
Characterization of Thermolide Biosynthetic Genes and a New
Thermolide from Sister Thermophilic Fungi
Xuemei Niu,*,†,‡ Li Chen,†,§ Qun Yue,†,§ Baile Wang,‡,§ Junxian Zhang, Chunyan Zhu,‡ Keqin Zhang,‡

Gerald F. Bills,† and Zhiqiang An*,†

†Texas Therapeutics Institute, the Brown Foundation Institute of Molecular Medicine, the University of Texas Health Science Center
at Houston, Houston, Texas 77054, United States
‡Laboratory for Conservation and Utilization of Bio-Resources & Key Laboratory for Microbial Resources of the Ministry of
Education, Yunnan University, Kunming, 650091, P. R. China

*S Supporting Information

ABSTRACT: Prior chemical analysis of obligate thermophilic fungus Talaromyces thermophilus led to the discovery of
thermolides A−F, six previously undescribed members of the lactam-bearing macrolactone class. A combination of chemical
screening, genome analyses, and genetic manipulation led to the identification of the thermolide biosynthetic genes from sister
thermophilic fungi T. thermophilus and Thermomyces lanuginosus and a new thermolide. The biosynthetic locus for the
thermolides’ mixed polyketide/amino acid structure encodes a hybrid polyketide synthase−nonribosomal peptide synthetase
(PKS−NRPS). Our results reveal the first fungal hybrid iterative PKS−NRPS genes involved in the biosynthesis of bacterial-like
hybrid macrolactones instead of typical fungal tetramic acids-containing metabolites. The finding provides an insight into the
convergent biosynthetic end products that bridge the gap between the modular and iterative PKS−NRPS hybrids.

Macrolactones of mixed origins with polyketide and amino
acid building blocks, representing a unique family of

natural products endowed with a wide range of impressive
biological activities, are biosynthesized mainly by bacteria, e.g.,
the immunosuppressant rapamycin, the tubulin polymerizing
agent epothilone, the pristinamycin components of the antibiotic
synercid, the ansa antibiotics including the antitubercular drugs
of the rifamycin group, the heat shock protein 90 inhibitor
geldanamycin, and the maytansine family antitumor agent
ansamitocin.1 These macrocyclic metabolites are assembled by
multifunctional enzyme complexes known as modular polyketide
synthases combined with nonribosomal peptide synthetases
(PKS−NRPSs) in bacteria. Macrocyclization leading to lactones,
e.g., 14-membered in erythronolide and 16-membered in
epothilone, occurs at the most downstream steps of modular
PKS−NRPS hybrid assembly lines during chain release by
thioesterase (TE) domains.1,2

In fungi, such macrolactonization occurs in either iterative
PKSs or NRPSs,2 for example, the mycotoxin zearalenone from
Gibberella zeae,3a the protein kinases inhibitor hypothemycin
from Hypomyces subiculosus3b and the heat shock protein 90

inhibitor dehydrocurvularin from Aspergillus terreus,3c and the
emericellamides from A. nidulans.3d

However, fungal iterative PKS−NRPS hybrids, where a single
module of an iterative PKS is fused with a single NRPS module,
usually lead to formation of metabolites containing a five-
membered ring, known as tetramic acid (2-pyrrolidones). At
least 13 fungal iterative PKS−NRPS hybrid gene clusters
reported to date have been linked to the biosynthesis of tetramic
acid-containing metabolites, including the actin-filament-
destroying cytochalasins, the neuritogenic and immunosuppres-
sive agent pseurotin A, and the mycotoxins fusarin C,
cyclopiazonic acid, and flavipucine.4 The formation of tetramic
acids (2-pyrrolidones) normally occurs either directly at themost
downstream step of fungal iterative PKS−NRPS hybrid assembly
lines through a Dieckmann cyclization by terminal domain (D)5

or after a reductive release by reductive domain (R), thereby
generating a free linear aldehyde intermediate that immediately
undergo a Knoevenagel condensation.3 Recent studies revealed
that hybrid iterative PKS−NRPS genes in the bacterium
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Lysobacter enzymogene were also responsible for the biosynthesis
of tetramic acid-containing macrolactams HSAF6a,b and
Ikarugamycin.6c,d

