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ABSTRACT Ochratoxin A (OTA) is a toxic secondary metabolite produced by Asper-
gillus and Penicillium species that widely contaminates food and feed. We sequenced
and assembled the complete ~37-Mb genome of Aspergillus ochraceus fc-1, a well-
known producer of OTA. Key genes of the OTA biosynthetic pathway were identified
by comparative genomic analyses with five other sequenced OTA-producing fungi:
A. carbonarius, A. niger, A. steynii, A. westerdijkiae, and Penicillium nordicum. OTA pro-
duction was completely inhibited in the deletion mutants (AotaA, AotaB, AotaC,
AotaD, and AotaR1), and OTA biosynthesis was restored by feeding a postblock sub-
strate to the corresponding mutant. The OTA biosynthetic pathway was unblocked
in the AotaD mutant by the addition of heterologously expressed halogenase. OTA
biosynthesis begins with a polyketide synthase (PKS), OtaA, utilizing acetyl coenzyme
A (acetyl-CoA) and malonyl-CoA to synthesize 7-methylmellein, which is oxidized to
OTB by cytochrome P450 monooxygenase (OtaC). OTB and r-B-phenylalanine are
combined by a nonribosomal peptide synthetase (NRPS), OtaB, to form an amide
bond to synthesize OTB. Finally, OTB is chlorinated by a halogenase (OtaD) to OTA.
The otaABCD genes were expressed at low levels in the AotaR7 mutant. A second
regulator, otaR2, which is adjacent to the biosynthetic gene, could modulate only
the expression of otaA, otaB, and otaD. Thus, we have identified a consensus OTA
biosynthetic pathway that can be used to prevent and control OTA synthesis and
will help us understand the variation and production of the intermediate compo-
nents in the biosynthetic pathway.

IMPORTANCE Ochratoxin A (OTA) is a significant mycotoxin that contaminates ce-
real products, coffee, grapes, wine, cheese, and meat. OTA is nephrotoxic, carcino-
genic, teratogenic, and immunotoxic. OTA contamination is a serious threat to food
safety, endangers human health, and can cause huge economic losses. At present,
>20 species of the genera Aspergillus and Penicillium are known to produce OTA.
Here we demonstrate that a consensus OTA biosynthetic pathway exists in all OTA-
producing fungi and is encoded by a gene cluster containing four highly conserved
biosynthetic genes and a bZIP transcription factor.

KEYWORDS ochratoxin A, biosynthetic pathway, Aspergillus ochraceus, genome,
comparative genomics, regulation, mycotoxin

chratoxin A (OTA) is an important mycotoxin that contaminates food and feed,
including cereal products, coffee, grapes, beverages, wine, cheese, and ham (1-4).
OTA can damage the liver and kidneys in humans following the consumption of
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contaminated food. Negative health effects may include carcinogenicity, teratogenicity,
and immune suppression (5, 6), and OTA has been classified as a possible human
carcinogen (group 2B) (7).

OTA was first isolated from Aspergillus ochraceus (8), an important OTA producer (9).
To date, more than 20 species of the genera Aspergillus and Penicillium are known to
produce OTA (10). Initially, Huff and Hamilton predicted a possible biosynthetic path-
way based on the chemical structure of OTA, which consists of a dihydrocoumarin
moiety bound to L-B-phenylalanine through an amide linkage (11). Harris and Mantle
hypothesized that the dominant OTA biosynthetic process was ochratoxin 8 — ochra-
toxin @ — ochratoxin A, with ochratoxin B — ochratoxin B — ochratoxin A as an
alternative pathway (12). Gallo et al. proposed that ochratoxin 8 and L-phenylalanine
were biotransformed to ochratoxin B (OTB) by a nonribosomal peptide synthetase
(NRPS) and that the OTB was transformed to OTA through chlorination in Aspergillus
carbonarius (13). Wang et al. characterized two polyketide synthases (PKSs) involved in
OTA biosynthesis in A. ochraceus (14). Farber and Geisen demonstrated the potential
role of a putative halogenase through the analysis of differentially expressed OTA
biosynthesis genes in Penicillium nordicum (15), and Ferrara et al. identified a haloge-
nase involved in OTA biosynthesis in A. carbonarius (16). However, the details of the
OTA biosynthetic pathway remained unclear and its regulatory mechanism unknown
(10, 17, 18).

The objectives of this study were to elaborate the OTA biosynthetic pathway and
its regulatory mechanism. Our working hypothesis proposed that a single biochem-
ical pathway was used to synthesize ochratoxin A, as with other mycotoxins, such
as aflatoxin, zearalenone, and fumonisin. This work advances the field by integrat-
ing the work of previous investigators. We thus succeed in identifying a single
consensus pathway for the biosynthesis of this important mycotoxin in OTA-
producing fungi.

RESULTS

Sequencing of the genome of A. ochraceus fc-1. The genomic sequence of A.
ochraceus fc-1 totaled 37.02 Mb. A genome annotation generated by GeneWise
software predicted 11,740 genes (Table 1). The predicted protein-coding sequences
accounted for 14.4% of the A. ochraceus genome, with an average gene length of
1,680 bp and a GC content of 48.8% (54.9% for exons and 46.1% for introns) (Table
1). The genes were further functionally annotated and classified according to Gene
Ontology (GO) terms and the KEGG database (see Fig. S1 in the supplemental
material). In the A. ochraceus genome, 53.3% of the genes encoded proteins, with
each gene containing an average of 3.18 exons, and 78.5% of the genes containing
introns (Table 1). In total, 99 secondary-metabolite biosynthetic gene clusters were
predicted in the antiSMASH 3.0 (19) and ClusterBlast analyses, including 23 type |
pks, 19 nrps, and 8 hybrid gene clusters (see Table S1 in the supplemental material).

