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Abstract The knowledge of biosynthesis gene clusters, pro-
duction improving methods, and bioactivity mechanisms is
very important for the development of filamentous fungi me-
tabolites. Metabolic engineering and heterologous expression
methods can be applied to improve desired metabolite produc-
tion, when their biosynthesis pathways have been revealed.
And, stable supplement is a necessary basis of bioactivity
mechanism discovery and following clinical trial.
Aspergillus terreus is an outstanding producer of many bioac-
tive agents, and a large part of them are polyketides. In this
review, we took polyketides from A. terreus as examples,
focusing on 13 polyketide synthase (PKS) genes in
A. terreus NIH 2624 genome. The biosynthesis pathways of
nine PKS genes have been reported, and their downstream
metabolites are lovastatin, terreic acid, terrein, geodin,
terretonin, citreoviridin, and asperfuranone, respectively.
Among them, lovastatin is a well-known hypolipidemic agent.
Terreic acid, terrein, citreoviridin, and asperfuranone show
good bioactivities, especially anticancer activities. On the oth-
er hand, geodin and terretonin are mycotoxins. So,
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biosynthesis gene cluster information is important for the pro-
duction or elimination of them. We also predicted three pos-
sible gene clusters that contain four PKS genes by homolo-
gous gene alignment with other Aspergillus strains. We think
that this is an effective way to mine secondary metabolic gene
clusters.

Keywords Polyketide - Aspergillus terreus - Biosynthesis
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Introduction

Filamentous fungi are talented producers used for thousands
of years, and they have attracted increasing attention over the
past half century (Papagianni 2004). In East Asia, there are
lots of traditional fermented food, for example, Aspergillus
oryzae is used in rice wine production (Zhang et al. 2012),
and Monascus is used in the production of fermented bean
curd (Jiang et al. 2011). Purified fungal metabolites can be
important medicines. Penicillin and cephalosporin (Abraham
et al. 1953; Newton and Abraham 1955), two famous antibi-
otics derived from filamentous fungi, have saved the lives of
many infected people. Hypolipidemic agent lovastatin pro-
duced by Aspergillus terreus (Askenazi et al. 2003) and im-
munosuppressant cyclosporine A produced by Tolypocladium
inflatum (Survase et al. 2011) are also typical pharmaceutical
products from filamentous fungi. Nowadays, more and more
novel natural products have been discovered from filamentous
fungi. In the latest report, over 400 new compounds were
derived from marine fungi in 2014 (Blunt et al. 2016).
However, there is a long way between new compound and
pharmaceutical agent. The compound must be stably supplied
to meet the need of bioactivity assay and following clinical
trial (Leal et al. 2014). And to produce a compound more
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effectively, we should better figure out its biosynthesis path-
way. In a word, in the way from new compound to pharma-
ceutical agent, much more need to be known besides its struc-
ture. On the other hand, these information will also be helpful
in the re-evaluation of known compounds.

In this review, we take polyketides from A. terreus as ex-
amples and summarize the information of their bioactivities,
biosynthesis pathways, and production enhancement
methods. This knowledge is helpful for the utilization of this
filamentous fungus. As mentioned above, 4. ferreus has a
famous polyketide product lovastatin; moreover, many bioac-
tive polyketides have been isolated from A. terreus, such as
terreic acid, terrein, geodin, terretonin, citreoviridin,
asperfuranone, and so on. Additionally, the strain A. terreus
NIH 2624 was sequenced by the Broad Institute as part of the
Broad Fungal Genome Initiative in 2005, and the data are
publicly available through the Broad Institute and National
Center for Biotechnology Information (NCBI) website (Guo
and Wang 2014). Completed genomic information assists re-
searchers to find out the polyketide pathways in A. terreus. It
was reported that there were 28 polyketide synthase (PKS)
genes, one hybrid PKS/nonribosomal peptide synthetase
(NRPS) gene, and two PKS-like genes in A. terreus NIH
2624 genome (Khaldi et al. 2010). Here, we will focus on
13 PKS genes, corresponding gene clusters, and their related
secondary metabolites (see Table 1).

Lovastatin

Hypolipidemic agent lovastatin works as inhibitor of (3S)-
hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase
(HMGR), that reduces HMG-CoA to mevalonate, which is
the key step in cholesterol biosynthesis. Furthermore, statins
were found to be anticancer agents (Chan et al. 2003).
Malignant gliomas are highly dependent on the mevalonate
pathway for the synthesis of lipid moieties critical to cell rep-
lication; thus, it is uniquely vulnerable to the growth arrest by
lovastatin (Prasanna et al. 1996). In a latest study, lovastatin
also exerts anticancer effect on the triple-negative breast

cancer cell line MDA-MB-231 (Yang et al. 2016). So, lova-
statin may have other applications besides lowering
cholesterol.

The lovastatin (3) cluster has been well summarized.
There are two highly reducing PKSs (HR-PKSs), LovB
(lovastatin nonaketide synthase, ATEG _09961) and LovF
(lovastatin diketide synthase, ATEG_09968), in its
cluster (Hill 2006; Cox 2007; Campbell and Vederas
2010; Chiang et al. 2010a; Chooi and Tang 2012). As
shown in Fig. la, dihydromonacolin L acid (1) is pro-
duced by LovB and a trans-acting enoyl reductase (ER)
LovC (ATEG_09963), then released by a thioesterase
(TE) LovG (ATEG 09962) (Xu et al. 2013). Next,
dihydromonacolin L acid is oxidized by LovA
(ATEG_09960) twice to form monacolin J acid (2). 2-
Methylbutyrate moiety of lovastatin is synthesized by an-
other HR-PKS LovF, and the covalent attachment of this
moiety to 2 is catalyzed by a transesterase LovD
(ATEG_09964) (Guo and Wang 2014). Nowadays, lova-
statin is not the most frequently consumed statin; some
semisynthetic statins like simvastatin are much more pop-
ular. Since simvastatin differs from lovastatin in the side
chain and LovD is responsible for the attachment of side
chain to monacolin J acid, thus the efforts to engineer
LovD were carried out (Jiménez-Osés et al. 2014). A mu-
tant LovD containing 29 point mutations was generated
by a directed evolution strategy; consequently, the protein
efficiency in the synthesis of simvastatin was improved by
about 1000-fold. Therefore, the knowledge of biosynthe-
sis pathway is not only constructive for the production
enhancement of its own product but also can facilitate
connected semisynthetic drug production.

