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Abstract
As bacterial natural products have been proved to be the most important source of many therapeutic medicines, the need to 
discover novel natural products becomes extremely urgent. Despite the fact that the majority of bacterial species are yet to 
be cultured in a laboratory setting, and that most of the bacterial natural product biosynthetic genes are silent, “metagenom-
ics technology” offers a solution to help clone natural product biosynthetic genes from environmental samples, and genetic 
engineering enables the silent biosynthetic genes to be activated. In this work, a type II polyketide biosynthetic gene cluster 
was identified from a soil metagenomic library and was activated by over-expression of a SARP regulator gene in the gene 
cluster in Streptomyces hosts. A new tetracenomycin type compound tetracenomycin Y was identified from the fermentation 
broth. This study shows that metagenomics and genetic engineering could be combined to provide access to new natural 
metabolites.

Introduction

Bacteria are an important source of natural products and 
many currently used therapeutic agents are bacterial natu-
ral products or their derivatives. However, the vast major-
ity of bacteria in environmental samples remain recalcitrant 
to culturing; as a result, uncultured bacteria have not yet 
been extensively explored for the production of novel natu-
ral products [1]. Although most of the bacteria cannot be 
cultured in current laboratory condition, the natural product 
biosynthetic genes on the genomes of the uncultured bacte-
ria (environmental DNA, eDNA) could be extracted, ligated 
with a suitable vector, and functionally expressed in cultured 
hosts for new compound discovery [2]. Using metagenomics 
strategies, some novel natural products with diverse bioac-
tivities have been identified, including aromatic polyketides, 
nonribosomal peptides, tryptophan dimers, polyenes, and 
topoisomerase inhibitors [3–6].

Aromatic polyketides synthesized by type II polyke-
tide synthetases (PKSs), including some current clinically 

valuable antibiotics or chemotherapeutic agents, such as 
doxorubicin (antitumor), tetracycline (antibiotic), and mith-
ramycin (immunosuppressant), are structure-diverse com-
pounds with various bioactivities [7, 8]. Because of their 
remarkable bioactivities, aromatic polyketides became one 
of the main target compounds of metagenomics strategies. 
eDNA derived aromatic polyketides with distinguish anti-
bacterial activity have been discovered, including turbo-
mycins with broad-spectrum antibacterial effect [9], and 
fasamycins with high activity against methicillin resistant 
Staphylococcus aureus (MRSA) and vancomycin resist-
ant enterococcus (VRE) [10]. Moreover, investigation on 
eDNA derived biosynthetic genes revealed that there may 
be many novel aromatic polyketides hidden in the environ-
ment and metagemomics could be an important approach 
to the aromatic polyketides discovery [11]. Stevenson et al. 
had reported the identification of an aureolic acid biosyn-
thetic gene cluster (BGC) and its product (metathramycin) 
from metagenome library which possessed potent bioactivity 
against a human colon carcinoma cell line [12]. Environ-
mental DNA library is a large bacterial genetic reservoir 
from which new natural product BGCs can be systemati-
cally recovered and studied. The BGSs for different types 
of natural products can be identified from the library using 
different corresponding probes. On the other hand, because 
the length of a type II PKS gene cluster is normally less 
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than 40 kb, it is possible to capture the intact BGC in an 
individual cosmid clone.

Uncultured bacteria are considered as the biggest remain-
ing pool for natural product discovery, and metagenomics 
approach has been considered as one of the promising strate-
gies for discovering novel natural product from uncultured 
bacteria [13, 14]. Although most of BGCs are not expressed 
under standard laboratory condition, several methods for the 
activation of silent BGCs have been developed, including 
heterologous expression, promoter engineering, ribosome 
engineering, and engineering of transcriptional regulators 
[15]. An ideal heterologous host should display high natu-
ral propensity to support the expression of diverse BGCs 
[16]. As Streptomycetes have a very high GC content and 
highly complex regulatory networks that direct expression of 
BGCs, Streptomyces represent potential hosts for heterolo-
gous expression of BGCs derived from other Streptomycetes 
or related genera with high GC content [16]. Regulator genes 
are often located in microbial natural product biosynthetic 
gene clusters, and play critical roles in determining the onset 
and production level of each natural product [17]. The bio-
synthesis of nature products in Streptomyces is regulated 
by precise regulatory systems, in which transcription fac-
tors regulate the initiation level of transcription by binding 
to DNAs [15]. Streptomyces antibiotic regulatory protein 
(SARP) family regulators are positive pathway-specific tran-
scriptional regulators which can bind to the promoter DNA 
of the biosynthetic gene in the BGC to activate the gene 
[18]. Chen et al. improved the fredericamycin A titer 5.6-
fold relative to that of wild-type S. griseus by overexpression 
of a SARP family regulator gene fdmR1 [19]. Beck et al. 
have activated a silent BGC in Streptomyces sp. CA-256286 
by overexpression of a set of SARP family transcriptional 
regulators [20]. A metagenomic library of DNA extracted 
from soil collected in Yunnan, China had previously been 
constructed [21]. Type II PKS gene clusters contain a con-
served minimal PKS that is composed of two ketosynthase 
genes (KSα and KSβ) and an acyl carrier protein (ACP). 
Here, the conserved KSα gene in the type II PKS gene clus-
ter was used as the probe to identify and recover cosmid 
clones from the soil eDNA library. The recovered clones 
were retrofitted with the genetic elements necessary for con-
jugation and integration into Streptomyces. Using different 
Streptomyces hosts S. coelicolor M1146 and S. venezuela, 
and over-expression of a SARP family regulator gene, we 
activated an eDNA derived type II polyketide biosynthetic 
gene cluster cosmidYN01. The cosmidYN01 gene cluster 
produced tetracenomycin type compounds and a new com-
pound (TCM Y) was identified.

