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(Bcc) often associated with plant rhizosphere as biocon-
trol agents and as opportunistic human pathogens in both 
cystic fibrosis and immunocompromised individuals [31, 
44], B. mallei as the causal agent of glanders in animals 
[15, 19], and B. pseudomallei as the etiological agent of 
melioidosis in both animals and humans [13, 28]. Driven 
largely by the research on Burkholderia pathogenicity, 
the complete genomes of 36 Burkholderia strains have so 
far been sequenced and the data are available in the pub-
lic databases. Analysis revealed that the Burkholderia spe-
cies have a median genome size of 7.27 Mb (ranging from 
3.75 Mb to almost 10 Mb) (Table 1), ranking in the top 
5 % tier among all bacterial genomes. Every Burkholderia 
genome contains not only multiple pathogenic islands but 
also a surprisingly large number of putative natural prod-
uct biosynthetic genes clusters (ranging from 7 to 27, with 
an average number of 15) (Table 1), as predicted with the 
antiSMASH program [5, 33]. Those gene clusters are pre-
dicted to produce bacteriocins, butyrolactones, ectoines, 
homoserine lactones, lantipeptides, nonribosomal peptides, 
phenazines, phosphonates, polyketides, siderophores, ter-
penes, varying hybrid molecules, or structurally unclas-
sified molecules. Statistically, the percentage content of 
the thiotemplate modular systems (TMS) in Burkholderia 
genomes is only second to that of actinobacteria, higher 
than those of bacilli, cyanobacteria, myxobacteria and 
fungi [35].

The availability of vast genome sequence data and 
genome-guided discovery technologies has resulted in the 
discovery of a plethora of structurally and functionally 
diverse natural products from Burkholderia sp. in recent 
years. Some of those small molecules have entered exten-
sive preclinical evaluations as drug candidates. Although 
an even larger number of natural products from Burk-
holderia sp. have been discovered, mostly by conventional 
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Introduction

The genus Burkholderia comprises more than 40 spe-
cies, which inhabit diverse ecological niches such as soil 
and water, plant surface and rhizosphere, and animal and 
human respiratory tract [10, 11, 54]. Some of the best 
known Burkholderia species are the B. cepacia complex 
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natural product chemistry approach, this mini-review only 
covers those discovered by genome-guided approaches—
these refer to the use of bacterial genome sequence as 
an entry point for in silico structural prediction, wet lab 
experimental design and execution—to be in compliance 
with the theme of this special issue of JIMB. In addi-
tion, this mini-review does not elaborate on the technical 
details of genome mining and genome-guided discovery 
approaches because such topics are covered by other arti-
cles published in this special issue of JIMB or elsewhere 
[8, 12, 55, 63].

Betulinan/terferol analogues

Betulinans A–C (Fig. 1) are benzoquinone compounds iso-
lated from the fruiting bodies of Lenzites betulina and the 
culture of a fungus belonging to the Order of Chaetothyri-
ales [16, 29]. Terferol (Fig. 1) is a terphenyl compound dis-
covered from the culture of Streptomyces sp. in a screening 
for eukaryotic phosphodiesterase (PDE) inhibitors [36, 37].

The Brady group identified a cryptic gene cluster BTH-
II0204-207 in the B. pseudomallei K96243 genome and 
a highly similar gene cluster in the B. thailandensis E264 

Table 1  Genome sizes and 
number of putative natural 
product biosynthetic gene 
clusters in each completely 
sequenced genome of 
Burkholderia sp.

a Draft genome sequence 
obtained by the authors’ 
group. Included here as an 
exception, as it is relevant to the 
thailanstatin group of natural 
products [30] covered in this 
mini-review

Burkholderia strain Genome size (Mb) Number of putative natural product 
biosynthetic gene clusters

Burkholderia sp. 383 8.68 13

Burkholderia sp. CCGE1001 6.83 7

Burkholderia sp. CCGE1002 7.88 8

Burkholderia sp. CCGE1003 7.04 8

Burkholderia sp. KJ006 6.63 9

Burkholderia sp. RPE64 6.96 8

Burkholderia sp. Y123 8.9 10

B. ambifaria AMMD 7.53 19

B. ambifaria MC40-6 7.64 14

B. cenocepacia AU 1054 7.28 13

B. cenocepacia HI2424 7.7 13

B. cenocepacia J2315 8.06 13

B. cenocepacia MC0-3 7.97 14

B. cepacia GG4 6.47 8

B. gladioli BSR3 9.05 22

B. glumae BGR1 7.28 17

B. mallei ATCC 23344 5.84 18

B. mallei NCTC 10229 5.74 17

B. mallei NCTC 10247 5.85 16

B. mallei SAVP1 5.23 14

B. multivorans ATCC 17616 7.01 13

B. phenoliruptrix BR3459a 7.65 8

B. phymatum STM815 8.68 10

B. phytofirmans PsJN 8.21 11

B. pseudomallei 668 7.04 25

B. pseudomallei 1026b 7.23 23

B. pseudomallei 1106a 7.09 23

B. pseudomallei 1710b 7.31 27

B. pseudomallei BPC006 7.16 23

B. pseudomallei K96243 7.24 23

B. pseudomallei MSHR305 7.43 24

B. rhizoxinica HKI 454 3.75 16

B. thailandensis E264 6.72 21

B. thailandensis MSMB43a 6.96 16

B. thailandensis MSMB121 6.73 17

B. vietnamiensis G4 8.39 9

B. xenovorans LB400 9.73 9
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genome. They PCR-amplified the gene clusters from 
respective genomic DNA, cloned under the control of an 
IPTG-inducible Ptac promoter, and introduced the con-
structs into Pseudomonas aeruginosa by conjugation for 
heterologous expression. Multiple new peaks appeared in 
the HPLC trace of ethyl acetate extract of the transformed 
P. aeruginosa culture induced by IPTG, which led to the 
discovery of four betulinan/terferol analogues, named 
BTH-II0204-207:A–D (1–4) (Fig. 1) [3]. These compounds 
differ from betulinans or terferol by either the position or 
number of methyl substituents found on each metabolite.