Comparative genomic analyses of OTA-producing fungi. The sequenced A.
ochraceus genome was comparable in size to those of five other OTA-producing
fungi: A. carbonarius ITEM 5010, Aspergillus niger CBS 513.88 (20), Aspergillus steynii
IBT 23096, Aspergillus westerdijkiae CBS 112803 (21), and P. nordicum BFE487 (see
Table S2 in the supplemental material). Based on phylogenetic analysis, A. ochraceus
was much more similar to A. westerdijkiae, A. steynii, and Aspergillus sclerotiorum,
belonging to the Aspergillus section Circumdati (22, 23), than to the other two fungi.
Aspergillus section Nigri genes, from A. niger and A. carbonarius, were also close to
one another (24), while P. nordicum was more distantly related to the other
OTA-producing fungi.

Gene cluster 88 in A. ochraceus displayed high levels of similarity to the corresponding
OTA clusters in other OTA-producing fungi. This cluster contained five highly conserved
genes, encoding a PKS (otaA), an NRPS (otaB), a cytochrome P450 monooxygenase (otaC),
a halogenase (otaD), and a basic leucine zipper (bZIP) transcription factor (otaR7). In
addition, genes encoding a flavin adenine dinucleotide (FAD)-dependent oxidoreductase

October 2018 Volume 84 Issue 19 e01009-18

Applied and Environmental Microbiology

aem.asm.org 2


https://aem.asm.org

A Consensus Ochratoxin A Biosynthetic Pathway

TABLE 1 Genomic information for A. ochraceus fc-1

Genetic feature and characteristic Value
Scaffolds
Total length (kb) 37,020
GC content (%) 48.8
Nsq (kb) 3,843
No. of protein-coding genes 11,740
Mean gene length (bp) 1,680
% of genes encoding proteins 533
% of genes with introns 78.5
Exons
Avg size (bp) 475.8
No. 37,371
Mean no. per gene 3.2
GC content (%) 54.9
Total length (bp) 17,782,101
Introns
Avg size (bp) 759
No. 25,631
Mean no. per gene 2.2
GC content (%) 46.1
Total length (bp) 1,945,895
RNA
No. of tRNAs 238
No. of rRNAs 47

(otaE) and a GAL4-like Zn,Cys, binuclear DNA-binding protein (otaR2), which were adjacent
to the biosynthetic genes, were similar in A. ochraceus, A. westerdijkiae, and A. steynii (Fig.
1A). Similarity analyses of the five proteins encoded by the cluster genes showed high
homology levels for this gene cluster among the six strains compared (Fig. 1B). The
similarities of the amino acid sequences encoded by these genes to those in A. ochraceus
were all >48%, and those of A. westerdijkiae, a new species derived from A. ochraceus (Fig.
1B), were especially high (25, 26).

Phylogenetic analyses also identified conserved domains in OtaA and OtaB (27),
further suggesting their roles in OTA biosynthesis. In addition, OtaA, OtaB, and OtaC
were 77%, 72%, and 82% identical to homologous A. steynii 3.53 proteins (NCBI Protein
database accession no. AHZ61902.1, AHZ61901.1, and AHZ61900.1) (28). The expression
profile of the p450-B03 gene of A. ochraceus HP was similar to that of the pks gene (29),
and its encoded protein was 99% identical to OtaC, suggesting that it has a role in OTA
biosynthesis. Collectively, these comparative results strengthen the argument that
gene cluster 88 is involved in OTA biosynthesis.

Transcriptional analysis of OTA cluster genes. The level of OTA production was
highest—243 ng/ml—after 9 days of cultivation (Fig. 2A). Among the cluster genes,
otaB expression was especially well correlated with OTA production, although other
gene expression patterns displayed few changes (Fig. 2B). Pearson’s correlation coef-
ficient (R?) was used to assess the correlation between gene expression and OTA
production at various times. A high Pearson correlation coefficient (R? = 0.836) was
found between otaB differential gene expression and OTA production at diverse times,
indicating that the expression of this gene was correlated with OTA biosynthesis and
regulation. Thus, it was used for further analyses. Expression of otaE, which was
identified in only three of the OTA-producing fungi, was also highly correlated with OTA
production (R? = 0.578).

A proposed OTA biosynthetic pathway. To confirm the involvement of these
putative biosynthetic genes in OTA biosynthesis, each of the cluster genes was
individually inactivated by a homologous recombination strategy using polyethyl-
ene glycol (PEG)-mediated genetic transformation (14). The growth rates of the
deletion mutants on peptone-dextrose agar (PDA) and yeast extract and sucrose
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Gene ID Size (bp) Gene annotation Similarity (%) to gene in 4.ochraceus fc--1
A. westerdijkiae  A. steynii  A. niger  A. carbonarius P nordicum
STPK 1434 Serine/threonine protein kinase 99 - - - -
otaR2 2137 GAL4-like Zn2Cys6 binuclear cluster 100 71 - - -
DNA-binding protein
unknown 315 Unknown 100 - - - -
otaE 1367 FAD dependent oxidoreductase 100 88 - - -
otad 8143 Type I iterative polyketide synthase (PKS) 96 80 67 67 74
otaB 5701 Nonribosomal peptide synthase (NRPS) 99 71 53 57 69
otaC 1827 Cytochrome P450 monooxygenase 99 82 63 67 82
otaR1 767 Basic-leucine zipper (bZIP) transcription 100 71 53 48 61
factor
otaD 1776 Halogenase 85 79 70 71 80
Peptidase 1865 Peptidase S33 tripeptidyl 99 80 - - -

aminopeptidase-like, C-terminal

*In 4. steynii IBT 23069, there exists another gene encoding a protein with high amino acid similarity (73%) located differently in scaffold 2, compared

to STPK in A. ochraceus fc-1.

