characteristic or easily recognized UV absorption spectra,
making them undetectable solely by liquid-chromatography-
diode array detection-mass spectrometry methodology, which is
probably why they have been overlooked in other studies. It is
worth noting that in this study fumifungin was only produced
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by all species in series Kitamyces, whereas sphingofungin
C or D were also detected in the series Nomiarum in A.
pseudonomiae extracts.

Tenuazonic acid and its analog valine-tenuazonic acid were
both dereplicated by our in-house database. By checking
the producers of this cytotoxic mycotoxin, we identified two
producers, A. arachidicola and A. leporis, which have not
previously been described to produce tenuazonic acid.

In addition to the more famous compounds
discussed above, the cyclic peptides aspergillicin A
and B were detected by the GNPS library. Moreover,
the compounds desertorin A and desertorin B were
dereplicated in four species by our in-house database
and confirmed by fragmentation patterns. Finally, some
metabolites that could not be annotated by public
databases are likely to be putative novel compounds
(Supplementary Figures S1, S2). The MS/MS spectra
of all herein mentioned compounds can be found in
Supplementary Figures S3—S11.

The overall dereplicated compounds in section Flavi and
their producers in this study are shown in Table 1. This result
shows how the efficient annotation of a molecular network may
allow the targeting of unexpected chemistries from previously
investigated species. Moreover, this result shows that molecular
networking can effectively annotate known compounds for many
species in section Flavi and discover unexpected compounds
from previously studied species.

DISCUSSION

A comparative genomics study including 23 Flavi species have
been conducted recently, revealing a high number of secondary
metabolite gene clusters and identifying high genome diversity
(Kjeerbelling et al., 2020). However, in only a few studies have
the researchers conducted a comprehensive exploration of the
metabolites for the Flavi section (Uka et al., 2019). To depict
the chemical diversity and distribution of secondary metabolites
in 28 Aspergillus section Flavi extracts, we have shown that a
molecular networking-based exploration of extracts of a large
number of taxonomically related fungal species can efficiently
highlight important mycotoxins and species-specific secondary
metabolites. Moreover, this study highlights the chemodiversity
and potential for secondary metabolite production within
section Flavi.

In the previous study, each Aspergillus species genome within
section Flavi was predicted to have an average of 73 secondary
metabolite gene clusters, which is more than 15 extra per species
compared with species in genus Penicillium (Nielsen et al., 2017).
In addition, each Aspergillus species has an average of 6.8 unique
secondary metabolite gene clusters (Kjeerbolling et al., 2020).
In our study, we annotated an average of 12 know secondary
metabolites for each species. In particular, we have identified no
more than 10 known compounds from each species in series
Leporum, indicating there are still considerable potential for
discovering novel compounds in species in this series.
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This mass spectrometry based strategy allowed rapid
identification of the producers of previously known type of
compounds, including aflatoxins, ochratoxins, cyclopiazonic
acids, aflatrems, tenuazonic acids, miyakamides. However,
aflatoxins were not detectable in A. aflatoxiformans (IBT 3651)
and A. nomiae (IBT 5054) under the given growth conditions,
despite that these species have previously been reported to
produce aflatoxins (Frisvad et al., 2019). One reason might be
that different isolates belonging to the same species have different
abilities to produce the mycotoxin. The A. aflatoxiformans strain
we used in this research is the formerly suggested neotype of
Aspergillus parvisclerotigenus (Frisvad et al., 2019), and this
strain may not have the ability to produce aflatoxins on the CYA
media even though it has the aflatoxin gene cluster.

Notably, known mycotoxins previously undescribed in less
studied species in section Flavi were identified here. This
included fumifungin and sphingofungin B-D. In addition,
we showed that A. alliaceus and A. arachidicola are new
cyclopiazonic acid producers, and that A. arachidicola and
A. leporis are new tenuazonic acid producers. In this study,
tenuazonic acid was detected in all of the species in the series
Kitamyces and only in A. arachidicola in the series Flavi. This was
quite surprising as the recent bioinformatics analysis of genome
sequences of the species from section Flavi did not indicate a
gene cluster related to production of tenuazonic acid for the same
strains of A. caelatus, A. pseudocaelatus and A. arachidicola as

used in this study (Kjerbelling et al.,, 2020). In addition, the
naturally occurring toxins, fumifungins, have previously only
been reported from A. fumigatus and A. lentulus (Frisvad et al.,
2009). The corresponding biosynthetic gene cluster has not yet
been annotated from the species in section Flavi. By using
molecular networking mapped with the taxonomic information,
these series-specific compounds were quickly identified from
species within the Flavi section. The above shows that although
this section has been the subject of extensive studies at the genetic
level, research at the chemical level could provide insights for
some unannotated gene clusters.

