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ABSTRACT: We uncovered the biosynthetic pathway of the
lethal mycotoxin 3-nitropropanoic acid (3-NPA) from koji mold
Aspergillus oryzae. The biosynthetic gene cluster (BGC) of 3-NPA,
which encodes an amine oxidase and a decarboxylase, is conserved
in many fungi used in food processing, although most of the strains
have not been reported to produce 3-NPA. Our discovery will lead
to efforts that improve the safety profiles of these indispensable
microorganisms in making food, alcoholic beverages, and season-
ing.

Mycotoxins are toxic small secondary metabolites
produced by molds (fungi) and can accumulate in

food and crops, where they pose health hazards to humans and
animals.1 According to USDA, mycotoxins are estimated to
impact 25% of the world’s crops and cost US agriculture
approximately $1 billion each year.2 More than 300
mycotoxins have been found to be persistent contaminants
of food and agricultural commodities worldwide, including
those highlighted by WHO,3 FDA,4 and CDC5 (Figure 1A):
trichothecenes, fumonisins, and zearalenone from Fusarium
spp.; citrinin (2) from Penicillium spp., Monascus spp., and
Aspergillus spp.; aflatoxins (3) from Aspergillus f lavus; ergot-
amine (4) from Claviceps purpurae; ochratoxins (5) from
Aspergillus spp. and Penicillium spp.; and 3-nitropropanoic acid
(3-NPA, 1) from Aspergillus oryzae and other fungi.6,7

Extensive efforts toward characterization of biosynthetic gene
clusters (BGCs) of mycotoxins have been undertaken in recent
decades.8,9 The BGCs of many mycotoxins have been
identified, especially those containing polyketide synthases
(PKSs), nonribosomal peptide synthetases (NRPSs), or
terpene synthases (TSs) (Figure 1A).
In contrast, the BGC of 3-NPA (1), a deadly neurotoxic

nitroalkane found in numerous leguminous plants and fungi,10

has remained elusive. 1 is known as an antimetabolite of
succinate and irreversibly inhibits succinate dehydrogenase and
disrupts mitochondrial oxidative phosphorylation.5,11 While
the first report of 1 was in 1920,12 the structure wasn’t
elucidated until 1949.13,14 There are significant public health
concerns stemming from the ability of industrially relevant
molds (A. f lavus15−17 and A. oryzae18−20) used in agriculture,
food, and enzyme fermentation to produce 1.21 In particular,
A. oryzae is a major organism in the production of fermented
food processes22 including shoyu (fermented wheat and
soybeans), miso (rice and soybean), and hamanatto
(soybeans). Additionally, modern biotechnology processes

including the commercial production of enzymes and flavoring
agents such as nucleotides and monosodium glutamate also
rely on A. oryzae fermentation.21 Cases of food contaminated
with 1 causing human deaths are well documented,23 with
deaths as recent as 2021 by Arthrinium spp. (Figure 2A).5

Therefore, there is urgency to identify genes involved in the
biosynthesis of 1.
Isotope-labeling studies of 1 from fungi and plants

established the biosynthetic origins are distinct (Figures 1B
and 1D).24−27 Whereas the plant pathway starts with malonic
acid (6) and proceeds via N-hydroxy-β-alanine (7), fungi
initiate the pathway to 1 with L-aspartate (8). Baxter et al.
proposed the iterative oxidation of 8 to generate (S)-
nitrosuccinic acid (9), followed by decarboxylation to 1
(Figure 1D).28,29 In reexamining this proposal, we noted the
oxidation of α-amine of 8 to α-nitro of 9 is identical to the first
step of cremeomycin biosynthesis in bacteria, in which a flavin-
dependent monooxygenase CreE catalyzes the successive
oxidization.30 9 then serves as a substrate for the lyase CreD,
which liberates nitrous acid for N−N bond formation in
cremeomycin (Figure 1C). Characterization of FzmM, a close
CreE homologue from the fosfazinomycin BGC, led to
detection of 1, which was attributed to the nonenzymatic
decarboxylation of 9 to 1.31 Based on these prior studies, we
hypothesized that fungi that produce 1 could encode a CreE-
like enzyme.
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To test the hypothesis, we searched for a homologue of
CreE in A. oryzae and identified a gene encoding a putative
flavoenzyme (NpaA) with ∼55% identity to CreE. We found
CreE/NpaA homologues are widely present in fungi (Figure