Terreic acid and 6-methylsalicylic acid

Terreic acid shows antibacterial activity (Yamamoto et al.
1980). Bacterial cell wall biosynthetic enzymes UDP-N-
acetylglucosamine 1-carboxyvinyltransferase (MurA)
(Schonbrunn et al. 2010) and N-acetylglucosamine-1-

Table 1 Seven reported PKS

gene clusters in A. ferreus NIH PKS gene Biosynthetic gene cluster Downstream metabolites
2024 ATEG_09961 ATEG_09960-09964, 09966, 09968 Lovastatin
ATEG_09968
ATEG_06275 ATEG_06272-06278, 06280 Terreic acid
ATEG_00145 ATEG_00135-00145 Terrein
ATEG_08451 ATEG_08449-08460 Geodin
ATEG_10080 ATEG_10077-10086 Terretonin
ATEG_09617 ATEG_09616-09620 Citreoviridin
ATEG_07659 ATEG_07659-07667 Asperfuranone
ATEG_07661
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Fig. 1 Biosynthesis of lovastatin
(a) and terreic acid (b) in
A. terreus NIH 2624
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phosphate-uridyltransferase/glucosamine- 1 -phosphate-acetyl-
transferase (GImU) (Sharma et al. 2016) were found to be its
molecular targets. But, its selective inhibition against the cata-
lytic activity of Bruton’s tyrosine kinase (Btk) attracted more
attention (Kawakami et al. 1999), so it could be a chemical
probe to examine the function of Btk and a potential agent for
rheumatoid arthritis, lymphoma, and other diseases (Pan 2008).

About half a century ago, isotope labeling experiments
showed that the biosynthesis of terreic acid (6) originated
from 6-methylsalicylic acid (6-MSA, 4) (Read and Vining
1968). And, 6-MSA synthase (6-MSAS) gene is one of
the best characterized fungal PKS gene. This partly reduc-
ing PKS (PR-PKS) was first reported in Penicillium
patulum (Dimroth et al. 1970). In A. terreus NIH 2624,
the homologous gene is atX (ATEG_06275) (Fujii et al.
1996). The heterologous expression of 6-MSA can be a
judgment standard for the expression system of fungal
polyketides. For instance, in the recombinant Pichia
pastoris GS115-NpgA-ATX with Aspergillus nidulans
and phosphopantetheinyl transferase gene npgAd and atX,
2.2 g I'! production of 6-MSA could be obtained, which
suggested that P. pastoris was a potential host (Gao et al.
2013). In 2014, Boruta and Bizukojc (2014) speculated
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the terreic acid cluster by bioinformatic analysis, and it
was finally experimentally characterized by Guo et al.
(2014) by using a targeted gene deletion method in the
same year. The cluster contains a total of eight genes:
atA-G and X (ATEG_06272-06278, 06280). As shown
in Fig. 1b, AtA (ATEG_06272) is a hypothetical salicylate
hydroxylase and catalyzes a decarboxylative hydroxyl-
ation of 6-MSA. Sometimes, this catechol-type intermedi-
ate will be oxidatively ring-opened and results in a shunt
product (2Z,4E)-2-methyl-2,4-hexadienedioic acid. AtE
(ATEG_06277) and AtG (ATEG_06280) are cytochrome
P450 monooxygenases, possibly catalyze further hydrox-
ylation. And, the hydroxylation may trigger intramolecu-
lar rearrangement like the condition in fungal tropolone
biosynthesis (Davison et al. 2012). The function of AtD
(ATEG _06276) is still unknown, but terreic acid cannot
be biosynthesized without the presence of AtD, so maybe,
it is involved in the epoxidation to gain terremutin (5). At
last, GMC oxidoreductase AtC (ATEG_06274) catalyzes
the oxidation of 5 to give the final product terreic acid (6).
AtF (ATEG 06278) and AtB (ATEG 06273) are tran-
scription factor and major facilitator superfamily (MFS)
transporter, respectively.
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Terrein

Terrein shows potential anticancer activities in a series of re-
searches, inhibiting multidrug-resistant breast cancer (Liao
et al. 2012), cervical carcinoma (Porameesanaporn et al.
2013), prostate cancer (Arakawa et al. 2008), ovarian cancer
(Chen et al. 2014), and hepatoma (Zhang et al. 2015). And, it
has several different mechanisms, including inhibiting
angiogenin secretion, inducing apoptosis, and cell cycle arrest.

Terrein (9) is a polyketide metabolite, which was con-
firmed by isotope labeling study in 1960s (Birch et al.
1965), and its precursor 6-hydroxymellein (6-HM) had also
been identified that way (Hill et al. 1981). On the other hand,
the terrein cluster (ATEG_00135-00145) was serendipitously
characterized in the effort to explore the biosynthesis pathway
of conidial pigment in A. terreus recently (Zachle et al. 2014).
As shown in Fig. 2, the nonreducing PKS (NR-PKS) gene
terA (ATEG_00145) has flexibility in controlling the length
of the polyketide chain. Three different metabolites could be
obtained in the heterologous expression of ter4 in Aspergillus
niger (Zachle et al. 2014); among them, 2,3-dehydro-6-HM
(7) is a pentaketide like 6-HM (8). The formation of 8 needs
another protein TerB (ATEG_00144), which is a multidomain
protein with ketoreductase (KR) and dehydratase (DH) func-
tions. When C-9 ketone is reduced by TerB, 8 can be easily
derived by lactonization, while the cyclization in 7 is a bit

Fig. 2 Biosynthesis of terrein in
A. terreus NIH 2624
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different, which may need an intramolecular rearrangement
that occurs in the biosynthesis of citrinin in Monascus (He
and Cox 2016). The dehydration may also be catalyzed by
TerB. TerC-F (ATEG_00140-00143) may be involved in the
unusual contraction of the aryl ring, but the specific roles of
these genes await further verification. We speculate that FAD-
dependent monooxygenases TerC and TerD (ATEG_00142—
143) catalyze hydroxylation and trigger oxidative
dearomatization, similar to the key step of sorbicillinoid and
tropolone biosynthesis (Davison et al. 2012; Fahad et al.
2014), also somewhat like the aforementioned condition in
terreic acid biosynthesis. Hill et al. (1981) suggested that a
ring contraction then happened, in contrast to the ring expan-
sion in tropolone biosynthesis (Davison et al. 2012). Lastly,
the extra carbon atoms may be removed by decarboxylation.
TerG and Ter] (ATEG_00135, 00138) are MFS transporters,
and the function of TerH-1 (ATEG_00136-00137) is not clear.
Terrein production will decrease but not disappear in the ab-
sence of them. Amusingly, we find a similar gene cluster
(GAQO03937-03946) in the genome of Aspergillus lentulus
strain IFM 54703, which also contains these unnecessary
genes.