In their recent study Kjeerbelling and co-workers found
gene clusters similar to those described for naphthopyrone,
nidulanin A, azanigerone in most Flavi genomes (Kjerbolling
et al., 2020), however none of these compounds were detected
here, potentially because we only inoculated the fungi on CYA
medium, or because only variants of these compounds are
produced by fungi in section Flavi. In general we have good
experiences with this substrate leading to production of a broad
spectrum of different types of secondary metabolites. However,
the use of additional media, following the “One strain many
compounds” (OSMAC) approach (Bode et al., 2002; Hewage
etal., 2014), would very likely have led to expression of additional
biosynthetic pathways.

To investigate the chemodiversity of species in section Flavi,
we applied the classical molecular networking from GNPS web
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platform in conjunction with an in-house database (Kildgaard
et al, 2014), which efficiently showed the chemical profile
from many species together and at the same time increased
the confidence of molecular identifications because of the
implementation of MS/MS for providing structure information.
However, this approach also has several limitations. The first is
that the number of nodes in the network does not correspond
exactly to the number of metabolites, as different adducts
or different charge states of the same chemical species can
generate different nodes. Rather, molecular networking provides
an overview of the different chemistries detected by mass
spectrometry. Secondly, the classical molecular networking
doesn’t incorporate the retention time from chromatographic
separation so that it might not distinguish structural isomers
very well. Thirdly, some compounds are not easily fragmented,
which means that molecular networking solely cannot identify
them and show the relationship between these compounds
very well. In addition to the classical molecular networking,
the GNPS platform has another method for the generation of
molecular networks, called feature-based molecular networking,
which needs an alignment tool, such as MZmine (Pluskal
et al., 2010), to process the LC-MS/MS data before uploading
to the GNPS platform. By incorporating MS! information,
such as isotope patterns and retention times, feature-based
molecular networking enables quantitative analysis, which
allow the downstream metabolomics statistical analysis,
and allow for distinguishment of isomers producing similar
MS/MS spectra.

The classical molecular networking method is based on the
MS-Cluster algorithm, which can align unknown molecules with
similar fragmentation data rapidly. A recent study pointed out
the limitations, emphasizing that despite the fact that cosine-
based methods are very good at revealing nearly equal spectra,
they are not as well-suited to handle molecules with multiple local
chemical modifications (Huber et al., 2021). They introduced
Spec2Vec, a novel spectral similarity score inspired by a natural
language processing algorithm, Word2Vec that can be adapted to
learn meaningful relations between mass fragments and neutral
losses in mass fragmentation spectra (Mikolov et al., 2013; Huber
et al., 2021). One limitation of Spec2Vec as compared to cosine
scores is that it needs training data to learn the fragment peak
relationships. In addition, a recent study showed that 2D-NMR-
based untargeted metabolomic analysis is also a promising tool
for dereplication of known compounds from complex natural
products mixtures. Future research could try different strains
from one species, getting more information by using different
algorithms (Spec2Vec score and cosine score) and analysis
tools, such as NMR based analysis and feature-based molecular
networking (Egan et al, 2020; Nothias et al., 2020), to show
more comprehensive relationships between many species and
discovering more metabolites in complex mixtures.

Altogether, the analyses revealed several potentially novel
compounds and predicted putative structures based on
fragmentation patterns, which has initiated new projects in
our group. In addition, our results have important reference
value for future research on species in the Flavi section because
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they show all the producers of those bioactive metabolites
and may avoid repeated isolation to a certain extent. Future
investigations of secondary metabolite production in section
Flavi will likely lead to even further new insights into their
chemical diversity.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://gnps.ucsd.edu/
ProteoSAFe/status.jsp?task=1479da25db9a49b79bbfedcfc7084e5
1. MASSIVE: doi: 10.25345/C5GZ1W.

AUTHOR CONTRIBUTIONS

XW, KS, JF and TL designed the experiments. SK performed
culturing, extraction and the dereplication by in-house
database. XW and KS performed the dereplication by in-
house database and the molecular networking analysis.
XW wrote the paper with contribution from all authors.