The BTH-II0204-207 gene cluster contains four genes 
that encode a single module nonribosomal peptide syn-
thetase (NRPS), a dehydratase, an isomerase, and a meth-
yltransferase. It was predicted that the NRPS module con-
denses two phenylalanine units to initiate the biosynthesis 
of BTH-II0204-207:A through a mechanism that is similar 
to the biosynthesis of the fungal metabolite terrequinone [3, 
6]. Although the methyltransferase is assumed to account 
for the varied methylation patterns of the betulinan/terferol 
analogues, the exact roles of the predicted dehydratase and 
isomerase enzymes remain unknown; it is also not clear 
how the amino groups are removed.

Bioactivity assay indicated that BTH-II0204-207:A is a 
potent PDE4 inhibitor [3]. Noteworthy, the first selective 
PDE4 inhibitor for the treatment of chronic obstructive pul-
monary disease (COPD), roflumilast (DALIRESP®), was 
approved by the US Food and Drug Administration (FDA) 
in 2011 [51]. Betulinans, terferol, and their congeners have 
thus been regarded as promising drug candidates targeting 
PDE4-related disease such as COPD, some types of brain 
tumors, and other inflammatory diseases [20, 27, 34, 43].

During the same course of study, the Brady group het-
erologously expressed another small cryptic gene clus-
ter BPSS2111-2113 from B. pseudomallei K96243 
and isolated three non-betulinan compounds named 
BPSS2111-2113:A–C (5–7) (Fig. 1). These compounds 
share a 7-hydroxy-2H-benzo[b][1,4]thiazin-3(4H)-one 
core structure but BPSS2111-2113:B–C have two to three 
methyl mercapto substitutions, respectively. The biosyn-
thetic origin or bioactivities of those compounds was not 
investigated [3].

Capistruin

Lasso peptides are ribosomally synthesized bioactive pep-
tides consisting of 16 to 21 amino acids featuring a C-ter-
minal tail that threads through an N-terminal macrolactam 
ring to form a tightly knotted structure [21, 32]. This struc-
tural conformation endows the peptides resistance to prote-
olysis and varying bioactivities including inhibition of HIV 
replication, inhibition of bacterial RNA polymerase, and 
induction of mitochondrial permeability and the subsequent 
loss of cytochrome c [14, 42, 57]. Lasso peptides are clas-
sified depending on the presence (class I) or absence (class 
II) of four conserved cysteine residues, which are involved 
in the formation of two intramolecular disulfide bonds [47]. 
The best studied lasso peptide is microcin J25 (MccJ25) 
(Fig. 2) from Escherichia coli whose biosynthetic gene 
cluster contains four genes, mcjABCD, encoding a pre-
cursor protein McjA, two processing enzymes McjB and 
McjC, and an export and immunity protein McjD, respec-
tively [1, 45, 48, 49].

Fig. 1  Structures of betu-
linans A–C, terferol, BTH-
II0204-207:A–D (1–4) and 
BPSS2111-2113:A–C (5–7). 
Only natural products dis-
covered from Burkholderia 
sp. through genome-guided 
approaches are given a bold 
numerical number in parenthe-
sis while reference compounds 
are not. This rule applies to all 
figures in this mini-review
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The Marahiel group identified a gene cluster homolo-
gous to the E. coli mcjABCD operon in the genome of B. 
thailandensis E264 and predicted this strain to produce a 
class II lasso peptide. They went on to optimize the fer-
mentation conditions for elevated gene expression and suc-
cessfully isolated the predicted peptide, named capistruin 
(8) (Fig. 2) [25]. Mass spectrometric and NMR structural 
studies confirmed the lasso structure of capistruin. Heter-
ologous expression of capABCD in E. coli was sufficient 
to produce the matured capistruin peptide. Capistruin con-
sists of 19 amino acids and is maturated from a 47-amino 
acid precursor CapA. CapB and CapC are protease and 
synthetase/cyclase, respectively, for processing CapA, and 
CapD is an export and immunity protein. It was proposed 
that during capistruin maturation, CapB cleaves off the first 
28-amino acid leader peptide on CapA to free the N-ter-
minal glycine (G1), and CapC activates the side-chain car-
boxyl group of aspartic acid (D9) to promote the condensa-
tion (C) reaction to form a 9-residue macrolactam ring. The 
tight threading of the 10-residue C-terminal tail through the 
macrolactam ring in mature capistruin suggests the CapA 
precursor has to be folded correctly beforehand, so that the 
ring is enclosed around the C-terminal tail [26].