Enough supply of glucose and citrate, which are favorable
for polyketide biosynthesis, can improve terrein production
(Yinetal. 2012, 2013). Furthermore, terrein is thought to play
arole in fungus-plant interactions and ecological competition.

o
Jol
HO 7

COOH COOH

OH

COOH

OH oH o
COOH
OH o
F =
HO' Ho'
7
OH o
COOH
OH 0
HO’
3
TerB? \

OH o . o>
erC? OH o \ OH
\WCOOH TerE? /. COOH

COOH
o
TerB J

7 7 s Z

o

OH




Appl Microbiol Biotechnol

The nitrogen response regulators AreA and AtfA and the iron
response regulator HapX are upstream regulators of the terrein
transcription factor TerR (ATEG 00139), which can regulate
terrein biosynthesis (Gressler et al. 2015a). High production of
terrein was achieved in two marine A. terreus strains, which
were 7~8 g 17" in shake flask (Yin et al. 2015; Zhao et al.
2016) and 9 g 1" in bioreactor (Xiao et al. 2013). Because
of'the high yield of terrein, the transcription factor TerR is also
thought to be a new high-performance heterologous fungal
expression system regulatory element (Gressler et al. 2015b).

Geodin and emodin

Geodin is a kind of mycotoxin (Brése et al. 2009) that always
simultaneously biosynthesized with lovastatin (Bizukojc and
Ledakowicz 2007; Abd Rahim et al. 2015). Since they are
both polyketides, modification of media does not have a good
effect on removing geodin; the knowledge of their gene clus-
ters can offer a better guidance.

A. terreus produces series of yellow anthraquinone pig-
ments, such as emodin and questin, but these yellow pigments
disappeared when a NR-PKS gene was deleted (Couch and
Gaucher 2004). In A4. terreus NIH 2624, this PKS
(ATEG_08451) was then named as atrochrysone carboxylic
acid synthase (ACAS), and the polyketide product needs to be
released with the aid of atrochrysone carboxyl ACP
thioesterase (ACTE) encoded by ATEG 08450 (Awakawa
etal. 2009). A small amount of emodin (11) could be obtained
from in vitro reactions catalyzed by ACAS and ACTE, while
the main product was atrochrysone (10), which was probably
derived by spontaneous decarboxylation of the polyketide
product. Much more emodin was gained from in vivo heter-
ologous expression experiment in 4. oryzae, which suggested
that more genes should be involved in emodin biosynthesis.

In fact, emodin is also an intermediate; many other metab-
olites can be derived from this polyketide pathway, such as
questin (12), sulochrin (13), geodin (15), and asterric acid
(Couch and Gaucher 2004; Boruta and Bizukojc 2016). In
2013, Nielsen et al. (2013) transferred putative geodin gene
cluster (ATEG_08449-08460) from A. terreus NIH 2624 to
an expression platform in 4. nidulans and gained geodin suc-
cessfully. Proposed biosynthesis pathway for geodin is shown
in Fig. 3a. Except ACAS (GedC) and ACTE (GedB),
dihydrogeodin oxidase GedJ (ATEG _08458) that catalyzed
the conversion of dihydrogeodin (14) to geodin (15) was pre-
viously reported (Huang et al. 1995). The functions of the
transcription factor GedR (ATEG_08453) responsible for the
activation of geodin cluster and the halogenase GedL
(ATEG_08460) that catalyzed the conversion of sulochrin
(13) to dihydrogeodin (14) were verified by Nielsen’s study.
Meanwhile, similar gene clusters are also found in Aspergillus
fumigatus (Afudgl14450-14580) and Aspergillus fischerianus

(101790-101920), without the presence of halogenase gene,
which further substantiates the delineation of the geodin clus-
ter (Nielsen et al. 2013). As a result, their putative product is
trypacidin (Larsen et al. 2007), which differs from geodin only
in the absence of chlorines and the presence of an additional
methyl group. Furthermore, emodin is also a universal precur-
sor of cladofulvin (Griffiths et al. 2016) and monodictyphenone
(Chiang et al. 2010b).

Terretonin

Mycotoxin terretonin is a kind of meroterpenoids that origi-
nate from both polyketide and terpenoid pathways (McIntyre
etal. 1989). The NR-PKS gene #7t4 (ATEG_10080) is respon-
sible for the biosynthesis of 3,5-dimethylorsellinic acid
(DMOA, 16). And, a farnesyl pyrophosphate (FPP) is trans-
ferred by a prenyltransferase Trt2 (ATEG 10078) to form
farnesyl-DMOA (17) (Guo et al. 2012; Itoh et al. 2012). The
whole gene cluster contains 10 genes (ATEG_10077-10086);
the other genes catalyze following steps, e.g., methylation,
epoxidation, and cyclization. The methylation of the carboxyl
group catalyzed by Trt5 (ATEG_10081) is an essential step for
cyclization (Matsuda et al. 2012). Then, epoxidation and cy-
clization are catalyzed by epoxidase Trt8 (ATEG_10085) and
terpene cyclase Trtl (ATEG_10077), respectively. Next,
short-chain dehydrogenase Trt9 (ATEG 10086) and FAD-
dependent monooxygenase Trt3 (ATEG_10079) are involved
to yield terrenoid (18). The last few steps of the terretonin
pathway have been elucidated by Matsuda et al. (2015) recent-
ly. They uncovered the unusual D-ring construction in
terretonin biosynthesis by collaboration of a multifunctional
cytochrome P450 Trt6 (ATEG_10083) and a unique isomer-
ase Trt14 (ATEG_10082). Trt6 catalyzes three successive ox-
idations to transform 18 into an unstable intermediate, which
then undergoes the D-ring expansion and unusual rearrange-
ment of the methoxy group catalyzed by Trt14 to afford the
core skeleton of terretonin (19). Finally, the nonheme iron-
dependent dioxygenase Trt7 (ATEG 10084) accomplishes
the last two oxidation steps to complete the biosynthesis (see
Fig. 3b). Homologous genes can be also found in 4. nidulans,
but they locate in two different clusters and are responsible for
the biosynthesis of austinol and dehydroaustinol (Lo et al.
2012).

Citreoviridin

Citreoviridin is an ATP synthase inhibitor that inhibits mito-
chondrial oxidative phosphorylation (Suh and Wilcox 1988).
It can uncompetitively inhibit ATP hydrolysis and ATP syn-
thesis by binding to the 3-subunit of F1-ATPase (Sayood et al.
1989). Ectopic ATP synthase is an accessible molecular target
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Fig. 3 Biosynthesis of geodin (a)
and terretonin (b) in A. terreus
NIH 2624 Tmicon
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for inhibiting HIV-1 proliferation in vivo, and citreoviridin
can completely block antigen-presenting cell (APC)-mediated
transfer of HIV-1 at the APC-target cell interaction step
(Yavlovich et al. 2012). Ectopic ATP synthase is also a target
for lung adenocarcinoma; blockade like citreoviridin can sup-
presses cancer growth by activating the unfolded protein re-
sponse (Chang et al. 2012).