To date, the linkage of iterative PKS−NRPS hybrid genes to
PKS−NRPS hybrid macrolactones has not been reported.
Thermophilic fungi, growing optimally above 40 °C, represent

a potential reservoir of thermostable enzymes for industrial
applications and could be developed into cell factories to support
the production of chemicals and materials at elevated temper-
atures.7 Recently, a novel class of potent nematocides possessing
a 13-membered lactam-bearing macrolactone (1−6, Figure 1)

were isolated from obligate thermophilic fungus Talaromyces
thermophilus collected from the Tengchong geothermal field of
Yunnan, China.8 Metabolites 1 and 2 exhibited potent toxicity
toward a wide range of nematodes including the economically
destructive root-knot nematode (Meloidogyne incognita) and
pine-wood nematode (Bursaphelenches siylopilus).
Here we report that two hybrid iterative PKS−NRPS genes

from sister thermophilic fungi and one new metabolite of this
class were indentified through a combination of chemical
screening, genome analyses, and genetic manipulation. Our
results indicated these fungal hybrid iterative PKS−NRPS genes
were involved in the biosynthesis of bacterial-like hybrid
macrolactones instead of typical fungal tetramic acids-containing
metabolites.
The genome of the type strain of T. thermophilus NRRL 2155

from California was recently released.8 The strain belongs to the
same specie as thermolide-producing strain T. thermophilus
YM3−4; therefore, we predicted that T. thermophilus NRRL
2155 would likely produce similar thermolide-like metabolites as
YM3−4. HPLC−MS analysis of organic-solvent extracts of T.
thermophilus NRRL 2155 and YM3−4 strains grown in parallel
indicated that strain NRRL 2155 also yielded thermolides A−E
(1−5) and had remarkably similar chemical profiles to that of the
strain YM3−4. Unexpectedly, we could not detect thermolide F
(6) in either strain NRRL 2155 or YM3−4. We sought to
examine different culture conditions and additional strains of T.
thermophilus to find either strains with higher levels of
production or strains with different product spectra among the
principal thermolides. However, we could not detect thermolide
F (6) in either T. thermophilus strain.
We examined the genome of T. thermophilus NRRL 2155 for

secondary metabolite pathways.9 Surprisingly, its genome
consists of only 19.6 Mbp which is about 40−50% smaller than
typical mesic species of the Trichocomaceae (e.g., Aspergillus,
Penicillium).9 Since the PKS moieties in the thermolides most

likely originated from a reducing polyketide pathway, we scanned
all the highly reducing PKS (HR-PKS) genes in the T.
thermophilus genome along with their neighboring genes. Our
attention focused on a cluster containing a predicted PKS−
NRPS hybrid gene Talth1_004980_t1 (hereby named TalA).
Most notably, the downstream flank of the cluster remains
unannotated. The upstream flanking regions of TalA encode a
hydrolase, a glutathione S-transferase, a cytochrome P450, a
transporter, and three aldehyde dehydrogenases. Conserved
domain analysis demonstrated that TalA gene encoded six
catalytic domains for the PKS and four catalytic domains for the
NRPS with an additional C-terminal reductase domain and
lacked introns (Figure 2). Phylogenetic analysis showed that the

KS domain sequence from TalA was clustered within the fungal
PKS−NRPS hybrids, and formed a distinct monophyletic branch
with no other closely related KS domains as of yet (Figure S1,
Supporting Information).10

Linking the TalA gene with thermolide biosynthesis was
challenging because no system for genetic manipulation has been
previously reported for this fungus. In fact, all attempts to
transform T. thermophilus to generate targeted gene knockouts
with the protoplast method failed, even though our laboratory
has successfully constructed many targeted mutants for different
nematode- and insect-associated fungi.11 Therefore, we tested
Agrobacterium tumefaciens-mediated transformation (ATMT) as
an alternative.12

A modified ATMT method for genetic disruption of TalA
gene was developed using double-crossover recombination with
the hygromycin-resistance gene (hyg) as a selection marker,
followed by identification of desired ΔTalA mutants using
diagnostic PCR. The two homologous regions were amplified
from T. thermophilus genomic DNA using primers containing
overlapping regions with the vector and the hyg-resistance
cassette. Mutant cultures were extracted and analyzed by LC−
MS (Figure 3). The gene sequences encoding for A and R
domains in TalA, respectively, were disrupted. Metabolite
analysis showed that both types of ΔTalA mutants were devoid
of the production of compounds 1−5. No intermediates, such as
the free C18 linear aldehyde or carboxylic acid (Figure 5), could
be detected in either of the extracts, indicating that TalA played a
key role in the biosynthetic pathway for 4 and 5. Since

Figure 1. Structures of thermolides.