Capistruin was found to possess moderate antimicro-
bial activities against representative Burkholderia, E. coli 
and Pseudomonas strains, with MIC values in the range of 
12–50 μM [25].

Malleilactone/burkholderic acid

When surveying the genomes of Burkholderia sp., the 
Brady group and the Hertweck group independently 
identified a cryptic gene cluster commonly present in 
the genomes of B. mallei ATCC 23344, B. pseudomal-
lei K96243 and B. thailandensis E264. This gene clus-
ter encodes a noncanonical hybrid polyketide synthase 
(PKS)-NRPS pathway that contains unusual domains and 

module organization, from which no putative compound 
structure could be predicted. After having performed pro-
moter exchanges in B. thailandensis E264 to activate this 
enigmatic pathway either by rhamnose induction (the 
Brady group) or by a constitutively expressed promoter 
design (the Hertweck group), both groups observed a sig-
nificantly elevated production of an unknown compound 
during HPLC profiling of culture extracts of the engineered 
strains, which eventually led them to discover the elusive 
yellow pigment compound, named malleilactone (9) by the 
Brady group [4] or burkholderic acid (10) by the Hertweck 
group [17] (Fig. 3). During the course of compound puri-
fication, the Hertweck group noticed that the burkholderic 
acid was highly unstable until a methylation reaction was 
performed to convert the labile compound into a stable 
methylated derivative. Isotope labeling and NMR structural 
studies finally solved the structure of this mysterious com-
pound. Malleilactone/burkholderic acid appeared to exist 
naturally as tautomers.

In preliminary assays the Brady group found mallei-
lactone to possess weak to moderate activities against 
some Gram-positive bacteria and human cell lines [4]. 
Independently, the Hertweck group found burkholderic 
acid and its methylated derivative to have no antimicro-
bial activity and only weak to moderate cytotoxicity [17]. 
Malleilactone/burkholderic acid and its tautomeric bute-
nolide bear significant structural similarity with bacterial 
quorum sensing molecules such as A-factor and N-acyl 
homoserine lactone (AHL) (Fig. 3); they are likely involved 
in microbial communication.

Because of the unusual domains and module organi-
zation of the deduced hybrid PKS-NRPS pathway for 
malleilactone/burkholderic acid biosynthesis, the elucida-
tion of the compound structure retrospectively assisted the 
Hertweck group to propose a biosynthetic model. In this 
model, one longer aliphatic chain is built from a short-
chain fatty acid that is activated by a CoA ligase BurJ. 
This C8 intermediate is loaded onto an acyl carrier pro-
tein (ACP) on BurF and elongated by two PKS cycles to 
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form a C12 intermediate covalently linked to the last ACP 
on BurF. Meanwhile, a shorter aliphatic chain is initiated 
by a propionyl unit derived from methionine, followed by 
one cycle of PKS extension of a hydroxymalonyl moiety 
to form a C5 intermediate covalently linked to an ACP on 
BurA. Although it is uncertain about how the transamina-
tion, decarboxylation and desulfurization of the methionine 
might occur, it is likely that a C domain on BurF is respon-
sible for bringing together the two enzyme-bound aliphatic 
chains by forming an ester bond. Finally, a reductase (Red) 
domain at the C-terminal of BurF cleaves the ACP-bound 
intermediate, which further undergoes a spontaneous cyclo-
condensation to afford malleilactone/burkholderic acid [17].

Thailandamides and thailandamide lactone

When surveying the bacterial genomes for trans-acyltrans-
ferase (AT) PKSs, the Piel group, in collaboration with the 
Hertweck group, identified a giant cryptic gene cluster in 
the genome of B. thailandensis E264, which encodes a 
17-module hybrid trans-AT PKS-NRPS pathway [41]. The 
authors predicted two slightly different versions of a com-
plicated long chain polyene product using two distinctive 
prediction methods, which led to the discovery of thailan-
damide A (11), its congener thailandemide B (12), and thai-
landemide lactone (13) (Fig. 4) [22, 23, 41]. Those com-
pounds are elusive because they are produced in minute 
amounts only in the early growth phase, and they undergo 
rapid heat- and light-induced decomposition. The Hertweck 
group had overcome those technical difficulties by manipu-
lating the bacterial quorum sensing regulation to upregulate 
the tha gene cluster expression, by optimizing the cultiva-
tion conditions, by scaling up the fermentation volume, and 
by performing all purification steps in total darkness within 
a few hours. Eventually, they obtained enough compounds 
for structure elucidation and bioactivity assays.

The tha gene cluster responsible for the biosynthesis of 
thailandamides contains 18 ORFs, which include thaG-
HNOPQ coding for a multimodular PKS-NRPS path-
way, thaF for a tandem AT protein, thaA for a LuxR-type 
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pathway regulator, and genes for discrete PKS domain pro-
teins, tailoring enzymes and other functionally unknown 
proteins [22]. A model for the biosynthesis of thailanda-
mides was proposed, in which an NRPS module on ThaH 
is predicted to directly activate a D-Ala substrate [23]. 
Thailandamide lactone showed moderate antiproliferative 
activities against human tumor cell lines [22].