FIG 1 Proposed OTA biosynthetic gene cluster. (A) The OTA biosynthetic gene cluster was predicted according to the putative roles of
the genes. Genes shown in the same color displayed high similarity with each other. (B) Sequence similarity analyses and predicted

functions of the deduced proteins.

(YES) medium were not significantly different (P > 0.01) (data not shown). Five
genes—otaA, otaB, otaC, otaD, and otaR1—were directly involved in OTA biosyn-
thesis, as evidenced by the fact that OTA production was completely abolished
when the disrupted strains grew on YES medium, as well as on maize or on wheat
(Table 2). Inactivation of otaE or otaR2 significantly decreased OTA production (P <
0.01) (Table 2). These results confirmed the roles of the five genes listed above in
OTA biosynthesis and regulation.

Intermediate metabolites in the OTA biosynthetic pathway were identified by
cultivating otdA, otaB, otaC, and otaD deletion mutants and analyzing their metab-
olite profiles. When the PKS-encoding gene otaA was disrupted, neither OTA nor its
precursors were detected, indicating that this step was the first in OTA biosynthesis
(Fig. 3). OTA, OTB, and OTB were not detected in the AotaC mutant (Fig. 3). In the
AotaB mutant, OTB was the only precursor produced, suggesting that OTf was a
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FIG 2 (A) OTA production of A. ochraceus fc-1 in YES liquid medium at different times. Bars labeled with
the same letter represent results that are not significantly different from each other. (B) Relative
expression of the clustered OTA genes in A. ochraceus fc-1 on days 3, 6, 9, and 12. OtaA is a polyketide
synthase; OtaB, a nonribosomal peptide synthetase; OtaC, a cytochrome P450 monooxygenase; OtaD, a
halogenase; OtaE, a FAD-dependent oxidoreductase; OtaR1, a bZIP transcription factor; OtaR2, a GAL4-
like Zn,Cys, binuclear cluster DNA-binding protein; STPK, a serine/threonine protein kinase. AoPeptidase,
A. ochraceus gene encoding peptidase.

precursor of OTA (Fig. 3). Liquid chromatography-mass spectrometry (LC-MS) anal-
ysis of the AotaB mutant also detected L-phenylalanine (m/z 166) as an OtaB
precursor. OTB (m/z 370) and its analogues accumulated in the AotaD mutant
(Fig. 3); however, OTB (m/z 222) did not accumulate, and OTA (m/z 404) was not
detected by high-performance liquid chromatography-electrospray ionization
(HPLC-ESI) MS, in the AotaD mutant.

TABLE 2 OTA production in the mutants compared to that in A. ochraceus fc-1

OTA concn€ in the following medium:

Strain or mutation YES (mng/cm?) Maize (ng/g) Wheat (ng/g)
WTe 36.8+3.6 A 199.3 £ 363 A 288+ 1.6 AB
ASTPK 31.7 46 A 277.7 = 89.0 A 359+48A
NotaR2 136208 288+998B 220+ 1.9 BC
Aunknown 416 46 A 163.5 = 69.1 A 219+ 6.6 BC
AotaE 183528 145+658B 155+6.6 C
AotaA 0C 0C 0D

AotaB 0C 0cC 0D

AotaC 0C 0C 0D

DAotaR1 0cC 0C 0D

AotaD 0C 0C 0D
APeptidase 326 213 A 2114+ 352 A 19.8 £5.9 BC

aThe same letter is placed next to concentrations that did not differ significantly from each other.
bWT, wild type.
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FIG 3 HPLC-FLD analysis of mutants with deletions of genes in the cluster involved in OTA biosynthesis. The
mutant strains were cultured in maize medium, and the secondary metabolites particularly related to OTA
biosynthesis were detected. The last chromatograms show the standards of OTA, OTB, OTC, OTe, L-Phe,
phenylalanine ethyl ester, and dihydroisocoumarin. OTB accumulated in the AotaD mutant more than in
the wild-type (WT) strain. Correspondingly, in the AotaB culture, there was a higher peak identified as OTp.

To further confirm the function of the halogenase, the enzyme was expressed
heterologously in the pEASY-E2 expression vector in Escherichia coli BL21 (Fig. 4A to
Q). OTB was added to the culture, which was then incubated for 12 h. The potential
enzymatic product, OTA, was detected by HPLC with fluorescence detection (HPLC-
FLD) in the transformed strain but not in E. coli BL21 with the empty vector or with
no vector (Fig. 4D). When OTB was mixed with the bacteria, no OTa was synthesized
after 12 h of incubation (Fig. 4E). Thus, OtaD transformed OTB to OTA through
halogenation, and OTB, rather than OTp, was the substrate of the halogenase.

Moreover, inactivation of otaE or otaR2 significantly decreased OTA production
(P < 0.01) (Table 2). OtaE may play a role in the biosynthesis of OTA, but it is not
essential. Thus, we concluded that four genes, otaABCD, are essential for OTA
biosynthesis.