Citreoviridin (20) is a HR-PKS product confirmed by iso-
tope labeling experiments in 1980s (Steyn et al. 1982), and its
gene cluster is identified this year by resistance gene-driven
genome mining (Lin et al. 2016). Lin et al. search for extra
copies of the F1-ATPase 3-subunit in the genome of 4. terreus
NIH 2624 and find one gene (ATEG_09616) that is located
next to a HR-PKS gene Ctv4 (ATEG_09617). Additionally, a
methyltransferase CtvB (ATEG_09618), a hydrolase CtvD
(ATEG_09619), and a flavin-dependent monooxygenase
CtvC (ATEG_09620) are found in the locus. They are putative
tailoring enzymes required for the synthesis of the
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tetrahydrofuran ring and methylated oc-pyrone in citreoviridin
(see Fig. 4a). Lin et al. heterologously expressed citreoviridin
biosynthetic gene cluster in 4. nidulans successfully. Similar
cluster can be also found in Metarhizium anisopliae, which
was known to produce analogous toxin aurovertin (Azumi
et al. 2008). The self-resistance gene is an effective guidepost;
in fact, an extra copy of HMGR can also be found in the
lovastatin biosynthetic locus.

Asperfuranone

Asperfuranone was proved to inhibit proliferation of human
nonsmall cell lung cancer A549 cells via blocking cell cycle
progression and inducing apoptosis (Wang et al. 2010). There
are two PKS genes in the asperfuranone cluster just like the
lovastatin cluster: One is HR-PKS gene, and the other is NR-
PKS gene with a C-terminus reductive domain (NR-PKS-R).
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Fig. 4 Biosynthesis of a
citreoviridin (a) and
asperfuranone (b) in A4. terreus
NIH 2624
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In fact, asperfuranone cluster (AN1029-1036) and its prod-
ucts were firstly identified in 4. nidulans (Chiang et al. 2009).
Then, a similar cluster (ATEG_07659—-07667) was also found
in A. terreus NIH 2624, and asperfuranone was successfully
produced through heterologous expression of this cluster in
A. nidulans (Chiang et al. 2013). As shown in Fig. 4b, the
polyketide intermediate produced by HR-PKS gene AteafoG
(ATEG_07659) may be transferred to NR-PKS AteafoE
(ATEG_07661) with the aid of AteafoC (ATEG_07663) to
give the complete polyketide (21). Two steps of hydroxylation
are then catalyzed by AteafoD (ATEG 07662) and AteafoF
(ATEG_07660), respectively. The hydroxylation of C-3 on the
benzene ring results in intramolecular rearrangement, and a
furan nucleus is formed by the latter step. Last, the authors
inferred that there existed an endogenous reductase in
A. nidulans to catalyze the final conversion to asperfuranone
(22).

Three predicted PKS clusters

The gene clusters of another four PKS genes (ATEG_03432,
03446, 03629, 08662) are still not clear, but there are some
hints, so we try to give the prediction of their gene clusters in
this review. ATEG 03432 and ATEG_08662 are both NR-
PKS-R genes like ateafoE (ATEG_07661). NR-PKS-R genes
are always involved in the biosynthesis of azaphilones, such

as citrinin (He and Cox 2016). So, the products of the clusters
of ATEG 03432 and ATEG_08662 are probable to be
azaphilones. The heterologous expression of NR-PKS gene
ATEG 03629 in A. nidulans results in the production of 5-
methyl orsellinic acid (5-MOA, 25) (Chiang et al. 2013), sim-
ilar to the product of #t4 (ATEG_10080). Moreover, the use
of methyl orsellinic acid as a starting material is widely ob-
served in other fungal pathways, such as tropolones (Davison
et al. 2012) and xenovulene (Bailey et al. 2007).

There is a fatty acid synthetase (FAS) gene pair
(ATEG 08867 and 08868) that occurs near the NR-PKS-
R gene ATEG_08662. Just like the condition of
asperfuranone cluster, a highly homologous gene cluster
can be found in 4. nidulans (AN3379-3386) (see
Table 2). Ahuja et al. (2012) activated the A. nidulans clus-
ter by exchanging the promoters of PKS and FAS genes
with controllable alc4 promoter and isolated a major prod-
uct, 2,4-dihydroxy-3-methyl-6-(2-oxoundecyl) benzalde-
hyde (23) along with other corresponding products from
the mycelium (see Fig. 5a). In particular, a decanoyl starter
unit is firstly synthesized by the FAS and then loaded onto
PKS. We speculate that similar products can be derived
from A. terreus cluster. On the other hand, heterologous
expression of these three PKS and FAS genes in
A. nidulans resulted in no product (Chiang et al. 2013).
Therefore, loading of the starter unit may need other genes
in the predicted cluster. And, the monooxygenase
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Table 2 Proposed gene cluster

contains PKS gene ATEG_08662 Locus tag A. nidulans homolog Putative function Protein identity (%)
ATEG_08662 AN3386 NR-PKS-R 56
ATEG_08663 AN3385 Transcription factor 67
ATEG 08664 AN3384 Condensation 44
ATEG_08665 AN3383 MFS transporter 65
ATEG 08666 AN3382 Salicylate monooxygenase 56
ATEG_08667 AN3381 FASB 51
ATEG_08668 AN3380 FAS«x 60
ATEG_08669 AN3379 Unknown 43

(ATEG 08666) may catalyze the benzene ring hydroxyl-
ation that results in intramolecular rearrangement.

Boruta and Bizukojc (2014) speculated that ATEG 03432
was responsible for the biosynthesis of citrinin in A. ferreus.
But, the heterologous expression of ATEG 03432 in
A. nidulans did not result in the precursor of citrinin but the
precursor of Monascus azaphilone pigment (24) (Chiang et al.
2013). Although they have similar structure and biosynthesis

Fig. 5 Predicted biosynthesis a
processes involve PKS genes
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Table 3 Proposed gene cluster

contains PKS gene ATEG_03432 Locus tag A. niger homolog Putative function Protein identity (%)
ATEG_03432 azaA NR-PKS-R 50
ATEG 03433 azaG Dehydrogenase 45
ATEG_03434 Condensation
ATEG_03435 Acetyltransferase
ATEG_03436 MFS transporter
ATEG_03437 azaC Esterase/lipase 49
ATEG 03438 Dehydrogenase
ATEG 03439 AdoMet MTases
ATEG 03440 Enoyl reductase
ATEG 03441 Hydroxylase
ATEG 03442 azal Dehydrogenase 42
ATEG 03443-1 azaJ Enoyl reductase 38
ATEG_03443-2 azaH NADB_Rossmann 55
ATEG_03444 azal Cytochrome P450 35
ATEG_03445 azaR Zn,Cysg regulator 40
ATEG_03446 azaB HR-PKS 33