Figure 2. Thermolide biosynthetic gene clusters and genomic
organization of thermolide biosynthetic genes. (A) TalA gene cluster
spanning 51.843 kb and consisting of eight genes with their predicted
functions color-coded: H, hydrolase; G,glutathione S-transferase
(GST); P, cytochrome P450; D, aldehyde dehydrogenase; T, trans-
port-related gene. (B) TheB gene clusters spanning 51.846 kb and
consisting of five genes with their predicted functions color-coded. (C)
Schematic view of the organization of thermolide biosynthetic genes
encoding a polyketide synthase (KS) acyltransferase (AT), dehydratase
(DH), methyltransferase (MT), β-ketoacylreductase domain (KR), acyl
carrier protein (ACP), condensation (C), adenylation (A), thiolation
(T), peptide carrier protein (PCP), reductase (R). (D) Representation
of the genetic disruption cassette. We have not found any candidate
genes that might be responsible for the acetylations.
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compounds 4 and 5 differed in their amino acids, it was
reasonable to attribute this flexibility to the ambivalent amino
acid selection by the TalA NRPS. Such flexibility is atypical for
fungal NRPSs; for example, enniatin synthetases isolated from
various fungi exhibited differences in their amino acids
specificities. However, this flexibility was not unexpected given
our previous findings. Talathermophilins A and B from T.
thermophilus, two terpene synthase (TPS)-NRPS metabolites
with only one amino acid difference, maintained a constant
content ratio in the fungal culture broth under different culture
conditions.13 Recent genome mining efforts revealed that T.
thermophilus harbored only one TPS−NRPS gene cluster.9

Moreover, coproduction of two related nonribosomal peptides
from a bacterial NRPS is also commonplace,14 such as occurs
during the biosynthesis of aureusimines, where a second A
domain incorporates both tyrosine (aureusimine A) and
phenylalanine (aureusimine B/phevalin). Since the A domain
selected and activated the amino acids, its relationship to other
fungal NRPS gene A domains was examined by phylogenetic
analysis (Figure S2, Supporting Information). Like the KS, the A
domain of TalA again formed a monophyletic clade distinct from
those of the other fungal and bacterial NRPSs.14

Our chemical and genome analysis and genetic manipulation
of T. thermophilus revealed that T. thermophilus could not
produce 6. We extended our search to another thermophilic
fungi collected from the same habitat as T. thermophilus YM3−4
on the basis of that the remarkable structural relationship of 1−5
to 6. Considering the fact that 4 and 5 were coproduced in T.
thermophilus, we postulated that the compound 6-producing
strainmight also give a valine congener of 6. Finally, thermolide F
(6), together with the novel thermolide G (7), was detected and
purified from the cultural broth of Thermomyces lanuginosus C5,
which is closely related to T. thermophilus. Thermolide G (7) was
assigned a molecular formula of C34H64NO9 on the basis of a
quasi-molecular ion peak at m/z 630.4583 [M + H]+ in its
positive HRESIMS. The 1D and 2D NMR spectra of 7 (Figures
S12−17, Supporting Information) unequivocally suggested that
7 was a valine congener of 6.
The genome of the strain Th. lanuginosus ATCC 200065 has

also been recently released.9 Prospective chemical analysis of
extracts of the strain Th. lanuginosus ATCC 200065 indicated
that this strain also produced 6 and 7 (Figure 4). We also
detected the existence of their respective deacetyl analogues (6′
and 7′, Figure 4) in both Th. lanuginosus strains. Because of poor
titers, so far, we have been unable to purify enough from the
culture broths to obtain their NMR spectra.