REFERENCES

Aron, A. T., Gentry, E. C, McPhail, K. L., Nothias, L. F., Gauglitz, J.
M., Aceves, C. M., et al. (2020). Reproducible molecular networking of
untargeted mass spectrometry data with GNPS. Nat. Protoc. 15, 1954-1991
doi: 10.1038/s41596-020-0317-5

Bode, H. B., Bethe, B., Hofs, R., and Zeeck, A. (2002). Big effects from small
changes: possible ways to explore nature’s chemical diversity. ChemBioChem
3, 619-627. doi: 10.1002/1439-7633(20020703)3:7<619::AID-CBIC619>3.0.
COs2-9

Brise, S., Encinas, A., Keck, J., and Nising, C. F. (2009). Chemistry and biology
of mycotoxins and related fungal metabolites. Chem. Rev. 109, 3903-3990.
doi: 10.1021/cr050001f

Chang, P. K., Ehrlich, K. C., and Fujii, I. (2009). Cyclopiazonic acid biosynthesis
of Aspergillus flavus and Aspergillus oryzae. Toxins (Basel) 1, 74-99.
doi: 10.3390/toxins1020074

Claeys, L., Romano, C., De Ruyck, K., Wilson, H., Fervers, B., Korenjak, M.,
et al. (2020). Mycotoxin exposure and human cancer risk: a systematic review
of epidemiological studies. Compr. Rev. Food Sci. Food Saf. 19, 1449-1464.
doi: 10.1111/1541-4337.12567

Criisemann, M., O’Neill, E. C., Larson, C. B., Melnik, A. V., Floros, D. J., Da Silva,
R. R, et al. (2017). Prioritizing natural product diversity in a collection of 146
bacterial strains based on growth and extraction protocols. J. Nat. Prod. 80,
588-597. doi: 10.1021/acs.jnatprod.6b00722

Egan, J. M., Van Santen, J. A, Liu, D. Y., and Linington, R. G. (2020).
Development of an NMR-based platform for the direct structural annotation
of complex natural products mixtures. J. Nat. Prod. 84, 1044-1055.
doi: 10.1021/acs.jnatprod.0c01076

Ferrio, J., Bell, V., Chabite, I. T., and Fernandes, T. H. (2017). Mycotoxins, food
and health. J. Nutr. Heal. Food Sci. 5, 1-10. doi: 10.15226/jnhfs.2017.001118

Fox Ramos, A. E., Evanno, L., Poupon, E., Champy, P., and Beniddir, M. A. (2019).
Natural products targeting strategies involving molecular networking: different
manners, one goal. Nat. Prod. Rep. 36, 960-980. doi: 10.1039/CINP00006B

Frisvad, J. C., Hubka, V., Ezekiel, C. N., Hong, S. B., Novékov,d, A., Chen, A.
J., et al. (2019). Taxonomy of Aspergillus section Flavi and their production
of aflatoxins, ochratoxins and other mycotoxins. Stud. Mycol. 93, 1-63.
doi: 10.1016/j.simyc0.2018.06.001

All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by the grants from China Scholarship
Council (No. 201806250032) and Department of Biotechnology
and Biomedicine at the Technical University of Denmark.
The project was funded by the Novo Nordic Foundation
(NNF150C0016610) as well as the Danish National Research
Foundation (DNRF137) for the Center for Microbial Secondary
Metabolites (CeMiSt).

ACKNOWLEDGMENTS

We also thank Mario Wibowo for helpful discussions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/ffunb.
2021.719420/full#supplementary-material

Frisvad, J. C., Moller, L. L. H,, Larsen, T. O., Kumar, R., and Arnau, J. (2018).
Safety of the fungal workhorses of industrial biotechnology: update on the
mycotoxin and secondary metabolite potential of Aspergillus niger, Aspergillus
oryzae, and Trichoderma reesei. Appl. Microbiol. Biotechnol. 102, 9481-9515.
doi: 10.1007/500253-018-9354-1

Frisvad, J. C., Rank, C., Nielsen, K. F.,
Metabolomics of Aspergillus fumigatus.
doi: 10.1080/13693780802307720

Gilchrist, C. L. M., Lacey, H. J., Vuong, D, Pitt, J. I, Lange, L., Lacey, E,,
et al. (2020). Comprehensive chemotaxonomic and genomic profiling of
a biosynthetically talented Australian fungus, Aspergillus burnettii sp. nov.
Fungal Genet. Biol. 143:103435. doi: 10.1016/j.fgb.2020.103435