We hypothesize that OTA biosynthesis (Fig. 5) begins with the PKS OtaA, which
combines acetyl coenzyme A (acetyl-CoA) and malonyl-CoA to synthesize 7-methylmellein.
This compound was also detected during the LC-MS analysis of OtaE mutant cultures.
7-Methylmellein is then oxidized to OTB by OtaC. OT3 and L-B-phenylalanine are combined
by the NRPS (OtaB) to form an amide bond and OTB. OTB is chlorinated by the halogenase
OtaD to produce the final product, OTA.

Regulation of OTA biosynthetic genes. OtaR1, a bZIP transcription factor, is
present in the OTA biosynthetic gene cluster. OTA was not detected when the otaR1-
inactivated mutant was cultured on YES or maize/wheat medium (Table 2). OtaR1 is
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FIG 4 Expression of halogenase in E. coli BL21. (A) Recombinant pEASY vector with halogenase ¢cDNA transformed into E. coli. (B) Confirmation of the
recombinant vector by agarose gel electrophoresis. Lanes: 1 and 2, the empty vector; 3, the recombinant vector (pEASY-E2+Halo). (C) Expression of halogenase
protein in E. coli BL21. C, 4, and 6 represent induction times of 0, 4, and 6 h, respectively. (D and E) HPLC-FLD analysis of the enzyme activity of heterologously
expressed halogenase with OTB (D) or OTf (E) as the substrate. The chromatograms show (from top to bottom) the OTA (D) or OTa (E) standard and the

detection results for strains with a recombinant vector, a blank vector, no vector, or the medium only.

probably a pathway-specific regulator that controls OTA production by regulating the
four biosynthetic genes. The expression levels of the otaABCD genes, which are directly
involved in OTA biosynthesis, decreased significantly in the AotaR7 mutant (P < 0.01)
(Fig. 6A). otaA expression was completely inhibited, and otaB, otaC, and otaD
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FIG 5 Proposed OTA biosynthetic pathway, including intermediate metabolites and catalytic enzymes. The process
of OTA biosynthesis was confirmed as follows. Starting from acetyl-CoA and malonyl-CoA, the first intermediate
was biotransformed by the OtaA enzyme (a polyketide synthase); then it was catalyzed to OTB (ochratoxin ) by
OtaC. OTB was linked with another substrate, L-phenylalanine, by the nonribosomal peptide synthetase OtaB to
form OTB (ochratoxin B) as the penultimate biosynthetic step. Finally, OTB was chlorinated by the halogenase OtaD
to produce OTA.

expression levels were reduced. In contrast, OtaR1 does not regulate either otaR2 or
otaE (P > 0.05).

The zinc finger DNA-binding protein OtaR2 is located adjacent to the biosynthetic
genes. OTA production in the AotaR2 mutant was reduced on all three test media (P <
0.01) (Table 2). OtaR2 can modulate otdA, otaC, and otaD expression levels. The
expression of all three of these genes was significantly reduced in the AotaR2 mutant
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FIG 6 Relative expression of the biosynthetic genes in the AotaR1 (A) and AotaR2 (B) mutants. The
expression levels of the key biosynthetic genes in the mutants were separately compared to those for the
wild-type (WT) strain in 6-day cultures by one-way analysis of variance (P < 0.01). Asterisks indicate
significant differences from expression in A. ochraceus fc-1.
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(P < 0.01) (Fig. 6B). In contrast, OtaR2 does not regulate the expression of otaB, otakF,
or otaR1 (P > 0.05) (Fig. 6B).

DISCUSSION

OTA is one of the most significant mycotoxins, produced mainly by Aspergillus
and Penicillium species (2), widely contaminating food and feed and seriously
harming human health. Several biosynthetic pathways have been proposed for
OTA. Its biosynthesis was originally predicted by its structural composition; it
consists of a dihydrocoumarin moiety linked to L-B-phenylalanine. According to
Huff and Hamilton (11), the polyketide mellein is initially synthesized by acetic acid
condensation. Mellein is transformed to OTp, which is subsequently chlorinated to
form OTa. OTe is transformed to OTC by binding with phenylalanine ethyl ester to
protect the intermediate. OTC is then transformed to OTA by de-esterification.
However, Harris and Mantle (12) proposed a different pathway for OTA production
based on precursor feeding experiments. They proposed biotransformation from
OTB to OTa and finally to OTA by direct linking with phenylalanine in a potentially
dominant pathway. In this proposed biosynthetic pathway, OTC was not a precursor
in OTA biosynthesis. Harris and Mantle (12) also proposed an alternative pathway in
which OTB was linked to phenylalanine and then transformed to OTB, with a final
chlorination step to produce OTA. In this pathway, OTB was a significant interme-
diate during OTA biosynthesis. Gallo et al. (13) suggested a third potential biosyn-
thetic pathway. They hypothesized an OTA biosynthetic pathway similar to the
alternative pathway proposed by Harris and Mantle, except that they believed that
OTa was a byproduct of OTA hydrolysis.

In the past decade, the molecular mechanisms underlying OTA biosynthesis have
been increasingly studied. The biosynthesis of most polyketides is catalyzed by a
multifunctional enzyme, PKS, in a manner similar to that of the chain elongation
step of classical fatty acid biosynthesis. Homologues of the pks gene have been
characterized, and their roles in OTA biosynthesis have been identified in OTA-
producing fungi by use of gene inactivation (14, 30-35). In addition, the role of an
nrps gene in A. carbonarius has been confirmed by gene disruption (13). A P450
monooxygenase that oxidized the polyketide moiety during OTA biosynthesis was
discovered through differential expression analysis of OTA-producing and non-OTA-
producing strains of A. westerdijkiae (36). Three genes encoding a cytochrome P450
monooxygenase, an NRPS, and a PKS were determined to be involved in OTA
biosynthesis by use of 5’ rapid amplification of cDNA ends (5’ RACE) and the
genome-walking method in A. steynii (28). A partial, putative OTA gene cluster was
cloned, and pks, nrps, and transporter genes were identified, in P. nordicum (33, 37).
The halogenase gene was associated with OTA biosynthesis by use of differential-
display reverse transcriptase PCR (RT-PCR) with P. nordicum grown on minimal
media either suitable or inadequate for OTA production (15). Transcriptome se-
quencing (RNA-Seq) and reverse transcriptase quantitative PCR (RT-qPCR) analysis
were used to associate a PKS, an NRPS, and a chloroperoxidase with the OTA
biosynthetic process (38).