Thailandepsins/burkholdacs

The genome of B. thailandensis E264 contains another 
cryptic gene cluster (BTH_I2369-2357) that resembles 
the FK228 biosynthetic gene cluster in Chromobacterium 
violaceum No. 968 [9, 46, 60]. Two groups independently 
worked on this gene cluster around the same time frame. 
The Brady group employed an overexpression of transcrip-
tional factor approach to elevate the production of natural 
products, which led to their discovery of burkholdac A 
(16) and burkholdac B (14) (Fig. 5) [2]. Our group used 
a gene knockout approach to disrupt the production of 
natural products as shown by the disappearance of several 
HPLC peaks, which led to the discovery of thailandepsin 
A (14) and thailandepsin B (15) (Fig. 5) [59]. Burkholdec 
B and thailandepsin A refer to the same compound. Sub-
sequently our group further discovered thailandepsins C–F 
(16–19) (Fig. 5) by supplementing amino acid precursors 
to the fermentation medium of B. thailandensis E264 [58]. 
Burkholdacs/thailandepsins all have a bicyclic depsipep-
tide framework but differ from each other by having dif-
ferent amino acid side chains. They are natural structural 
analogues of FK228 [52, 53], an FDA approved anticancer 
drug for the treatment of refractory cutaneous T-cell lym-
phoma [56] and peripheral T-cell lymphoma [61]. FK228 
is a potent inhibitor of class I human histone deacetylases 
(HDACs); differential inhibition of HDACs in cancer cells 
leads to a cascade of chromatin remodeling, tumor suppres-
sor gene reactivation, apoptosis, and cell death [18, 53].

The tdp gene cluster responsible for the biosynthesis of 
thailandepsins contains 13 ORFs, which include tdpABC-

1DE1C2E2 coding for a seven-module hybrid NRPS-PKS 
pathway, tdpH for a disulfide oxidase, thaR for an AraR-
type pathway regulator, and genes for tailoring enzymes, 
self-resistance and other functionally unknown proteins. A 
model for the biosynthesis of thailandepsins was proposed, 
in which a yet-to-be-identified discrete protein provides the 
necessary trans-AT activity for biosynthesis [59].

Our group and collaborators conducted extensive enzyme 
assays and showed that thailandepsins are potent HDAC 
inhibitors, particularly toward HDAC1–3 which belong to 
class I human HDACs, with half-maximal enzyme inhibition 
(IC50) values in the single to sub nM range [58, 59]. Cell-
based antiproliferative assays indicated that thailandepsins A 

and B possess a broad spectrum of growth inhibition activities, 
and has reached half-maximal growth inhibition (GI50) for 
over 90% of the tested NCI60 cell lines even at the lowest con-
centration (10−8 M) used in the screening. Most interestingly, 
thailandepsin A demonstrated differential activities toward 
certain types of cell lines at total growth inhibition (TGI) and 
half-maximal lethal inhibition (LC50) levels, particularly for 
those derived from colon, melanoma and renal cancers. The 
efficacy and long-term toxicity of thailandepsin A and thailan-
depsin B are being investigated in animal models.

Thailanstatins

FR901464 was the first identified natural product which 
inhibits eukaryotic pre-mRNA splicing [38–40]. The 
genetic basis for FR901464 biosynthesis in Pseudomonas 
sp. No. 2663 has been decoded [62]. FR901464 is biosyn-
thesized by a hybrid PKS-NRPS pathway that features a 
trans-AT PKS system complemented by three discrete ATs. 
Using the deduced FR9 proteins as templates to search the 
GenBank, our group identified a cryptic gene cluster in the 
genome of B. thailandensis MSMB43 that resembles that 
of FR901464. We obtained the bacterial strain from the US 
Centers for Diseases Control (CDC), cultivated it in nine dif-
ferent media and used RT-PCR to detect a cultivation condi-
tion of Medium 9 in which a regulatory gene of the cryptic 
gene cluster (tstA) is adequately expressed. Consequently, 
three new compounds, named thailanstatins A (20), B (21) 
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and C (22), were isolated from the fermentation broth of B. 
thailandensis MSMB43 (Fig. 6). Thailanstatins belong to the 
FR901464-family of microbial products that have a heav-
ily decorated pyran ring at one end and an acetyl group or 
a dimethyl acetyl group at the other end. They differ from 
FR901464 by lacking an unstable hydroxyl group and by 
having an extra carboxyl moiety. Those differences endow 
thailanstatins with a significantly greater stability than 
FR901464 under physiologically relevant conditions [30].

This gene cluster contains 15 ORFs, which include tstC-
DEFGHI coding for a nine-module hybrid PKS-NRPS path-
way, tstBJO for three discrete AT enzymes, tstA for a LuxR-
type pathway regulator, and genes for tailoring enzymes, 
self-resistance and other functionally unknown proteins. A 
model for the biosynthesis of thailanstatins was proposed 
[30].

In vitro assays showed that thailanstatins inhibit pre-
mRNA splicing as potently as FR901464, with IC50 val-
ues in the single to sub μM range. Cell-based assays 
indicated that thailanstatins also possess potent antipro-
liferative activities in representative human cancer cell 
lines, with GI50 values in the single nM range [30]. Thail-
anstatins also showed promising application as poten-
tial glaucoma therapeutic agents due to their modulation 
activity against the glucocorticoid receptor splicing pro-
cess [24].