28242-28244) can be observed in A. niger ATCC 1015
genome, which is responsible for azanigerone biosynthesis
(Zabala et al. 2012), another kind of azaphilones. NR-PKS
azaA shows 50 % identity with ATEG 03432 and has the
same product of ATEG 03432. HR-PKS azaB shows
33 % identity with ATEG 03446. Moreover, homologs
of azaC, G-J, L, and R also can be found between
ATEG 03432 and ATEG_ 03446 (see Table 3 and
Fig. 5b). Among them, N-terminus of ATEG 03443
shows 38 % identity with azal, and its C-terminus shows
55 % identity with azaH, so there may be two genes in
ATEG 03443, and we differentiate them as ATEG 03443-
1 and ATEG_03443-2. AzaH was proved to be occupied
in the pyran-ring formation of azanigerones (Zabala et al.
2012); thus, ATEG_03443-2 may have the same important
function, somewhat like the function of AteafoD
(ATEG_07662). ATEG_03445 is a Zn,Cys, regulator lo-
cated next to HR-PKS ATEG 03446 and shows 40 %
identity with azaR, the activator of azanigerone cluster;
hence, it is suggested to be the transcriptional factor of
the cluster. Consequently, we conjecture that there is a

gene cluster between ATEG 03432 and ATEG_ 03446,
and its product may be an analog of azanigerone.
Heterologous expression of ATEG 03629 and the
next NRPS-like gene ATEG 03630 in Saccharomyces
cerevisiae showed that ATEG 03630 could reduce 5-
MOA to 2,4-dihydroxy 5,6-dimethyl benzaldehyde (26)
(Wang et al. 2014). The function of the NRPS-like gene
is to some extent similar to the R domain in the afore-
mentioned NR-PKS-R genes. Interestingly, engineering
of the adenylation domain of this NRPS-like protein
can achieve a potential biocatalyst for aldehyde genera-
tion (Wang and Zhao 2014). Homologous genes of
ATEG 03629 and 03630 can be found in A. nidulans,
which are AN6448 and AN6444, respectively. Similar
gene pairs also exist in the genome of Stachybotrys
(Li et al. 2016). Furthermore, cytochrome P450
ATEG 03631 shows 49 % identity with AN6449, and
short-chain dehydrogenase ATEG 03632 shows 54 %
identity with AN6450 (see Table 4). The product of
AN6448 is 3-methyl orsellinic acid (3-MOA), different
in the location of methyl group. Phytotoxin cichorine is

Table 4 Proposed gene cluster

contains PKS gene ATEG 03629 Locus tag A. nidulans homolog Putative function Protein identity (%)
ATEG 03629 AN6448 NR-PKS 43
ATEG 03630 AN6444 NRPS-like 42
ATEG 03631 AN6449 Cytochrome P450 49
ATEG 03632 AN6450 Short-chain dehydrogenase 54
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thought to be the downstream product of this
A. nidulans PKS cluster (Ahuja et al. 2012). When 6-
methyl is oxidized to aldehyde, the isoindolinone core
in cichorine can be formed spontaneously in the pres-
ence of ammonium ions (Yuuichi et al. 2012). We pre-
dict that ATEG 03631 and 03632 may participate in the
oxidation of 6-methyl; thus, related isoindolinone deriv-
atives may be produced by this 4. terreus PKS cluster
(see Fig. 5c¢).

Conclusions

A. terreus is an important producer of many bioactive agents,
and a large part of them are polyketides. In this review, we
summarized seven reported polyketide biosynthesis pathways
and predicted three possible gene clusters. Most A. terreus
polyketide biosynthesis pathways are reported in last 5 years,
suggesting that the research in this field is speeding up recent-
ly. We believe that more polyketide pathways will be charac-
terized in the near future. It is interesting that homologous
clusters often can be found in other fungi, especially
Aspergillus strains, and these clusters are important basis for
us to make prediction. We think that this is an effective way to
mine secondary metabolic gene clusters.

Many of the aforementioned polyketides are anticancer
metabolites, so the mass production of them is of great value.
The knowledge of biosynthesis pathways is conducive to im-
prove their production. For instance, native promoters can be
replaced by controllable alc4 promoter; moreover, heterolo-
gous expression can be used; unicellular fungi S. cerevisiae,
P, pastoris, and filamentous fungi 4. nidulans and A. oryzae
are all optional hosts. On the other hand, some genes such as
transesterase gene /ovD, transcription factor terR, and NRPS-
like gene ATEG 03630 themselves are potential elements,
which can be used in the production of other desired
compounds.

Acknowledgments This work was financially supported by the
National High Technology Research and Development Program of
China (2011AA090702).

Compliance with ethical standards

Funding This study was funded by the National High Technology
Research and Development Program of China (2011AA090702).

Conflict of interest Ying Yin declares that she has no conflict of inter-
est. Menghao Cai declares that he has no conflict of interest. Xiangshan
Zhou declares that he has no conflict of interest. Zhiyong Li declares that
he has no conflict of interest. Yuanxing Zhang declares that he has no
conflict of interest.

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

@ Springer

References

Abd Rahim MH, Hasan H, Montoya A, Abbas A (2015) Lovastatin and
(+)-geodin production by Aspergillus terreus from crude glycerol.
Eng Life Sci 15:220-228

Abraham EP, Newton GGF, Crawford K, Burton HS, Hale CW (1953)
Cephalosporin N: a new type of penicillin. Nature 171:343

Ahuja M, Chiang Y-M, Chang S-L, Praseuth MB, Entwistle R, Sanchez
JF, Lo H-C, Yeh H-H, Oakley BR, Wang CCC (2012) Illuminating
the diversity of aromatic polyketide synthases in Aspergillus
nidulans. ] Am Chem Soc 134:8212-8221

Arakawa M, Someno T, Kawada M, lkeda D (2008) A new terrein glu-
coside, a novel inhibitor of angiogenin secretion in tumor angiogen-
esis. J Antibiot 61:442-448

Askenazi M, Driggers EM, Holtzman DA, Norman TC, Iverson S,
Zimmer DP, Boers ME, Blomquist PR, Martinez EJ, Monreal AW,
Feibelman TP, Mayorga ME, Maxon ME, Sykes K, Tobin JV,
Cordero E, Salama SR, Trueheart J, Royer JC, Madden KT (2003)
Integrating transcriptional and metabolite profiles to direct the engi-
neering of lovastatin-producing fungal strains. Nat Biotechnol 21:
150-156

Awakawa T, Yokota K, Funa N, Doi F, Mori N, Watanabe H, Horinouchi
S (2009) Physically discrete beta-lactamase-type thioesterase cata-
lyzes product release in atrochrysone synthesis by iterative type I
polyketide synthase. Chem Biol 16:613-623