Previously, the OTA biosynthetic pathway and its molecular basis have been char-
acterized separately. In this study, we provide a detailed correlation between the
biochemical synthesis of OTA and its genetic basis. Here we used comparative genomic
analysis of six OTA-producing fungi to identify a conserved OTA biosynthetic gene
cluster. Subsequent gene knockout mutants identified four structural genes (otaABCD)
and one regulatory gene (otaR7) that were conserved in all six species and were
required for OTA production. Potential pathway intermediates consistent with the
proposed biosynthetic pathway were identified chemically and were used in cross-
feeding experiments of deletion mutants. OTC and OTa were not intermediates in OTA
biosynthesis in our biosynthetic pathway. OT8 and OTB are proposed as the interme-
diates in OTA biosynthesis. From these structures, OTB is a dechlorinated analogue of
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OTA, while OTB differs from OTa in the presence/absence of a chlorine in the dihy-
drocoumarin moiety of OTA.

Most of the analogues of OTA (e.g., OTB, OTa, and OTp) are much less toxic than
OTA. For example, OTB does not cause microscopically obvious damage in rat
kidneys as OTA does (39). OTB also reduces the toxic effects of OTA if the
compounds are administered together. OTA is highly nephrotoxic, with a 50%
infective concentration (ICs,) of 0.5 uM for immortalized human kidney epithelial
(IHKE) cells. OTa, the dihydrocoumarin moiety of OTA, was not cytotoxic even at
levels as high as 50 uM (40). Considering the toxicity of OTA and its analogues, our
proposal for the OTA biosynthesis pathway can potentially assist in controlling and
detoxifying OTA.

Regarding regulation, usually only one transcription factor exists per gene
cluster, and this transcription factor controls the expression of all the genes in the
cluster. For example, in Aspergillus flavus, AfIR, a 47-kDa specific zinc finger DNA-
binding protein, regulates the expression of all the genes in the aflatoxin cluster
except for aflJ, which modulates the expression of structural genes and serves as a
coactivator with aflR during aflatoxin biosynthesis (39-41). In Aspergillus oryzae, AfIR
is affected by environmental factors, such as carbon sources and temperature, in a
manner similar to that in Aspergillus parasiticus (42). In the OTA cluster, deletion of
otaR1 prevents OTA production, while inactivation of otaR2 merely reduces pro-
duction. In transcriptional analyses, OtaR1 could alter the expression of all four of
the biosynthetic genes, particularly otaA, but did not alter otaR2 expression. OtaR2
does not regulate otaB or otaR1 but does regulate the remaining three biosynthetic
genes. Thus, OtaR1 probably functions as an OTA pathway-specific regulator. An
otaR1 deletion had no effect on otaR2 transcription, and vice versa. Therefore, the
mechanisms underlying the way in which OTA biosynthesis regulation responds to
different environmental cues remain to be elucidated.

In summary, we have determined the steps of OTA biosynthesis in OTA-
producing fungi and have provided a framework for its regulation. OtaR1 and OtaR2
both regulate OTA biosynthesis, with OtaR1 acting as the pathway-specific regula-
tor and controlling the expression of the four biosynthetic genes otaABCD. Our
results provide a consensus OTA biosynthetic pathway that is anchored to a gene
cluster, in which particular genes are associated with particular enzymes and
metabolic intermediates. These results should settle the points of uncertainty
regarding the biosynthetic mechanism for OTA that have arisen from studies less
comprehensive than the current one.

MATERIALS AND METHODS

Strains and DNA/RNA preparation. Total DNA was extracted from Aspergillus ochraceus fc-1
cultured in yeast extract and sucrose (YES) medium for 6 days at 28°C according to the instructions in the
E.Z.N.A. Fungal DNA kit (Omega Bio-tek, Norcross, GA, USA). RNA was extracted from A. ochraceus fc-1
cultured in YES liquid medium for 3, 6, 9, or 12 days by use of an RNeasy Plant minikit (Qiagen, Hilden,
Germany).

Genome sequencing, assembly, and RNA-Seq analysis. The genome of A. ochraceus was
sequenced using Roche 454 GS-FLX Plus pyrosequencing technology and paired-end linker libraries.
Sequence reads were assembled by ALLPATHS-LG software (Broad Institute of MIT and Harvard,
Cambridge, MA, USA), and hybrid data sets were assembled by the HaploMerger pipeline (43).
High-quality data were obtained for the assembly of scaffolds with high coverage using 454 GS-FLX
technology, and paired-end linker sequences were assembled and merged with the original 454
whole-genome shotgun sequence data. Improved scaffold coverage and scaffold lengths spanning
longer gene intervals resulted.

Four transcriptome libraries were constructed and sequenced with an lllumina HiSeq 2000 platform.
To estimate the gene expression levels in A. ochraceus, lllumina HiSeq 2000 reads from each library were
mapped to assembled isotigs (nonsingleton transcripts of the PUT set) from all the genomic reads. Each
transcriptome library comprised the means of results from three biological replicates. The expression of
the OTA biosynthetic genes was analyzed by use of the RNA-Seq data.