Conclusions and perspective

Development of new and powerful bacterial molecular 
genetic tools in conjunction with vast bacterial genome 
data in the public domain has evidently catapulted the 
discovery of an amazing array of natural products from 
Burkholderia sp. (Figs. 1, 2, 3, 4, 5, 6). The structural 
diversity and functional diversity of those compounds 
firmly support Burkholderia sp. as a new source of bioac-
tive natural products. Among those Burkholderia strains 
explored, B. thailandensis E264 is unequivocally the 
champion from which 21 putative biosynthetic gene clus-
ters were predicted with the antiSMASH program [5, 33] 
(Table 2) and many interesting natural products have been 
discovered, including betulinan/terferol analogues [3], 
capistruin [25], malleilactone/burkholderic acid [4, 17], 
thailandamides and thailandamide lactone [22, 23, 41], 
and thailandepsins/burkholdacs [2, 58, 59] (Fig. 7). Fur-
thermore, all discussed examples of genome-guided natu-
ral product discovery covered in this mini-review have 
occurred within the last 5 years (2008–present). It is thus 
almost a certainty that many more interesting natural prod-
ucts will be discovered from Burkholderia sp. with or with-
out genome-guided approaches.

Genome-guided natural product discovery is a smart 
way of discovery. It is particularly suitable for small 

Table 2  Putative natural product biosynthetic gene clusters predicted in the genome of B. thailandensis E264 and compounds actually identified

a Bactobolins were discovered with a conventional natural product approach [7, 50], which are thus not elaborated in this mini-review

B. thailandensis E264 genome Gene cluster # Category of predicted gene cluster Identified natural product

Chromosome I 1 Bacteriocin

2 Type I PKS

3 NRPS

4 Terpene

5 NRPS Thailandepsins

6 NRPS

7 Bacteriocin Capistruin

Chromosome II 1 Bacteriocin

2 Other Betulinan/terferol analogues

3 Homoserine lactone

4 Other

5 NRPS-type I PKS-homoserine lactone Bactobolinsa

6 Homoserine lactone

7 Trans-AT PKS-type II PKS-NRPS Thailandamides

8 Bacteriocin

9 NRPS

10 Phosphonate

11 Other

12 NRPS-type I PKS-trans-AT PKS Burkholderic acid

13 Terpene

14 PKS-terpene
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laboratories with very limited manpower and resources, 
because it does not require a large and sophisticated pro-
duction and screening facility and resources that are oth-
erwise necessary for the conventional high-throughput 
natural product discovery programs. Nevertheless, there 
are challenges for genome-guided natural product discov-
ery in Burkholderia sp. and in microorganisms in general. 
Firstly, for those using characterized natural product bio-
synthetic gene cluster sequences as templates to search 
and identify cryptic gene clusters, there is a good chance 
to discover natural products that have a similar molecular 
scaffold as the existing compounds, as seen in the cases of 
capistruin [25], thailandepsins [58, 59], and thailanstatins 
[30]. Secondly, the inherent instability and often extremely 
low yield of many microbial natural products, such as the 
malleilactone/burkholderic acid [4, 17], the thailandamides 
[22, 23, 41] and thailanstatins [30], always remains a tech-
nical barrier and hampers the pace of discovery. Thirdly, 
the irregularity of deduced biosynthetic pathways, such as 
in the case of malleilactone/burkholderic acid [4, 17], often 
prevents a reliable structural prediction. Lastly, for bacte-
ria species classified as category B (or A) agents, such as 
B. mallei and B. pseudomallei, access to their metabolic 
potential is often restricted due to a lack of BSL-3 facility 
by most natural product researchers.

Overall, those examples of successful natural product 
discovery from Burkholderia sp. can provide a very use-
ful guidance for future exploration of other Gram-negative 
bacteria as a new source of natural products. Future efforts 
should focus on isolating and sequencing more microbial 
species from diverse environments, on developing more 
effective and versatile bacterial genetic tools for a wide 
range of microbial isolates, and on adopting more bioactiv-
ity assay methods to reveal the best possible uses of newly 
discovered natural products.

Acknowledgments Natural product discovery research in our labo-
ratory has been supported by grants from the US National Institute 
of Health (R03AI073498 and R01CA152212), a pilot grant from the 

Lynde and Harry Bradley Foundation, and institutional supports from 
the University of Wisconsin–Milwaukee and now the University of 
North Texas Health Science Center.

References

 1. Bayro MJ, Mukhopadhyay J, Swapna GV, Huang JY, Ma LC, 
Sineva E, Dawson PE, Montelione GT, Ebright RH (2003) Struc-
ture of antibacterial peptide microcin J25: a 21-residue lariat pro-
toknot. J Am Chem Soc 125:12382–12383

 2. Biggins JB, Gleber CD, Brady SF (2011) Acyldepsipeptide 
HDAC inhibitor production induced in Burkholderia thailanden-
sis. Org Lett 13:1536–1539

 3. Biggins JB, Liu X, Feng Z, Brady SF (2011) Metabolites from the 
induced expression of cryptic single operons found in the genome 
of Burkholderia pseudomallei. J Am Chem Soc 133:1638–1641

 4. Biggins JB, Ternei MA, Brady SF (2012) Malleilactone, a pol-
yketide synthase-derived virulence factor encoded by the cryp-
tic secondary metabolome of Burkholderia pseudomallei group 
pathogens. J Am Chem Soc 134:13192–13195

 5. Blin K, Medema MH, Kazempour D, Fischbach MA, Breitling R, 
Takano E, Weber T (2013) antiSMASH 2.0–a versatile platform 
for genome mining of secondary metabolite producers. Nucleic 
Acids Res 41:W204–W212