Th. lanuginosus has a similar genome size as T. thermophilus9

and contains a similar intronless hybrid PKS−NRPS gene
Thela2_004538 (TheB). TheB was 85% identical to TalA at the
protein level. The open reading frame (orf) between TalA and
the gene putatively encoded for GST was assigned encoding a
hydrolase (H, Figure 2), while the similarly located orf in TheB
cluster remained unassigned. Conserved domain analysis of the
orf indicated that its function resembles that in TalA. A similar
method for gene disruption of TheB in Th. lanuginosus was
developed (Figure 2). The sequence encoding for the R domain
inTheBwas genetically disrupted. LC−MS analysis of metabolite
profiles of parallel fermentations of mutants and wild-type strains
revealed that ΔTheB mutants also completely lacked the
production of compounds 6 and 7 and their deacetyl analogues
(6′ and 7′, Figure 4).
Thus, two genes TalA and TheB from two sister thermophilic

fungal species involved in the biosynthesis of the class of
bacterial-like thermolides have been identified. This is the first
discovery of microbial hybrid iterative PKS−NRPS genes
involved in the biosynthesis of lactam-bearing macrolactones
that are common for modular PKS−NRPS genes.
The remarkable relationship of these two genes and

thermolide structures suggests that these two hybrid iterative
PKS−NRPS genes encode the biosynthesis of two similar PKS
chains with differing lengths, a C18 carbon chain, and a C20
carbon chain, respectively. Subsequently, two structurally related
amino acids (alanine and valine) are ambivalently recruited for
the extension of the PKS carbon chain in the biosynthetic
pathway. This is the first discovery of iterative PKS−NRPS genes
responsible for the biosynthesis of two similar carbon scaffolds in
fungi.
Conceivably, the linear intermediates, for example 4′ and 5′

from the R domain of TalA (Figure 5), might undergo an
alternative mechanism, eventually leading to the formation of
macrolactone rings. This deviation might be attributed to the
position-6 hydroxyl group in the thermolides instead of a ketone
for a β-ketoamide moiety, as has been proposed for all the other
fungal PKS/NRPS hybrid metabolites.7 Such a deviation might
result in the adjacent methylene of the amide in the thermolides
being less able to form a resonance-stabilized carbanion
intermediate that could undergo intermolecular Claisen
condensation with the distal end aldehyde group.5,7 Instead,
the hydroxyl group at C-12 (1−7, Figure 5) might act as an
internal nucleophile to capture the distal end ketone carbon
leading to lactones and yielding products with 13-membered
heterocyclizations. Such a macrolactonization has normally been
observed in bacterial modular PKS−NRPSs.1−3 We were unable
to detect either of the possible intermediate aldehydes or acids in

Figure 3. HPLC−MS analysis of fermentations from the wild-type and
disruption mutants of T. thermophilus. Full-scan + mode spectra were
acquired over a scan range of m/z 100−1500. When grown in YM
medium, thermolides A−C (peak 1−3,m/z = 568) and thermolides D−
E (4,m/z = 526; 5,m/z = 554) were detected in the wild-type. MutantR
and MutantA: Genetic disruption of the gene sequence encoding for R
and A domains in TheB, respectively (magenta and red lines).

Figure 4. HPLC−MS analysis of fermentations from the wild-type
(green line) and disruption mutant of Th. lanuginosus. Full-scan + mode
spectra were acquired over a scan range ofm/z 100−1500. When grown
in YM medium, thermolides F and G (6, m/z = 624; 7, m/z = 652) and
deacetylthermolides F and G (6′, m/z = 582; 7′, m/z = 610) were
detected in the wild-type. MutantR: genetic disruption of the gene
sequence encoding for R domain in TheB (magenta line).
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the wild-type strains and were unsuccessful in the heterologous
expressions of TalA and TheB genes in Aspergillus nidulans,
perhaps due to different splicing and regulation mechanisms. It
seems likely that the macrolactonization was simply achieved by
the nucleophilic attack from the hydroxyl group at C-12 to the
enzyme-thethered thioester bond, which might be mediated by
the “R” domain. Whether the orfs upstream of the TalA or TheB,
for example, such as orf H (annotated as hydrolase), might
contribute auxiliary functions during the biosynthesis of
thermolides, warrants further investigation. Therefore, the
mechansim for macrolactonization still remains unknown.
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Figure 5. Architecture of the thermolide synthase TalA and model for the biosynthesis of thermolies A−E (1−5).
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