S1). This suggests one or more horizontal gene transfer
event(s) of CreE/NpaA homologues between bacteria and
fungi could have occurred. Immediately adjacent to npaA is a
gene encoding a putative decarboxylase (NpaB) annotated as a
4-carboxymuconolactone decarboxylase (Figure 2A).32 The
functions of these enzymes are in line with the oxidation−
decarboxylation sequence proposed for the biosynthesis of 1
(Figure 1D). The juxtaposition of these two genes is not only
conserved across all known fungal producers of 1, but also
present in fungi not reported as producers (Figure 2A and
Figure S2). In addition, species in Metarhizium and Hypoxylon
genera, both not previously reported producers of 1, contain an
additional conserved gene in the cluster, NpaC, which is
putatively annotated as a nitronate monooxygenase (NMO)
(Figure 2A and Figure S3).33 Based on this predicted function,
NpaC was hypothesized to catalyze the degradation of 1 as a
means of resistance, or to metabolize 1 into nitrogen and
carbon sources.
The role of npa BGC, in particular npaA, was first

investigated via genetic knockout in A. oryzae NSAR1.34 A.
oryzae NSAR1 is auxotrophic for nitrate (niaD−), adenine
(adeA−), methionine (sC−), and arginine (argB−) and is
derived from A. oryzae RIB4035 that is often used as a model
for strains of A. oryzae used in commercial processes. A. oryzae
NSAR1 was cultured in Nakamura medium for the detection
of 1, based on a previous report of titers as high as ∼1.2 g/L of
1 when A. oryzae ATCC12892 was grown in this medium.18

The low molecular weight and hydrophilicity of 1 complicate
detection using conventional reversed-phase LC/MS instru-
mentation. As a result, detection of 1 was achieved through
derivatization with 3-nitrophenylhydrazine (3-NPH) to
increase MS sensitivity and the retention on the reverse-
phase column.36 Following validation and optimization of this
procedure using the commercial 3-NPA standard (Figure
S5),36 3-NPH-1 (Figures S19 and S20 and Table S4) was
successfully detected by LC/MS from NSAR1 after 6 days of
culturing in Nakamura medium, with an approximate titer of
∼4 mg/L (Figure 2B,i and Figure S10). To directly implicate
NpaA in the biosynthesis of 1, a bipartite knockout cassette

Figure 1. 3-NPA is a lethal mycotoxin. (A) Mycotoxins with
relevance to human health and identified BGC. (B) The proposed
biosynthesis of 1 in plants starting from malonic acid. (C) The
bacterial pathway of nitrite production through (S)-nitrosuccinic acid.
(D) The proposed biosynthesis of 1 via (S)-nitrosuccinic acid.

Figure 2. Biosynthesis of 1 by a dedicated biosynthetic gene cluster in fungi. (A) Putative BGCs of 1 are not only found in all known producers of
1 such as A. oryzae and A. saccharicola but also in fungi not reported to produce 1, such as P. nalgiovense and M. robertsii (see the Supporting
Information). (B) LC/MS detection of 3-NPH-1 from A. oryzae WT and abolished detection in the npaA-KO strain. (C) The synthetic scheme of
3-NPH-1 using EDC as the condensation reagent.
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was constructed with homology flanking the target site in
npaA, using argB (restoring the Arg auxotrophy) as a selectable
marker. Colonies subjected to two sequential passages of
selection were then sequenced to genetically verify successful
npaA knockout via argB integration (Figures S6−S8). The
production of 1 was completely abolished in the npaAΔ::argB
knockout strain even after prolonged culturing (>24 days)
(Figure 2B,ii).
NpaA was next expressed and purified from BL21 Star