 6. Brady SF, Bauer JD, Clarke-Pearson MF, Daniels R (2007) Nat-
ural products from isnA-containing biosynthetic gene clusters 
recovered from the genomes of cultured and uncultured bacteria. 
J Am Chem Soc 129:12102–12103

 7. Carr G, Seyedsayamdost MR, Chandler JR, Greenberg EP, 
Clardy J (2011) Sources of diversity in bactobolin biosynthesis 
by Burkholderia thailandensis E264. Org Lett 13:3048–3051

 8. Challis GL (2008) Genome mining for novel natural product dis-
covery. J Med Chem 51:2618–2628

 9. Cheng Y-Q, Yang M, Matter AM (2007) Characterization of a 
gene cluster responsible for the biosynthesis of anticancer agent 
FK228 in Chromobacterium violaceum No. 968. Appl Environ 
Microbiol 73:3460–3469

 10. Coenye T, Vandamme P (2003) Diversity and significance of Bur-
kholderia species occupying diverse ecological niches. Environ 
Microbiol 5:719–729

 11. Compant S, Nowak J, Coenye T, Clement C, Ait Barka E (2008) 
Diversity and occurrence of Burkholderia spp. in the natural envi-
ronment. FEMS Microbiol Rev 32:607–626

 12. Corre C, Challis GL (2009) New natural product biosyn-
thetic chemistry discovered by genome mining. Nat Prod Rep 
26:977–986

Fig. 7  Schematic depiction 
of the B. thailandnsis E264 
genome consisting of chro-
mosomes I and II. Twenty one 
predicted natural product bio-
synthetic gene clusters with the 
antiSMASH program [5, 33] are 
marked with either a numerical 
number (uncharacterized) or 
a gene cluster designation fol-
lowed by compound name(s)

3809 kbp

500 kbp

1000 kbp

1500 kbp

2000 kbp

2500 kbp

3000 kbp

3500 kbp

B. thailandensis E264
chromosome I
3,809,201 bps

1

2914 kbp

500 kbp

1000 kbp

1500 kbp

2500 kbp

2000 kbp

B. thailandensis E264
chromosome II
2,914,771 bps

1

2

3

tdp:
thailandepsins

4

BTH-II204-207:

3

6

cap:
capistruin

4

bta: bactobolins

6

tha:
thailandamides

betulinan/
terferol
analogues

8

9

10
11

bur:
burkholderic

acid

13

14



283J Ind Microbiol Biotechnol (2014) 41:275–284 

1 3

 13. Dance DA (2002) Melioidosis. Curr Opin Infect Dis 15:127–132
 14. Darst SA (2004) New inhibitors targeting bacterial RNA poly-

merase. Trends Biochem Sci 29:159–160
 15. Dvorak GD, Spickler AR (2008) Glanders. J Am Vet Med Assoc 

233:570–577
 16. El-Elimat T, Figueroa M, Raja HA, Graf TN, Adcock AF, Kroll 

DJ, Day CS, Wani MC, Pearce CJ, Oberlies NH (2013) Benzo-
quinones and terphenyl compounds as phosphodiesterase-4B 
inhibitors from a fungus of the order Chaetothyriales (MSX 
47445). J Nat Prod 76:382–387

 17. Franke J, Ishida K, Hertweck C (2012) Genomics-driven discov-
ery of burkholderic acid, a noncanonical, cryptic polyketide from 
human pathogenic Burkholderia species. Angew Chem Int Ed 
51:11611–11615

 18. Furumai R, Matsuyama A, Kobashi N, Lee KH, Nishiyama 
M, Nakajima H, Tanaka A, Komatsu Y, Nishino N, Yoshida 
M, Horinouchi S (2002) FK228 (depsipeptide) as a natural 
prodrug that inhibits class I histone deacetylases. Cancer Res 
62:4916–4921

 19. Galyov EE, Brett PJ, DeShazer D (2010) Molecular insights into 
Burkholderia pseudomallei and Burkholderia mallei pathogen-
esis. Annu Rev Microbiol 64:495–517

 20. Garcia-Osta A, Cuadrado-Tejedor M, Garcia-Barroso C, Oyarza-
bal J, Franco R (2012) Phosphodiesterases as therapeutic targets 
for Alzheimer’s disease. ACS Chem Neurosci 3:832–844

 21. Hegemann JD, Zimmermann M, Zhu S, Klug D, Marahiel MA 
(2013) Lasso peptides from proteobacteria: genome mining 
employing heterologous expression and mass spectrometry. 
Biopolymers 100:527–542

 22. Ishida K, Lincke T, Behnken S, Hertweck C (2010) Induced 
biosynthesis of cryptic polyketide metabolites in a Burkholde-
ria thailandensis quorum sensing mutant. J Am Chem Soc 
132:13966–13968

 23. Ishida K, Lincke T, Hertweck C (2012) Assembly and absolute 
configuration of short-lived polyketides from Burkholderia thai-
landensis. Angew Chem Int Ed 51:5470–5474

 24. Jain A, Liu X, Wordinger RJ, Yorio T, Cheng Y-Q, Clark AF 
(2013) Effects of thailanstatins on glucocorticoid response in 
trabecular meshwork and steroid-induced glaucoma. Invest Oph-
thalmol Vis Sci 54:3137–3142