Gene prediction and functional annotation. PASA (44) and EVidenceModeler (45) were used to
generate consensus gene models based on predictions from several types of gene finders, including
AUGUSTUS (46), FGENESH, geneid, GeneMark-ES (47), GlimmerHMM (48), and GeneWise (49).

Functional annotation of the genome was carried out by Blast2GO, and the GO annotations were
summarized by Aspergillus-specific GO Slim. GO enrichment analysis (Fisher’s exact test) was used (P
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< 0.05) to determine the functional categories of the overrepresented cellular components, bio-
logical processes, and molecular functions with statistical significance (false discovery rate [FDR],
<0.05). GO terms were mapped to a GO annotation content overview using the CateGOrizer
program (50).

The same gene annotation protocol was performed to annotate the predicted genes from five
sequenced OTA-producing fungi. The strains used (with National Center for Biotechnology Information
[NCBI] and Joint Genome Institute [JGI; U.S. Department of Energy] genome assembly accession numbers
given in parentheses) were as follows: A. westerdijkiae CBS 112803 (ASM130734v1, GCA_001307345.1), A.
steynii I1BT23069, A. niger CBS 513.88 (ASM285v2, GCA_000002855.2), A. carbonarius ITEM 5010, and P.
nordicum BFE487 (PnBFE487-1.0, GCA_000733025.2).

Phylogenetic analysis of genomes from Aspergillus and Penicillium species. Twenty-five se-
quenced Aspergillus and Penicillium species were selected for phylogenetic analysis. Using hidden Markov
models (HMM) (51), putative orthologs were identified with the BUSCO (Benchmarking Universal
Single-Copy Orthologs) database (52) as having the highest full-sequence HMM bit scores with a
minimum E value of 1E—50, and the gene family of each ortholog was aligned using MAFFT (53).
Ambiguous alignment regions were masked by using Gblocks with default settings (54). Data sets with
one or more complete sequences missing and those retaining <20% of the original amino acids were
omitted from further analysis. The remaining protein alignment sequences were concatenated into a
single superalignment using a customized Perl script. ProtTest, version 3.2, was applied to select the
best-fit protein evolution model (55), and trees were reconstructed using RAXML with the best-fit model
PROTGAMMALUTTF and 100 rapid bootstraps (56).

In silico analyses of secondary-metabolite clusters and the OTA cluster. The antiSMASH 3.0
platform (19) was used to predict gene clusters of secondary metabolites in the masked scaffolds and to
perform ClusterBlast analysis on available fungal genome sequences. The same protocol was used to
predict secondary-metabolite clusters from six additional OTA-producing fungi. Genetic similarity anal-
ysis of the predicted OTA biosynthetic cluster among these OTA-producing fungi was performed. The
potential OTA cluster was predicted by analyzing the amino acid similarities between the reported PKS
protein and the proteins related to OTA biosynthesis in the sequenced OTA-producing fungi.

Construction of gene deletion mutants. To disrupt the cluster genes, deletion mutants were
designed and constructed via homologous recombination with DNA fragments based on the primers
listed in Table 3. Genetic transformation of A. ochraceus protoplasts was performed as described
previously (14), and mutants were selected on a medium containing 100 wg/ml hygromycin B. The
replacements were confirmed by diagnostic PCR with appropriate primers based on the insertion site
(Table 3).

OTA detection and intermediate analysis of cultured strains. Metabolites from strains cultured on
a maize or wheat medium for 6 days were analyzed. Cultures were ground, and 5 g of the powdered
samples was resolved in 25 ml of methanol. A 10-ml volume of the supernatant was evaporated, and the
metabolites were resolved with 2 ml of methanol and were filtered. OTA was measured in the filtrate by
HPLC-FLD (14). Metabolites produced by mutants of key structural genes were analyzed by LC-MS on an
Agilent Accurate-Mass-QTOF LC/MS 6520 instrument.

Biosynthetic gene expression in regulatory gene knockout mutants. Both the wild-type (WT)
strain and regulatory gene mutants were cultured for 6 days. RNA was extracted with an RNeasy Plant
minikit (Qiagen, Hilden, Germany). cDNA was obtained by using a PrimeScript RT Reagent kit with gDNA
Eraser (TaKaRa, Kyoto, Japan). Quantitative PCR analysis of the OTA biosynthetic genes was performed
with Power SYBR green PCR master mix (Applied Biosystems, Foster City, CA, USA) on an Applied
Biosystems 7500 real-time PCR system (Life Technologies, Waltham, MA, USA). The expression of OTA
biosynthetic genes was quantified by the comparative 2-22¢T method using their respective primers in
triplicate (Table 4).

Heterologous expression of the halogenase gene in E. coli. Total RNA was extracted and was
converted to cDNA. The halogenase gene without introns was amplified with I-5 2X Hi-Fi PCR master mix
(MCLAB, South San Francisco, CA). The DNA product was resolved on a 2% agarose gel and was extracted
with a SanPrep Column DNA gel extraction kit (Sangon Biotech, Shanghai, China). The recombinant
vector was constructed in a pEASY-Blunt E2 expression system (Transgen, Beijing, China). The trans-
formed E. coli strains were spread onto LB medium containing 100 ug/ml ampicillin. Transformants were
identified and were cultured in LB medium with 100 pwg/ml ampicillin for 12 to 16 h. The plasmid was
extracted by using a SanPrep Column Plasmid Mini-Preps kit (Sangon Biotech, Shanghai, China). The
plasmid was transformed into E. coli BL21 and its presence confirmed by growth on selective media and
amplification of the inserted DNA.