Azumi M, Ishidoh K1, Kinoshita H, Nihira T, Ihara F, Fujita T, Igarashi Y
(2008) Aurovertins F-H from the entomopathogenic fungus
Metarhizium anisopliae. J Nat Prod 71:278-280

Bailey AM, Cox RJ, Harley K, Lazarus CM, Simpson TJ, Skellam E
(2007) Characterisation of 3-methylorcinaldehyde synthase (MOS)
in Acremonium strictum: first observation of a reductive release
mechanism during polyketide biosynthesis. Chem Commun 39:
40534055

Balakrishnan B, Karki S, Chiu S-H, Kim H-J, Suh J-W, Nam B, Yoon Y-
M, Chen C-C, Kwon H-J (2013) Genetic localization and in vivo
characterization of a Monascus azaphilone pigment biosynthetic
gene cluster. Appl Microbiol Biot 97:6337-6345

Balakrishnan B, Kim H-J, Suh J-W, Chen C-C, Liu K-H, Park S-H, Kwon
H-J (2014) Monascus azaphilone pigment biosynthesis employs a
dedicated fatty acid synthase for short chain fatty acyl moieties. J
Korean Soc Appl Biol Chem 57:191-196

Birch AJ, Cassera A, Jones AR (1965) The biosynthesis of terrein. Chem
Commun (London):167-168

Bizukojc M, Ledakowicz S (2007) Simultaneous biosynthesis of (+)-
geodin by a lovastatin-producing fungus Aspergillus terreus. J
Biotechnol 132:453-460

Blunt JW, Copp BR, Keyzers RA, Munro MHG, Prinsep MR (2016)
Marine natural products. Nat Prod Rep 33:382-431

Boruta T, Bizukojc M (2014) Culture-based and sequence-based insights
into biosynthesis of secondary metabolites by Aspergillus terreus
ATCC 20542. ] Biotechnol 175:53-62

Boruta T, Bizukojc M (2016) Induction of secondary metabolism of
Aspergillus terreus ATCC 20542 in the batch bioreactor cultures.
Appl Microbiol Biotechnol 100:3009-3022

Brise S, Encinas A, Keck J, Nising CF (2009) Chemistry and biology of
mycotoxins and related fungal metabolites. Chem Rev 109:3903-3990

Campbell CD, Vederas JC (2010) Biosynthesis of lovastatin and related
metabolites formed by fungal iterative PKS enzymes. Biopolymers
93:755-763

Chan KKW, Oza A-M, Siu L-L (2003) The statins as anticancer agents.
Clin Cancer Res 9:10-19

Chang H-Y, Huang H-C, Huang T-C, Yang P-C, Wang Y-C, Juan H-F
(2012) Ectopic ATP synthase blockade suppresses lung adenocarci-
noma growth by activating the unfolded protein response. Cancer
Res 72:4696-4706



Appl Microbiol Biotechnol

Chen Y-F, Wang S-Y, Shen H, Yao X-F, Zhang F-L, Lai D-M (2014) The
marine-derived fungal metabolite, terrein, inhibits cell proliferation
and induces cell cycle arrest in human ovarian cancer cells. Int J Mol
Med 34:1591-1598

Chiang Y-M, Oakley BR, Keller NP, Wang CCC (2010a) Unraveling
polyketide synthesis in members of the genus Aspergillus. Appl
Microbiol Biotechnol 86:1719-1736

Chiang Y-M, Oakley CE, Ahuja M, Entwistle R, Schultz A, Chang S-L,
Sung CT, Wang CCC, Oakley BR (2013) An efficient system for
heterologous expression of secondary metabolite genes in
Aspergillus nidulans. ] Am Chem Soc 135:7720-7731

Chiang Y-M, Szewczyk E, Davidson AD, Entwistle R, Keller NP, Wang
CCC, Oakley BR (2010b) Characterization of the Aspergillus
nidulans monodictyphenone gene cluster. Appl Environ Microbiol
76:2067-2074

Chiang Y-M, Szewczyk E, Davidson AD, Keller N, Oakley BR, Wang
CCC (2009) A gene cluster containing two fungal polyketide
synthases encodes the biosynthetic pathway for a polyketide,
asperfuranone, in Aspergillus nidulans. ] Am Chem Soc 131:
2965-2970

Chooi Y-H, Tang Y (2012) Navigating the fungal polyketide chemical
space: from genes to molecules. J Org Chem 77:9933-9953

Couch RD, Gaucher GM (2004) Rational elimination of Aspergillus
terreus sulochrin production. J Biotechnol 108:171-178

Cox RJ (2007) Polyketides, proteins and genes in fungi: programmed
nano-machines begin to reveal their secrets. Org Biomol Chem 5:
20102026

Davison J, Fahad A, Cai M-H, Song Z-S, Yehia SY, Lazarus CM, Bailey
AM, Simpson TJ, Cox RJ (2012) Genetic, molecular, and biochem-
ical basis of fungal tropolone biosynthesis. PNAS 109:7642-7647

Dimroth P, Walter H, Lynen F (1970) Biosynthesis of 6-methylsalicylic
acid. Eur J Biochem 13:98-110

Fahad A, Abood A, Fisch KM, Osipow A, Davison J, Avramovi¢ M,
Butts CP, Piel J, Simpson TJ, Cox RJ (2014) Oxidative
dearomatisation: the key step of sorbicillinoid biosynthesis. Chem
Sci 5:523-527

Fujii I, Ono Y, Tada H, Gomi K, Ebizuka Y, Sankawa U (1996) Cloning
of the polyketide synthase gene atX from Aspergillus terreus and its
identification as the 6-methylsalicylic acid synthase gene by heter-
ologous expression. Mol Gen Genet 253:1-10

Gao L-M, Cai M-H, Shen W, Xiao S-W, Zhou X-S, Zhang Y-X (2013)
Engineered fungal polyketide biosynthesis in Pichia pastoris: a po-
tential excellent host for polyketide production. Microb Cell
Factories 12:1-14

Gressler M, Meyer F, Heine D, Hortschansky P, Hertweck C, Brock M
(2015a) Phytotoxin production in Aspergillus terreus is regulated by
independent environmental signals. eLife 4:¢07861

Gressler M, Hortschansky P, Geib E, Brock M (2015b) A new high-
performance heterologous fungal expression system based on regu-
latory elements from the Aspergillus terreus terrein gene cluster.
Front Microbiol 6:184

Griffiths S, Mesarich CH, Saccomanno B, Vaisberg A, De Wit PJGM,
Cox RJ, Collemare J (2016) Elucidation of cladofulvin biosynthesis
reveals a cytochrome P450 monooxygenase required for anthraqui-
none dimerization. PNAS 113:6851-6856