Hedayati, M. T., Pasqualotto, A. C., Warn, P. A, Bowyer, P., and Denning, D. W.
(2007). Aspergillus flavus: human pathogen, allergen and mycotoxin producer.
Microbiology 153, 1677-1692. doi: 10.1099/mic.0.2007/007641-0

Hewage, R. T., Aree, T. Mahidol, C. Ruchirawat, S., and Kittakoop,
P. (2014). One compounds (OSMAC) method for
production of polyketides, azaphilones, and an isochromanone using
the endophytic fungus Dothideomycete sp. Phytochemistry 108, 87-94.
doi: 10.1016/j.phytochem.2014.09.013

Houbraken, J., Kocsub,é, S., Visagie, C. M., Yilmaz, N., Wang, X. C., Meijer, M.,
et al. (2020). Classification of Aspergillus, Penicillium, Talaromyces and related
genera (Eurotiales): an overview of families, genera, subgenera, sections, series
and species. Stud. Mycol. 95, 5-169. doi: 10.1016/j.simyc0.2020.05.002

Huber, F., Ridder, L., Verhoeven, S., Spaaks, J. H., Diblen, F., Rogers,
S., et al. (2021). Spec2Vec: improved mass spectral similarity scoring
through learning of structural relationships. PLoS Comput. Biol. 17:e1008724.
doi: 10.1371/journal.pcbi. 1008724

Kildgaard, S., Mansson, M., Dosen, I, Klitgaard, A., Frisvad, J. C., Larsen, T. O.,
et al. (2014). Accurate dereplication of bioactive secondary metabolites from
marine-derived fungi by UHPLC-DAD-QTOFMS and a MS/HRMS library.
Mar. Drugs 12, 3681-3705. doi: 10.3390/md12063681

Kjeerbelling, I, Vesth, T., Frisvad, J. C., Nybo, J. L., Theobald, S., Kildgaard, S., et al.
(2020). A comparative genomics study of 23 Aspergillus species from section
Flavi. Nat. Commun. 11:1106. doi: 10.1038/s41467-019-14051-y

Laatsch, H. (2010). AntiBase, a Database for Rapid Dereplication and Structure
Determination of Microbial Natural Products. Wiley-VCH.

T. O. (2009).
47, S53-S71.

and Larsen,
Med. Mycol.

strain-many

Frontiers in Fungal Biology | www.frontiersin.org

12

August 2021 | Volume 2 | Article 719420


https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=1479da25db9a49b79bbfe4cfc7084e51
https://doi.org/10.25345/C5GZ1W
https://www.frontiersin.org/articles/10.3389/ffunb.2021.719420/full#supplementary-material
https://doi.org/10.1038/s41596-020-0317-5
https://doi.org/10.1002/1439-7633(20020703)3:7$<$619::AID-CBIC619$>$3.0.CO;2-9
https://doi.org/10.1021/cr050001f
https://doi.org/10.3390/toxins1020074
https://doi.org/10.1111/1541-4337.12567
https://doi.org/10.1021/acs.jnatprod.6b00722
https://doi.org/10.1021/acs.jnatprod.0c01076
https://doi.org/10.15226/jnhfs.2017.001118
https://doi.org/10.1039/C9NP00006B
https://doi.org/10.1016/j.simyco.2018.06.001
https://doi.org/10.1007/s00253-018-9354-1
https://doi.org/10.1080/13693780802307720
https://doi.org/10.1016/j.fgb.2020.103435
https://doi.org/10.1099/mic.0.2007/007641-0
https://doi.org/10.1016/j.phytochem.2014.09.013
https://doi.org/10.1016/j.simyco.2020.05.002
https://doi.org/10.1371/journal.pcbi.1008724
https://doi.org/10.3390/md12063681
https://doi.org/10.1038/s41467-019-14051-y
https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/fungal-biology#articles

Wang et al.

Chemodiversity in Aspergillus Section Flavi

Larsen, T. O., Smedsgaard, J., Nielsen, K. F., Hansen, M. A. E., Samson, R. A,,
and Frisvad, J. C. (2007). Production of mycotoxins by Aspergillus lentulus and
other medically important and closely related species in section Fumigati. Med.
Mycol. 45, 225-232. doi: 10.1080/13693780601185939

Mikolov, T., Sutskever, 1., Chen, K., Corrado, G., and Dean, J. (2013). Distributed
representations of words and phrases and their compositionality. Adv. Neural
Inf. Process. Syst. 3111-3119.