Protein production in E. coli was optimized based on the concentration (0.1, 0.25, 0.5, or 1 mM) of
isopropyl-B-p-thiogalactopyranoside (IPTG) and the induction time (4, 6, or 8 h). After optimization, the
bacterial cells were broken ultrasonically at 300 W for 20 min (5-s sonication; 5-s interval). Cell debris was
pelleted by centrifugation at 11,000 X g for 10 min at 4°C. A 40-ul volume of the protein sample was
resolved via SDS-PAGE with a 5% stacking gel and a 10% separation gel. The gel was first stained with
Coomassie brilliant blue R-250 for 4 h and then washed in 40% (vol/vol) methanol with 10% (vol/vol)
acetic acid for 12 h. The desired protein was ~53 kDa, and optimization conditions were selected based
on the presence and intensity of this band.

Functional analysis of the expressed halogenase. Different strains of E. coli BL21 (with a recom-
binant vector, a control vector, or no vector) were cultured separately and were induced under optimized
conditions (0.5 mM IPTG and induction for 6 h). Strains were grown on LB medium supplemented with
20 pl OTB or OTPB. OTA and related metabolites were extracted from cultures growing on supplemented
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TABLE 3 Primers used for the construction of knockout mutants in A. ochraceus fc-1

Primer Sequence (5’ to 3')

Hph-F GGAGGTCAACACATCAATGCCTATT

Hph-R CTACTCTATTCCTTTGCCCT

STPK-up-F GTTCCCTATCACGACCGCTT

STPK-up-R CAAAATAGGCATTGATGTGTTGACCTCCTGGTCCCCCATCCGAGTTTA
STPK-down-F CTCGTCCGAGGGCAAAGGAATAGAGTAGTTGAAGGGGACGAGAAGCAG
STPK-down-R GTAGGCCACTAGACCGGGAT

STPK-knock-F CTCAATCCGCTGTCAAATGGC

STPK-knock-R AGACTCGTCAGCAATCACCA

STPK-in-F CGTGTAACTGAAGCCAATC

STPK-in-R GCAGCGGATGTTCTATCT

STPK-out-F CGACCATGATGAAGGAGAG

STPK-out-R CACCAAGCAGCAGATGAT

otaR2-up-F GAAGCCAATCCAGTCCACGA

otaR2-up-R CAAAATAGGCATTGATGTGTTGACCTCCCGCTTGATACGCTTTGTCGG

otaR2-down-F
otaR2-down-R
otaR2-knock-F
otaR2-knock-R
otaR2-in-F
otaR2-in-R
otaR2-out-F
otaR2-out-R
unknown-up-F
unknown-up-R
unknown-down-F
unknown-down-R
unknown-knock-F
unknown-knock-R
unknown-in-F
unknown-in-R
unknown-out-F
unknown-out-R
otaE-up-F
otaE-up-R
otaE-down-F
otaE-down-R
otaE-knock-F
otaE-knock-R
otaE-in-F
otaE-in-R
otaE-out-F
otaE-out-R
otaA-up-F
otaA-up-R
otaA-down-F
otaA-down-R
otaA-knock-F
otaA-knock-R
otaA-in-F
otaA-in-R
otaA-out-F
otaA-out-R
otaB-up-F
otaB-up-R
otaB-down-F
otaB-down-R
otaB-knock-F
otaB-knock-R
otaB-in-F
otaB-in-R
otaB-out-F
otaB-out-R
otaC-up-F
otaC-up-R

CTCGTCCGAGGGCAAAGGAATAGAGTAGTCGCGTATCAAAGGTTCCGT
CGCCGATAGGGTTGTGGTAG

CCGGGACGAGATAGAACATCC

CCAGGACGGTGATGTTGGT

ACGCCATAACCAGAACAG

TGATTGACAAGGACCAGAAT

CTATGTCCTTCTTCTGACTTG

TCGTTCACTTACCTTGCTT

TTCTGGTCCTTGTCAATCAT
CAAAATAGGCATTGATGTGTTGACCTCCACCTATCTTCCTCCTCCG
CTCGTCCGAGGGCAAAGGAATAGAGTAGCACGAGGAGGTTGAAGAA
ATGAGATGCGGAGATGTG

AAGCACAGGTTGGTTACG

ACAGTGGATCGGCATAGT

GGAAGAGGGTGGAGATGA

TCAACCTCCTCGTGAGAC

GATGCGAGAGTCGGATAC

GATGCTTGGGTAGAATAGGT

TGCGGGACTCGCTATCTTTC
CAAAATAGGCATTGATGTGTTGACCTCCAGTCGTTCTTGTGGAGTGGC
CTCGTCCGAGGGCAAAGGAATAGAGTAGAGAAGTGGAGGTTGGCGATG
GAACCAAGACCGCCTACCAA

CCATCAGCGATCAGTCGGG

GCTGGCGTCTTATGGAGTTG

TCGTCCAATTAACTCCTGAG

TGCCAATCAACAATGAAGTC

GACGAAGAAGCGACAGATA

CACCAAGCAGCAGATGAT

TCAGTAGACCAGTGAGGCGA
CAAAATAGGCATTGATGTGTTGACCTCCCGGAGTTCGGGTGGTGATAG
CTCGTCCGAGGGCAAAGGAATAGAGTAGAATCGCCCTCTCTTATGGCG
GGGCTTGCTCAAAACTCTGC