Guo C-J, Sun W-W, Bruno KS, Wang CCC (2014) Molecular genetic
characterization of terreic acid pathway in Aspergillus terreus. Org
Lett 16:5250-5253

Guo C-J, Wang CCC (2014) Recent advances in genome mining of sec-
ondary metabolites in Aspergillus terreus. Front Microbiol 5:717

Guo C-J, Knox BP, Chiang Y-M, Lo H-C, Sanchez JF, Lee K-H, Oakley
BR, Bruno KS, Wang CCC (2012) Molecular genetic characteriza-
tion of a cluster in A. terreus for biosynthesis of the meroterpenoid
terretonin. Org Lett 14:5684-5687

He 'Y, Cox RJ (2016) The molecular steps of citrinin biosynthesis in fungi.
Chem Sci 7:2119-2127

Hill AM (2006) The biosynthesis, molecular genetics and enzymology of
the polyketide-derived metabolites. Nat Prod Rep 23:256-320

Hill RA, Carter RH, Staunton J (1981) Biosynthesis of fungal metabo-
lites. Terrein, a metabolite of Aspergillus terreus Thom. J Chem Soc,
Perkin Trans 1:2570-2576

Huang K-X, Fujii I, Ebizuka Y, Gomi K, Sankawa U (1995) Molecular
cloning and heterologous expression of the gene encoding
dihydrogeodin oxidase, a multicopper blue enzyme from
Aspergillus terreus. J Biol Chem 270:21495-21502

Itoh T, Tokunaga K, Radhakrishnan EK, Fujii I, Abe I, Ebizuka Y,
Kushiro T (2012) Identification of a key prenyltransferase involved
in biosynthesis of the most abundant fungal meroterpenoids derived
from 3,5-dimethylorsellinic acid. Chem Bio Chem 13:1132-1135

Jiang D, Ji H, Ye Y, Hou J (2011) Studies on screening of higher y-
aminobutyric acid-producing Monascus and optimization of fer-
mentative parameters. Eur Food Res Technol 232:541-547

Jiménez-Osés G, Osuna S, Gao X, Sawaya MR, Gilson L, Collier SJ,
Huisman GW, Yeates TO, Tang Y, Houk KN (2014) The role of
distant mutations and allosteric regulation on LovD active site dy-
namics. Nat Chem Biol 10:431-436

Kawakami Y, Hartman SE, Kinoshita E, Suzuki H, Kitaura J, Yao L,
Inagaki N, Franco A, Hata D, Maeda-Yamamoto M, Fukamachi
H, Nagai H, Kawakami T (1999) Terreic acid, a quinone epoxide
inhibitor of Bruton’s tyrosine kinase. Proc Natl Acad Sci U S A 96:
2227-2232

Khaldi N, Seifuddin FT, Tumer G, Haft D, Nierman WC, Wolfe KH,
Fedorova ND (2010) SMURF: Genomic mapping of fungal second-
ary metabolite clusters. Fungal Genet Biol 47:736-741

Larsen TO, Smedsgaard J, Nielsen KF, Hansen MAE, Samson RA,
Frisvad JC (2007) Production of mycotoxins by Aspergillus lentulus
and other medically important and closely related species in section
Fumigati. Med Mycol 45:225-232

Leal MC, Sheridan C, Osinga R, Dioniasio G, Rocha RJM, Silva B, Rosa
R, Calado R (2014) Marine microorganism-invertebrate assem-
blages: perspectives to solve the "supply problem" in the initial steps
of drug discovery. Mar Drugs 12:3929-3952

Li C, Matsuda Y, Gao H, Hu D, Yao X-S, Abe I (2016) Biosynthesis of
LL-Z1272f3: discovery of a new member of NRPS-like enzymes for
aryl-aldehyde formation. Chembiochem 17:904-907

Liao W-Y, Shen C-N, Lin L-H, Yang Y-L, Han H-Y, Chen J-W, Kuo S-C,
S-H W, Liaw C-C (2012) Asperjinone, a nor-neolignan, and terrein,
a suppressor of ABCG2-expressing breast cancer cells, from ther-
mophilic Aspergillus terreus. J Nat Prod 75:630-635

Lin T-S, Chiang Y-M, Wang CCC (2016) Biosynthetic pathway of the
reduced polyketide product citreoviridin in Aspergillus terreus var.
aureus revealed by heterologous expression in Aspergillus nidulans.
Org Lett 18:1366-1369

Lo H-C, Entwistle R, Guo C-J, Ahuja M, Szewczyk E, Hung J-H, Chiang
Y-M, Oakley BR, Wang CCC (2012) Two separate gene clusters
encode the biosynthetic pathway for the meroterpenoids austinol
and dehydroaustinol in Aspergillus nidulans. ] Am Chem Soc 134:
4709-4720

Matsuda Y, Awakawa T, Itoh T, Wakimoto T, Kushiro T, Fujii I, Ebizuka
Y, Abe I (2012) Terretonin biosynthesis requires methylation as
essential step for cyclization. Chem Bio Chem 13:1738-1741

Matsuda Y, Iwabuchi T, Wakimoto T, Awakawa T, Abe 1 (2015)
Uncovering the unusual d-ring construction in terretonin biosynthe-
sis by collaboration of a multifunctional cytochrome P450 and a
unique isomerase. J Am Chem Soc 137:3393-3401

Mclntyre CR, Scott FE, Simpson TJ, Trimble LA, Vederas JC (1989)
Application of stable isotope labelling methodology to the biosyn-
thesis of the mycotoxin, terretonin, by Aspergillus terreus: incorpo-
ration of '>C-labelled acetates and methionine, “H- and '*C, '*0-
labelled ethyl 3, 5-dimethylorsellinate and oxygen-18 gas.
Tetrahedron 45:2307-2321

@ Springer



Appl Microbiol Biotechnol

Newton GGF, Abraham EP (1955) Cephalosporin C, a new antibiotic
containing sulphur and D-«-aminoadipic acid. Nature 175:548
Nielsen MT, Nielsen JB, Anyaogu DC, Holm DK, Nielsen KF, Larsen
TO, Mortensen UH (2013) Heterologous reconstitution of the intact
geodin gene cluster in Aspergillus nidulans through a simple and
versatile PCR based approach. PLoS One 8:¢72871

Pan Z (2008) Bruton’s tyrosine kinase as a drug discovery target. Drug
News Perspect 21:357-362

Papagianni M (2004) Fungal morphology and metabolite production in
submerged mycelial processes. Biotechnol Adv 22:189-259

Porameesanaporn Y, Uthaisang-Tanechpongtamb W, Jarintanan F,
Jongrungruangchok S (2013) Terrein induces apoptosis in HelLa
human cervical carcinoma cells through p53 and ERK regulation.
Oncol Rep 29:1600-1608