 25. Knappe T, Linne U, Zirah S, Rebuffat S, Xie XL, Marahiel M 
(2008) Isolation and structural characterization of capistruin, a 
lasso peptide predicted from the genome sequence of Burkholde-
ria thailandensis E264. J Pept Sci 14:97

 26. Knappe TA, Linne U, Robbel L, Marahiel MA (2009) Insights 
into the biosynthesis and stability of the lasso peptide capistruin. 
Chem Biol 16:1290–1298

 27. Kumar N, Goldminz AM, Kim N, Gottlieb AB (2013) Phospho-
diesterase 4-targeted treatments for autoimmune diseases. BMC 
Med 11:96

 28. Lazar Adler NR, Govan B, Cullinane M, Harper M, Adler B, 
Boyce JD (2009) The molecular and cellular basis of pathogen-
esis in melioidosis: how does Burkholderia pseudomallei cause 
disease? FEMS Microbiol Rev 33:1079–1099

 29. Lee IK, Yun BS, Cho SM, Kim WG, Kim JP, Ryoo IJ, Koshino 
H, Yoo ID (1996) Betulinans A and B, two benzoquinone com-
pounds from Lenzites betulina. J Nat Prod 59:1090–1092

 30. Liu X, Biswas S, Berg MG, Antapli CM, Xie F, Wang Q, Tang 
MC, Tang GL, Zhang L, Dreyfuss G, Cheng Y-Q (2013) Genom-
ics-guided discovery of thailanstatins A, B, and C As pre-mRNA 
splicing inhibitors and antiproliferative agents from Burkholderia 
thailandensis MSMB43. J Nat Prod 76:685–693

 31. Mahenthiralingam E, Urban TA, Goldberg JB (2005) The mul-
tifarious, multireplicon Burkholderia cepacia complex. Nat Rev 
Microbiol 3:144–156

 32. Maksimov MO, Pan SJ, James Link A (2012) Lasso peptides: 
structure, function, biosynthesis, and engineering. Nat Prod Rep 
29:996–1006

 33. Medema MH, Blin K, Cimermancic P, de Jager V, Zakrzewski 
P, Fischbach MA, Weber T, Takano E, Breitling R (2011) ant-
iSMASH: rapid identification, annotation and analysis of second-
ary metabolite biosynthesis gene clusters in bacterial and fungal 
genome sequences. Nucleic Acids Res 39:W339–W346

 34. Michalski JM, Golden G, Ikari J, Rennard SI (2012) PDE4: a 
novel target in the treatment of chronic obstructive pulmonary 
disease. Clin Pharmacol Ther 91:134–142

 35. Minowa Y, Araki M, Kanehisa M (2007) Comprehensive analy-
sis of distinctive polyketide and nonribosomal peptide structural 
motifs encoded in microbial genomes. J Mol Biol 368:1500–1517

 36. Nakagawa F, Enokita R, Naito A, Iijima Y, Yamazaki M (1984) 
Terferol, an inhibitor of cyclic adenosine 3’,5’-monophosphate 
phosphodiesterase. I. Isolation and characterization. J Antibiot 
(Tokyo) 37:6–9

 37. Nakagawa F, Takahashi S, Naito A, Sato S, Iwabuchi S, Tamura C 
(1984) Terferol, an inhibitor of cyclic adenosine 3’,5’-monophos-
phate phosphodiesterase. II. Structural elucidation. J Antibiot 
(Tokyo) 37:10–12

 38. Nakajima H, Hori Y, Terano H, Okuhara M, Manda T, Matsumoto 
S, Shimomura K (1996) New antitumor substances, FR901463, 
FR901464 and FR901465. II. Activities against experimental 
tumors in mice and mechanism of action. J Antibiot (Tokyo) 
49:1204–1211

 39. Nakajima H, Sato B, Fujita T, Takase S, Terano H, Okuhara 
M (1996) New antitumor substances, FR901463, FR901464 
and FR901465. I. Taxonomy, fermentation, isolation, physico-
chemical properties and biological activities. J Antibiot (Tokyo) 
49:1196–1203

 40. Nakajima H, Takase S, Terano H, Tanaka H (1997) New antitu-
mor substances, FR901463, FR901464 and FR901465. III. Struc-
tures of FR901463, FR901464 and FR901465. J Antibiot (Tokyo) 
50:96–99

 41. Nguyen T, Ishida K, Jenke-Kodama H, Dittmann E, Gurgui C, 
Hochmuth T, Taudien S, Platzer M, Hertweck C, Piel J (2008) 
Exploiting the mosaic structure of trans-acyltransferase polyke-
tide synthases for natural product discovery and pathway dissec-
tion. Nat Biotechnol 26:225–233

 42. Niklison Chirou M, Bellomio A, Dupuy F, Arcuri B, Minahk C, 
Morero R (2008) Microcin J25 induces the opening of the mito-
chondrial transition pore and cytochrome c release through super-
oxide generation. FEBS J 275:4088–4096

 43. Page CP, Spina D (2012) Selective PDE inhibitors as novel treat-
ments for respiratory diseases. Curr Opin Pharmacol 12:275–286

 44. Parke JL, Gurian-Sherman D (2001) Diversity of the Burkholde-
ria cepacia complex and implications for risk assessment of bio-
logical control strains. Annu Rev Phytopathol 39:225–258