(DE3) (Figure S9). Purified enzyme displayed the character-
istic yellow color of flavin-dependent enzymes. Cofactor
copurified with NpaA was identified as FAD by LC/MS
analysis of the boiled enzyme supernatant (Figure S11). The
use of FAD as the cofactor instead of FMN is in agreement
with the bacterial homologue CreE.30 To assay the activity of
NpaA, the purified enzyme was mixed with L-aspartate (8) and
NADPH, followed by derivatization with 3-NPH and LC/MS
analysis. As shown in Figure 3A, 3-NPH-1 can be detected
directly from this mixture within 15 min of incubation.
Alternative amino acid substrates such as L-glutamate and D-
aspartate were not accepted by NpaA as a substrate, showing
the strict substrate specificity toward L-aspartate. While NADH
can be used as a cofactor for reduction of the flavin cofactor,
the efficiency is much lower than that of NADPH as
determined by the yield of 3-NPH-1 (Figure S12).
Collectively, these knockout and biochemical data pinpoint
the role of NpaA as (S)-nitrosuccinate synthase in the
oxidation of 8 to 9, which can undergo decarboxylation, with
the α-nitro group serving as the electron sink.
While NpaA alone is sufficient to produce 1 under in vitro

assay conditions, the putative decarboxylase NpaB colocalized
with NpaA could accelerate the decarboxylation of 9 to 1.
NpaB is predicted to be a member of the 4-carboxymucono-
lactone decarboxylase family, which consists of the bacterial
decarboxylase that catalyzes the cofactor- and oxygen-
independent decarboxylation of β-carboxymuconolactone to
β-ketoadipate enol lactone in the β-ketoadipate pathway.32

NpaB may facilitate decarboxylation of 9 in a metal-dependent
fashion similar to known nonredox decarboxylases.37 NpaB
was expressed and purified from E. coli BL21(DE3) (Figure
S9). The enzyme was then dialyzed against an EDTA-
containing buffer to remove any divalent metal ions to become
apo-NpaB. A series of combined assays of NpaA and NpaB

with and without divalent metal were performed to monitor
the production of 3-NPH-1. Although the background
nonenzymatic decarboxylation of 9 to 1 is also accelerated
by divalent metal ions such as Zn2+, Mn2+, and Mg2+ (Figure
S14),38 the production of 1 is the highest when NpaA is paired
with NpaB in the presence of MgCl2 (Figure 3A,iv−vi and
Figure S13). This notable increase in the level of 1 suggests
that NpaB is likely the dedicated decarboxylase in the
biosynthesis of 1, using Mg2+ as a Lewis acid.
Next, we investigated the role of the conserved putative

nitronate monooxygenase (NMO) in Metarhizium (mr-NpaC)
and Hypoxylon genera (Figure 2A). NMOs are FMN-
dependent enzymes that use molecular oxygen to oxidize
anionic nitronates or neutral nitroalkanes to the corresponding
carbonyl compounds and nitrite (Figure S16).33 Enzymes
capable of catalyzing the oxidation of 1 and/or its anionic form
propionate-3-nitronate (P3N) have been discovered from
bacteria, plants, and fungi.39 Studies suggest NMOs play
important roles not only in detoxifing the toxic nitronate but
also in allowing the plants and microorganisms to utilize the
toxin as a source of carbon and nitrogen.39 Although the
sequence identity between mr-NpaC and the characterized
fungal NMO from Neurospora crassa is moderate (34%)
(Figure S17), NpaC may play a similar role in the metabolism
of 1.
To test this possibility, mr-NpaC from Metarhizium robertsii

was expressed and purified from E. coli BL21(DE3) (Figure
S9). In agreement with reported fungal NMOs,39 mr-NpaC
was copurified with FMN as judged by LC/MS detection of
FMN from denatured mr-NpaC (Figure S15). Upon addition
of 1 directly to the reaction mixture containing mr-NpaC, 1
was rapidly consumed as determined through the disappear-
ance of 3-NPH-1 (Figure 3B,ii and Figure S18), while the
consumption was not observed in boiled mr-NpaC control.
The formation of nitrite was confirmed by Griess test, as the
quenched reaction showed a characteristic pink color following
formation of a diazonium salt (Figure 3B,ii). The same
conclusions can be drawn from the combined, three-enzyme
assay of NpaA, NpaB, and mr-NpaC. Whereas no 1 can be
detected in the presence of an active mr-NpaC and the Griess
test was positive (Figure 3B,iii), adding denatured mr-NpaC
led to accumulation of 1 and a negative Griess test (Figure
3B,iv). As a negative control, adding denatured NpaA led to no