Materials and Methods

Bacterial Strains, Plasmids, Media and Culture 
Conditions

S. coelicolor M1146 and S. venezuela were used as 
hosts for gene heterologous expression. Escherichia 
coli EPI100 was used as host of metagenomic library. E. 
coli JTU007 (pUZ8002) were used as donor strain in E. 
coli/Streptomyces conjugation. E. coli strains were grown 
in LB medium. For sporulation, Streptomyce strains were 
grown in MS medium. For fermentation, Streptomyce 
strains harboring the YN01 type II polyketide BGC were 
grown at 28 °C in seed R5 medium for 4 days, and the 
40 mL seed culture was inoculated into 400 mL of ISP4 
fermentation medium containing 5% HP-20 resin for 
7 days, or into 400 mL of R5 fermentation medium for 
5 days. Plasmid pWEB-TNCTM was used for metagen-
omic library construction, plasmid pOJ436 for conjuga-
tion, and plasmid pUWL201PW-OriT for endogenous 
expression. All primers used are listed in supplement 
Table S1.

Construction and Screening of Metagenomic 
Cosmid Library

The soil sample was collected from Yunnan, China (25° 
20′ N, 102° 30′ E) [21], and the high-quality eDNA was 
extracted following a reported protocol [22]. Briefly, soil 
was heated (70 °C) in lysis buffer [100 mM Tris–HCl, 
100 mM EDTA, 1.5 M NaCl, 1% (wt/vol) cetyltrimen-
thyl ammonium bromide, 2% (wt/vol) SDS (pH 8.0)] for 
2 h. After soil particulates were removed from the crude 
lysate by centrifugation, eDNA was precipitated from 
the supernatant with the addition of 0.7 vol isopropanol. 
Crude eDNA was collected by centrifugation, washed 
with 70% ethanol, and resuspended in TE [10 mM Tris 
HCl, 1 mM EDTA (pH 8.0)]. Then eDNA was gel purified 
(1% agarose) and the gel purified high-molecular-weight 
eDNA was blunt ended, ligated into SmaI site of pWEB-
TNC (Epicenter), and packaged. Then the packaged prod-
ucts were transfected into E. coli EPI 100 to construct a 
metagenomic library.

Degenerate primers (540-Fw/1100-Re) based on con-
served regions of KSα genes were used to screen the 
metagenomic library by PCR (95 °C for 3 min, followed by 
35 cycles of 94 °C for 45 s, 64 °C for 40 s, 72 °C for 75 s, 
and finally 72 °C for 10 min) [23]. Amplicons of the cor-
rect predicted size (560 bp) were gel purified, sequenced, 
and compared to deposited KSα genes from National 
Center for Biotechnology Information (NCBI) database. 
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Unique KSα genes were used as probes to recover type II 
PKS containing clones by serial dilution method using 
the following touchdown protocol: denaturation (95 °C, 
4 min), 10 touchdown cycles (95 °C, 40 s; 65 °C [−1 °C 
per cycle until 55 °C], 40 s; 72 °C, 1 min); 30 standard 
cycles (95 °C, 40 s; 55 °C, 40 s; 72 °C, 40 s) and a final 
extension step (72 °C, 10 min).

Sequencing and In Silico Analysis of YN01 Gene 
Cluster

Cosmid from the positive clone was isolated and 
sequenced by Invitrogen Company. After the quality 
control, sequence data were assembled, corrected and 
optimized, and the final cosmid sequence was obtained. 
Because type II polyketide BGCs are relatively conserved, 
the functions of related genes were deduced based on 
sequence similarity using Basic Local Alignment Search 
Tool (BLAST) and Rapid Annotation Subsystem Technol-
ogy (RAST) in the database.