 45. Pavlova O, Mukhopadhyay J, Sineva E, Ebright RH, Severinov K 
(2008) Systematic structure-activity analysis of microcin J25. J 
Biol Chem 283:25589–25595

 46. Potharla VY, Wesener SR, Cheng Y-Q (2011) New insights into 
the genetic organization of the FK228 biosynthetic gene cluster 
in Chromobacterium violaceum no. 968. Appl Environ Microbiol 
77:1508–1511

 47. Rebuffat S, Blond A, Destoumieux-Garzon D, Goulard C, 
Peduzzi J (2004) Microcin J25, from the macrocyclic to the lasso 
structure: implications for biosynthetic, evolutionary and biotech-
nological perspectives. Curr Protein Pept Sci 5:383–391

 48. Rosengren KJ, Clark RJ, Daly NL, Goransson U, Jones A, Craik 
DJ (2003) Microcin J25 has a threaded sidechain-to-backbone 
ring structure and not a head-to-tail cyclized backbone. J Am 
Chem Soc 125:12464–12474



284 J Ind Microbiol Biotechnol (2014) 41:275–284

1 3

 49. Salomon RA, Farias RN (1992) Microcin 25, a novel anti-
microbial peptide produced by Escherichia coli. J Bacteriol 
174:7428–7435

 50. Seyedsayamdost MR, Chandler JR, Blodgett JA, Lima PS, 
Duerkop BA, Oinuma K, Greenberg EP, Clardy J (2010) Quo-
rum-sensing-regulated bactobolin production by Burkholderia 
thailandensis E264. Org Lett 12:716–719

 51. Taegtmeyer AB, Leuppi JD, Kullak-Ublick GA (2012) Roflumi-
last–a phosphodiesterase-4 inhibitor licensed for add-on therapy 
in severe COPD. Swiss Med Wkly 142:w13628

 52. Ueda H, Nakajima H, Hori Y, Fujita T, Nishimura M, Goto T, 
Okuhara M (1994) FR901228, a novel antitumor bicyclic dep-
sipeptide produced by Chromobacterium violaceum No. 968. I. 
Taxonomy, fermentation, isolation, physico-chemical and bio-
logical properties, and antitumor activity. J Antibiot (Tokyo) 
47:301–310

 53. Ueda H, Nakajima H, Hori Y, Goto T, Okuhara M (1994) Action 
of FR901228, a novel antitumor bicyclic depsipeptide produced 
by Chromobacterium violaceum no. 968, on Ha-ras transformed 
NIH3T3 cells. Biosci Biotechnol Biochem 58:1579–1583

 54. Ussery DW, Kiil K, Lagesen K, Sicheritz-Ponten T, Bohlin J, 
Wassenaar TM (2009) The genus Burkholderia: analysis of 56 
genomic sequences. Genome Dyn 6:140–157

 55. Van Lanen SG, Shen B (2006) Microbial genomics for the 
improvement of natural product discovery. Curr Opin Microbiol 
9:252–260

 56. VanderMolen KM, McCulloch W, Pearce CJ, Oberlies NH 
(2011) Romidepsin (Istodax, NSC 630176, FR901228, FK228, 

depsipeptide): a natural product recently approved for cutaneous 
T-cell lymphoma. J Antibiot (Tokyo) 64:525–531

 57. Vincent PA, Delgado MA, Farias RN, Salomon RA (2004) Inhi-
bition of Salmonella enterica serovars by microcin J25. FEMS 
Microbiol Lett 236:103–107

 58. Wang C, Flemming CJ, Cheng Y-Q (2012) Discovery and activ-
ity profiling of thailandepsins A through F, potent histone dea-
cetylase inhibitors, from Burkholderia thailandensis E264. Med 
Chem Comm 3:976–981

 59. Wang C, Henkes LM, Doughty LB, He M, Wang D, Meyer-
Almes FJ, Cheng Y-Q (2011) Thailandepsins: bacterial products 
with potent histone deacetylase inhibitory activities and broad-
spectrum antiproliferative activities. J Nat Prod 74:2031–2038

 60. Wesener SR, Potharla VY, Cheng Y-Q (2011) Reconstitution of 
the FK228 biosynthetic pathway reveals cross talk between mod-
ular polyketide synthases and fatty acid synthase. Appl Environ 
Microbiol 77:1501–1507

 61. Yang LP (2011) Romidepsin: in the treatment of T-cell lym-
phoma. Drugs 71:1469–1480

 62. Zhang F, He HY, Tang MC, Tang YM, Zhou Q, Tang GL (2011) 
Cloning and elucidation of the FR901464 gene cluster revealing a 
complex acyltransferase-less polyketide synthase using glycerate 
as starter units. J Am Chem Soc 133:2452–2462

 63. Zotchev SB, Sekurova ON, Katz L (2012) Genome-based bio-
prospecting of microbes for new therapeutics. Curr Opin Biotech-
nol 23:941–947


	Genome-guided discovery of diverse natural products from Burkholderia sp.
	Abstract 
	Introduction
	Betulinanterferol analogues
	Capistruin
	Malleilactoneburkholderic acid
	Thailandamides and thailandamide lactone
	Thailandepsinsburkholdacs
	Thailanstatins
	Conclusions and perspective
	Acknowledgments 
	References