GCTGGAATCGCGACAGAGTA

ACAGCCAAGCGCCAATTAGA

TGGTTCTTGAGGTATGTATCC

GATTGGTAGGCGGTCTTG

ATGAGATACAGGAGCAAGC

CACCAAGCAGCAGATGAT

AGAGAATCTGTCCGACTGA
CAAAATAGGCATTGATGTGTTGACCTCCCGCTCGTGACTCCATTAG
CTCGTCCGAGGGCAAAGGAATAGAGTAGGAAGATTGGATTGGATGTGAG
CGGTTCGCAAGAATGGAT

CATAAGACTACAGTGGATGAC

TGGTGATAGAACGAAGCAT

CGGTGATGAATATGTGGAGA

CGAATATAGCGACGACTGT

CACAGACTATCTTACGGACTT

CTGAAAGCACGAGATTCTTC

ATTGCTCGTTCGTCTGTC
CAAAATAGGCATTGATGTGTTGACCTCCTCGTAGACCACCGTATTAAG

(Continued on next page)
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TABLE 3 (Continued)

Primer Sequence (5’ to 3')

otaC-down-F CTCGTCCGAGGGCAAAGGAATAGAGTAGGGCTGTCGCTACAATCTT
otaC-down-R TTCTGCTTACTGGTGGTATC

otaC-knock-F GGCGTTGATATTCCTTGTG

otaC-knock-R GCTCGTGACTCCATTAGATA

otaC-in-F CGTATTCAGTCACTCATTCAG

otaC-in-R CGCCTCTTCTTCGTTCTC

otaC-out-F ATTGCTCGTTCGTCTGTC

otaC-out-R GATGCTTGGGTAGAATAGGTA

otaR1-up-F CCGAGCGGTCAAGATTCCATA

otaR1-up-R CAAAATAGGCATTGATGTGTTGACCTCCACGCTGTCATCAAAAGGCAGA
otaR1-down-F CTCGTCCGAGGGCAAAGGAATAGAGTAGGGGCTTCTAGCACAGGACAT
otaR1-down-R CGACGCAATGTGACCTACGA

otaR1-knock-F CAGGTCGGCGCTTCTTATCT

otaR1-knock-R ATATTGCGTGCGCTTTCTCG

otaR1-in-F CTATTCTGCGATGGATGATAC

otaR1-in-R ACTGTTCTTGGTCTGTTGTA

otaR1-out-F GTCGTTGATGTGTACTTCC

otaRT-out-R TCGTTCACTTACCTTGCTT

otaD-up-F CCAGTAATCAGGCAGGGAACA

otaD-up-R CAAAATAGGCATTGATGTGTTGACCTCCATCTCTGCTTCCAACAGGACC
otaD-down-F CTCGTCCGAGGGCAAAGGAATAGAGTAGAGAGGGGAGTTGGGACTTCA
otaD-down-R GGTTGATCGTCCAAATGGCT

otaD-knock-F GGCTAGGTGTGCGGTAAACA

otaD-knock-R TGCCTTGGGCTTGGTTACAT

otaD-in-F GCGATTCTATGCCAGGAT

otaD-in-R GTAGGTAAGGACTGCCATAA

otaD-out-F AGTCTGACACGGTCCATA

otaD-out-R TCGTTCACTTACCTTGCTT

Peptidase-up-F GGGGGAAGACATTCTGGGTT

Peptidase-up-R CAAAATAGGCATTGATGTGTTGACCTCCCTGCGCTTTGTTATGGGTGT
Peptidase-down-F CTCGTCCGAGGGCAAAGGAATAGAGTAGCGTGTGATTGGGATCGGGTG
Peptidase-down-R TGGCAGCAAGACTGAAGAGA

Peptidase-knock-F ACCCGAACAAAGATGACCCG

Peptidase-knock-R TTGAGCCAATAGATGTCGTTGA

Peptidase-in-F TCACCGACCGAATGGATA

Peptidase-in-R GCCGAGATACTTGCTTGT

Peptidase-out-F GGTAAGCCAGGTCCACTA

Peptidase-out-R CACCAAGCAGCAGATGAT

media with 3 volumes of methanol, and the metabolites present— especially the putative biosynthesized
product OTA or OTa—were identified by HPLC-FLD.

Statistical analysis. The statistical analysis of data was performed by IBM SPSS Statistics, version
21.0.

Accession number(s). The genomic sequence data obtained in this study have been submitted
to NCBI under BioProject accession no. PRINA264608 and BioSample accession no. SAMN03140103.

TABLE 4 Primers used for the expression of biosynthetic genes

Primer Sequence (5’ to 3')
GADPH-RT-F CGGCAAGAAGGTTCAGTT
GADPH-RT-R CTCGTTGGTGGTGAAGAC
otaR2-RT-F CGATGCTACTGGAGACAA
otaR2-RT-R TCGATGCGTCTATCAAGG
otaE-RT-F CTGGGCATGCTTTCAAGT
otaE-RT-R GCACTGTCAACTTCCTCAA
otaA-RT-F GGATCTTTATGACCGAATCAG
otaA-RT-R CCTTGACCTGAAGAATGCT
otaB-RT-F ATACCACCAGAGCTCCAAA
otaB-RT-R GAGATGTTCGGTCTGTTCA
otaC-RT-F CTTAATACGGTGGTCTACGA
otaC-RT-R GAATGATAGGTCCGTATTTCT
otaR1-RT-F GCTTTCAAATCGAATGATTCC
otaR1-RT-R GATCGGTTGGAAGTGTAGAA
otaD-RT-F TATTCCCTAGATACCATATCGG
otaD-RT-R GCTTCCTTCTGGTTGTTCA
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