Mukhopadhyay, T., Roy, K., Coutinho, L., and Rupp, R. H. (1987). Fumifungin,
a new antifungal antibiotic from Aspergillus fumigatus Freseniu. J. Antibiot.
(Tokyo) 20, 1050-1052. doi: 10.7164/antibiotics.40.1050

Nicholson, M. J., Koulman, A., Monahan, B. J., Pritchard, B. L., Payne,
G. A, and Scott, B. (2009). Identification of two aflatrem biosynthesis
gene loci in Aspergillus flavus and metabolic engineering of Penicillium
paxilli to elucidate their function. Appl. Environ. Microbiol. 75, 7469-7481.
doi: 10.1128/AEM.02146-08

Nielsen, J. C., Grijseels, S., Prigent, S., Ji, B., Dainat, J., Nielsen, K. F., et al.
(2017). Global analysis of biosynthetic gene clusters reveals vast potential
of secondary metabolite production in Penicillium species. Nat. Microbiol.
2:17044. doi: 10.1038/nmicrobiol.2017.44

Norlia, M., Jinap, S., Nor-Khaizura, M. A. R., Radu, S., Samsudin, N. I. P., and Azri,
F. A. (2019). Aspergillus section Flavi and aflatoxins: occurrence, detection,
and identification in raw peanuts and peanut-based products along the supply
chain. Front. Microbiol. 10, 1-17. doi: 10.3389/fmicb.2019.02602

Nothias, L. F., Nothias-Esposito, M., Da Silva, R., Wang, M., Protsyuk, I, Zhang,
Z., et al. (2018). Bioactivity-based molecular networking for the discovery of
drug leads in natural product bioassay-guided fractionation. J. Nat. Prod. 81,
758-767. doi: 10.1021/acs.jnatprod.7b00737

Nothias, L. F., Petras, D., Schmid, R., Dithrkop, K., Rainer, J., Sarvepalli, A.,
et al. (2020). Feature-based molecular networking in the GNPS analysis
environment. Nat. Methods 17, 905-908. doi: 10.1038/s41592-020-0933-6

Olivon, F., Remy, S., Grelier, G., Apel, C., Eydoux, C., Guillemot, J. C,
et al. (2019). Antiviral compounds from codiaeum peltatum targeted by a
multi-informative molecular networks approach. J. Nat. Prod. 82, 330-340.
doi: 10.1021/acs.jnatprod.8b00800

Pluskal, T., Castillo, S., Villar-Briones, A., and Ore$i,¢, M. (2010). MZmine
2: modular framework for processing, visualizing, and analyzing mass
spectrometry-based molecular profile data. BMC Bioinformatics 11:395.
doi: 10.1186/1471-2105-11-395

Raj Joshi, D., and Adhikari, N. (2020). Aflavinines: history, biology and total
synthesis. Adv. J. Chem. Sect. B 2, 3-9. doi: 10.33945/SAMI/AJCB.2020.1.2

Rank, C., Klejnstrup, M. L., Petersen, L. M., Kildgaard, S., Frisvad, J. C,
Held Gotfredsen, C., et al. (2012). Comparative chemistry of Aspergillus
oryzae (RIB40) and A. flavus (NRRL 3357). Metabolites 2, 39-56.
doi: 10.3390/metabo2010039

Seidler, N. W., Jona, I., Vegh, M., and Martonosi, A. (1989). Cyclopiazonic acid is
a specific inhibitor of the Ca} -ATPase of sarcoplasmic reticulum. J. Biol. Chem.
264, 17816-17823. doi: 10.1016/S0021-9258(19)84646-X

Storari, M., Bigler, L., Gessler, C., and Broggini, G. A. L. (2012). Assessment of
the ochratoxin A production ability of Aspergillus tubingensis. Food Addit.
Contam.Part A Chem. Anal. Control. Expo. Risk Assess. 29, 1450-1454.
doi: 10.1080/19440049.2012.698656

Uka, V., Cary, J. W., Lebar, M. D., Puel, O., De Saeger, S., and Diana Di Mavungu,
J. (2020). Chemical repertoire and biosynthetic machinery of the Aspergillus
flavus secondary metabolome: a review. Compr. Rev. Food Sci. Food Saf. 19,
2797-2842. doi: 10.1111/1541-4337.12638