Figure 3. Biochemical characterization of NpaA, NpaB, and mr-NpaC. (A) In vitro characterization of NpaA and NpaB. (B) Detection of nitrite
from the in vitro reaction of mr-NpaC with 1. Pinkish color in the wells represents the detection of nitrite by the Griess reaction. (C) The proposed
biosynthetic and degradation pathway of 1.
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detectable 1 as well as a negative Griess test (Figure 3B,v). In
total, these data confirmed mr-NpaC is indeed a NMO that
catalyzes the oxidation of 1 (and P3N) to nitrite and malonic
semialdehyde (Figure 3C). While it is possible that mr-NpaC
serves as a self-protection mechanism against accumulation of
1 in the producing host, the more likely scenario may be the
three enzymes representing an alternative catabolic pathway of
aspartate to generate readily metabolizable nitrogen and
carbon sources.
Our identification of the biosynthetic pathway of 1 showed

minimally that only one enzyme, NpaA, is required to make a
simple yet deadly mycotoxin. The addition of NpaB can
accelerate the decarboxylation step and may play a more
important role in the biosynthesis of 1 in vivo. Prior difficulties
in finding the genes for 1 may be due to having the simplest
structure among mycotoxins, which makes searching for
responsible BGCs using bioinformatics tools difficult. As
most of these tools rely on well-studied core enzymes, such
as PKSs, NRPSs, and TSs, BGCs that do not encode such core
enzymes are challenging to find. To leverage knowledge from
bacterial pathways in fungal biosynthesis, we used bacterial
(S)-nitrosuccinate synthase CreE as a query to identify the npa
genes for producing 1 in A. oryzae. While such examples of
“cross-kingdom genome mining” for secondary metabolism
BGCs are still limited, this approach could be fruitful to
identify the BGCs of metabolites that are not biosynthesized
from canonical core enzymes.40 One example of this approach
was the recent identification of a fungal Pictet-Spenglerase
(PS) using the bacterial PS McbB from the marinacarboline
biosynthesis.41

There are significant implications to finally establishing the
gene−metabolite link of 1. In East Asia, mycotoxins produced
by koji mold A. oryzae are especially concerning since many
Asian foods and seasonings including soy sauce and miso are
produced from the fermentation of ingredients with A.
oryzae.20,21,35 The FDA maintains a requirement of commercial
food additives produced by A. oryzae to have levels of
mycotoxin, including that of 1, to be below a threshold.21,42

BGCs of most mycotoxins produced by A. oryzae such as kojic
acid,43 cyclopiazonic acid,44 and aspirochlorine45 have been
identified, allowing development of modern industrial A. oryzae
strains with deletions of selected BGCs.21 In this work, the
genetic inactivation of npaA abolished the production of 1, and
the resulting strain can therefore be considered a safer strain to
use for industrial purposes. The npaA−npaB pair appears to be
widely conserved in many fungi not reported to produce 1
(Figure 2A and Figure S2). Among them, Penicillium
nalgiovense and Aspergillus melleus stand out. P. nalgiovense
has been used to make mold-fermented meat sausages such as
salami, while the traditional production of dried bonito, so-
called katsuobushi, involves fermentation using Aspergillus spp.
such as A. melleus.46 While the detection of 1 in mold-
fermented sausages and katsuobushi has not been reported to
our knowledge, the presence of npaA−npaB certainly suggests
that the fungi are capable of producing 1 (Figure 2A and
Figure S2). For such strains, we recommend revisiting the
transcriptomes and metabolomes based on results reported
here to ensure food safety.
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