Prasanna P, Thibault A, Liu L, Samid D (1996) Lipid metabolism as a
target for brain cancer therapy: synergistic activity of lovastatin and
sodium phenylacetate against human glioma cells. J Neurochem 66:
710-716

Read G, Vining LC (1968) The biosynthesis of terreic acid. Chem
Commun 16:935-937

Sayood SF, Suh H, Wilcox CS, Schuster SM (1989) Effect of citreoviridin
and isocitreoviridin on beef heart mitochondrial ATPase. Arch
Biochem Biophys 270:714-721

Schénbrunn E, Han H, Yang Y, Olesen SH, Becker A, Betzi S (2010) The
fungal product terreic acid is a covalent inhibitor of the bacterial cell
wall biosynthetic enzyme UDP-N-acetylglucosamine 1-
carboxyvinyltransferase (MurA). Biochemistry 49:4276-4282

Sharma R, Lambu MR, Jamwal U, Rani C, Chib R, Wazir P, Mukherjee
D, Chaubey A, Khan IA (2016) Escherichia coli N-
acetylglucosamine-1-phosphate-uridyltransferase/glucosamine-1-
phosphate- acetyltransferase (GImU) inhibitory activity of terreic
acid isolated from Aspergillus terreus. J Biomol Screen 21:342-353

Steyn PS, Vleggaar R, Wessels PL, Woudenberg M (1982) Biosynthesis
of citreoviridin. A carbon-13 N.M.R. study. J] Chem Soc, Perkin
Trans 1:2175-2178

Suh H, Wilcox CS (1988) Chemistry of FIF0-ATPase inhibitors.
Stereoselective total syntheses of (+)-citreoviral and (—)-
citreoviridin. ] Am Chem Soc 110:470-481

Survase SA, Kagliwal LD, Annapure US, Singhal RS (2011) Cyclosporin
a—a review on fermentative production, downstream processing
and pharmacological applications. Biotechnol Adv 29:418-435

Wang CCC, Chiang Y-M, Praseuth MB, Kuo P-L, Liang H-L, Hsu Y-L
(2010) Asperfuranone from Aspergillus nidulans inhibits prolifera-
tion of human non-small cell lung cancer A549 cells via blocking
cell cycle progression and inducing apoptosis. Basic Clin Pharmacol
Toxicol 107:583-589

Wang M, Beissner M, Zhao H (2014) Aryl-aldehyde formation in fungal
polyketides: discovery and characterization of a distinct biosynthetic
mechanism. Chem Biol 21:257-263

@ Springer

Wang M, Zhao H (2014) Characterization and engineering of the
adenylation domain of a NRPS-like protein: a potential biocatalyst
for aldehyde generation. ACS Catal 4:1219-1225

Xiao L, Yin Y, Sun W, Zhang F-L, Li Z-Y (2013) Enhanced pro-
duction of (+)-terrein by Aspergillus terreus strain PF26 with
epigenetic modifier suberoylanilide hydroxamic acid. Process
Biochem 48:1635-1639

Xu W, Chooi Y-H, Choi JW, Li S, Vederas JC, Da Silva NA, Tang Y
(2013) LovG: the thioesterase required for dihydromonacolin L re-
lease and lovastatin nonaketide synthase turnover in lovastatin bio-
synthesis. Angew Chem Int Edit 125:6600-6603

Yamamoto H, Moriyama K, Jinnouchi H, Yagishita K (1980) Studies on
terreic acid. J Antibiot 33:320-328

Yang T, Yao H, He G, Song L, Liu N, Wang Y, Yang Y, Keller ET, Deng
X (2016) Effects of lovastatin on MDA-MB-231 breast cancer cells:
an antibody microarray analysis. J Cancer 7:192—199

Yavlovich A, Viard M, Zhou M, Veenstra TD, Wang JM, Gong W,
Heldman E, Blumenthal R, Raviv Y (2012) Ectopic ATP synthase
facilitates transfer of HIV-1 from antigen-presenting cells to CD4"
target cells. Blood 120:1246-1253

Yin Y, Ding Y-T, Feng G-F, Li J-L, Xiao L, Karuppiah V, Sun W, Zhang
F-L, Li Z-Y (2015) Modification of artificial sea water for the mass
production of (+)-terrein by Aspergillus terreus strain PF26 derived
from marine sponge Phakellia fusca. Lett Appl Microbiol 61:580—
587

Yin Y, Gao Q, Zhang F-L, Li Z-Y (2012) Medium optimization for the
high yield production of single (+)-terrein by Aspergillus terreus
strain PF26 derived from marine sponge Phakellia fiisca. Process
Biochem 47:887-891

Yin Y, Xu B-L, Li Z-Y, Zhang B-H (2013) Enhanced production of (+)-
terrein in fed-batch cultivation of Aspergillus terreus strain PF26
with sodium citrate. World J Microbiol Biotechnol 29:441-446

Yuuichi N, Erik S, Keiko H, Naoko N, Yoshikazu K, Keiji H (2012) Pre-
SMTP, a key precursor for the biosynthesis of the SMTP plasmino-
gen modulators. J Antibiot 65:483-485

Zabala AO, Xu W, Chooi Y-H, Tang Y (2012) Characterization of a silent
azaphilone gene cluster from Aspergillus niger ATCC 1015 reveals
a hydroxylation-mediated pyran-ring formation. Chem Biol 19:
1049-1059

Zaehle C, Gressler M, Shelest E, Geib E, Hertweck C, Brock M (2014)
Terrein biosynthesis in Aspergillus terreus and its impact on phyto-
toxicity. Chem Biol 21:719-731

Zhang B, Guan Z-B, Cao Y, Xie G-F, Lu J (2012) Secretome of
Aspergillus oryzae in Shaoxing rice wine koji. Int J Food
Microbiol 155:113-119

Zhang F-L, Mijiti M, Ding W, Song J-J, Yin Y, Sun W, Li Z-Y (2015) (+)-
terrein inhibits human hepatoma bel-7402 proliferation through cell
cycle arrest. Oncol Rep 33:1191-1200

Zhao C, Guo L, Wang L, Zhu G, Zhu W (2016) Improving the yield of
(+)-terrein from the salt-tolerant Aspergillus terreus PT06-2. World J
Microbiol Biotechnol 32:77



	Polyketides in Aspergillus terreus: biosynthesis pathway discovery and application
	Abstract
	Introduction
	Lovastatin
	Terreic acid and 6-methylsalicylic acid
	Terrein
	Geodin and emodin
	Terretonin
	Citreoviridin
	Asperfuranone
	Three predicted PKS clusters
	Conclusions
	References