Uka, V., Moore, G. G., Arroyo-Manzanares, N., Nebija, D., De Saeger, S., and
Di Mavungu, J. D. (2017). Unravelling the diversity of the cyclopiazonic acid
family of mycotoxins in Aspergillus flavus by UHPLC triple-TOF HRMS. Toxins
(Basel) 9, 1-21. doi: 10.3390/toxins9010035

Uka, V., Moore, G. G., Arroyo-Manzanares, N., Nebija, D., De Saeger, S.,
and Di Mavungu, J. D. (2019). Secondary metabolite dereplication and
phylogenetic analysis identify various emerging mycotoxins and reveal the
high intra-species diversity in Aspergillus flavus. Front. Microbiol. 10, 1-20.
doi: 10.3389/fmicb.2019.00667

Varga, J., Frisvad, J. C., and Samson, R. A. (2011). Two new aflatoxin producing
species, and an overview of Aspergillus section Flavi. Stud. Mycol. 69, 57-80.
doi: 10.3114/sim.2011.69.05

Wang, M., Carver, J. J., Phelan, V. V., Sanchez, L. M., Garg, N., Peng, Y., et al.
(2016). Sharing and community curation of mass spectrometry data with global
natural products social molecular networking. Nat. Biotechnol. 34, 828-837.
doi: 10.1038/nbt.3597

Watrous, J., Roach, P., Alexandrov, T., Heath, B. S., Yang, J. Y., Kersten, R. D., et al.
(2012). Mass spectral molecular networking of living microbial colonies. Proc.
Natl. Acad. Sci. U. S. A. 109, 1743-1752. doi: 10.1073/pnas.1203689109

Yang, J. Y., Sanchez, L. M., Rath, C. M., Liu, X., Boudreau, P. D., Bruns, N,,
et al. (2013). Molecular networking as a dereplication strategy. . Nat. Prod. 76,
1686-1699. doi: 10.1021/np400413s

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The handling Editor declared a past co-authorship with one of the authors JF.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Wang, Subko, Kildgaard, Frisvad and Larsen. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,

Smoot, M. E, Ono, K., Ruscheinski, J., Wang, P. L, and  provided the original author(s) and the copyright owner(s) are credited and that the
Ideker, T. (2011). Cytoscape 2.8: mnew features for data original publication in this journal is cited, in accordance with accepted academic
integration and network visualization. Bioinformatics 27, practice. No use, distribution or reproduction is permitted which does not comply
431-432. doi: 10.1093/bioinformatics/btq675 with these terms.

Frontiers in Fungal Biology | www.frontiersin.org 13 August 2021 | Volume 2 | Article 719420


https://doi.org/10.1080/13693780601185939
https://doi.org/10.7164/antibiotics.40.1050
https://doi.org/10.1128/AEM.02146-08
https://doi.org/10.1038/nmicrobiol.2017.44
https://doi.org/10.3389/fmicb.2019.02602
https://doi.org/10.1021/acs.jnatprod.7b00737
https://doi.org/10.1038/s41592-020-0933-6
https://doi.org/10.1021/acs.jnatprod.8b00800
https://doi.org/10.1186/1471-2105-11-395
https://doi.org/10.33945/SAMI/AJCB.2020.1.2
https://doi.org/10.3390/metabo2010039
https://doi.org/10.1016/S0021-9258(19)84646-X
https://doi.org/10.1093/bioinformatics/btq675
https://doi.org/10.1080/19440049.2012.698656
https://doi.org/10.1111/1541-4337.12638
https://doi.org/10.3390/toxins9010035
https://doi.org/10.3389/fmicb.2019.00667
https://doi.org/10.3114/sim.2011.69.05
https://doi.org/10.1038/nbt.3597
https://doi.org/10.1073/pnas.1203689109
https://doi.org/10.1021/np400413s
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/fungal-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/fungal-biology#articles

	Mass Spectrometry-Based Network Analysis Reveals New Insights Into the Chemodiversity of 28 Species in Aspergillus section Flavi
	Introduction
	Materials and Methods
	General Experimental Procedures
	Culturing and Extraction
	Data-Dependent LC-ESI-HRMS/MS Analysis
	Molecular Networking and Data Analysis

	Results
	Generation of the Multi-Informational Molecular Networks
	Analysis of Known Natural Product Molecular Families in the Molecular Network
	Discovery of Undescribed Classes of Molecules in Section Flavi by Molecular Networking

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