Retrofitting and Conjugation of eDNA Derived 
Cosmidyn01 Gene Cluster into Streptomyces Hosts

YN01 cosmid was digested with AanI and ligated with the 
6.8 kb DraI fragment from pOJ436 which contains an ori-
gin of transfer, an apramycin resistant gene and the ФC31 
phage integration system. The retrofitted cosmid in E. coli 
JTU007 (pUZ8002) was conjugated into S. coelicolor 
M1146 or S. venezuela to generate S. coelicolor/YN01 and 
S. venezuela/YN01, respectively [10]. Plasmid pOJ436 was 
also conjugated into S. coelicolor M1146 and S. venezuela 
to generate S. coelicolor/pOJ436 and S. venezuela/pOJ436, 
respectively, which would be used as negative controls in 
the fermentation.

Construction of SARP Regulator Construct

The SARP regulator gene in YN01 gene cluster was PCR-
amplified using the primer pair SARP-Fw/SARP-Re. PCR 
was conducted using the following touchdown protocol: 
denaturation (95 °C, 4 min), 10 touchdown cycles (95 °C, 
40 s; 68 °C (-1 °C per cycle), 40 s; 72 °C, 1 min; 30 stand-
ard cycles (95 °C, 40 s; 58 °C, 40 s; 72 °C, 40 s) and a 
final extension step (72 °C, 10 min). The PCR amplicon 
was double digested with NdeI and HindIII and inserted 
into the NdeI/HindIII site of pUWL201PW-OriT to gener-
ate pYN01/SARP. Then pYN01/SARP was conjugated into 
S. coelicolor YN01 and S. venezuela YN01 to generate S. 

coelicolor M1146/YN01/SARP and S. venezuela/YN01/
SARP, respectively.

Isolation of Clone‑Specific Compounds 
from Fermentation Broth

HP-20 resin in ISP4 fermentation medium was collected and 
the metabolites on the resin were dissolved by methanol. 
The metabolites in R5 fermentation medium were extracted 
twice with an equal volume of ethyl acetate. The extracts 
were then dried by rotary evaporator and dissolved in metha-
nol. The methanol eluents were analyzed by HPLC (1 mL/
min) using a linear gradient of 80:20/H2O:MeOH to 100% 
MeOH over 30 min. For compound purification, 48 mg 
crude extract from 48 L R5 fermentation medium was ini-
tially fractionated by silica gel flash chromatography using 
a CH2Cl2:MeOH step gradient, and then purified by semi-
preparative HPLC (4 mL/min) using isocratic gradient at 
65% methanol. Finally, 76 mg of compound 1, and 1.7 mg 
compound 2 were obtained.

Structure Determination by NMR and LC–MS

NMR study was performed at room temperature on 
BTUKER AVANCE III 600. For LC–MS detection, the 
extracts were dissolved in chromatographic grade methanol 
and centrifuged for 10 min. The resulting clear supernatant 
(10 μL) was used for LC–MS analysis. The study was per-
formed on Agilent 1200-6410B liquid mass spectrometry 
instrument.

Nucleotide Sequence Accession Numbers

The sequence data of YN01 gene cluster were deposited 
in GeneBank under the accession no. MK158260-158,275.

Results

Construction of a Soil Metagenomic Cosmid Library 
and Recovery of YN01 Clone Harboring a type II PKS 
Gene Cluster from the Library

A metagenomic library was constructed using soil sample 
from Yunnan, China. The library contained more than 10 
million cosmid clones with an average insertion size of 
approximately 38 kb. Eighteen clones harboring type II 
polyketide biosynthetic gene clusters were obtained after 
screening 500, 000 clones in the library.
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Sequence Analysis of YN01 Gene Cluster

To achieve the complete characterization of type II pol-
yketide biosynthetic gene clusters, eighteen cosmids were 
sequenced. Sequence analysis showed that cosmidYN01 
contained an intact type II polyketide biosynthetic gene clus-
ter. Sequence analysis of the inserted DNA in YN01 cosmid 
revealed 21 complete ORFs. The corresponding deduced 
proteins were compared with other known proteins in the 
databases by BLAST (Table 1). YN01 gene cluster shared 
high homology with Tcm gene cluster from Amycolatopsis 
sp. A23 strain (Fig. 1). Although the eDNA deduced pro-
teins shared high identities of 97%–99% with the counterpart 

Tcm proteins in Amycolatopsis sp. A23, difference between 
the two gene clusters could be identified. The location and 
the orientation of the SARP and O-methyltransferase (P) 
genes were different, as well as a GntR family regulator 
gene located in YN01 gene cluster instead of a AsfR family 
regulator gene in Tcm gene cluster. Moreover, the deduced 
protein of a gene (Q) downstream YN01 cluster shared 
99% identity with a methyltransferase YktD that located in 
another gene cluster in Amycolatopsis sp. A23. The differ-
ences between cosmidYN01 BGC and Tcm BGC in Amyco-
latopsis sp. A23 imply that cosmidYN01 gene cluster might 
produce novel tetracenomycin analogs.

Table 1   Deduced function of genes in cosmidYN01 gene cluster

a : amino acid

Gene AAa Homology/strain Identity Proposed function

orf1 123 GntR regulator/Amycolatopsis sp. A23 99% Transcriptional regulator
orf 2 296 TcmP/Amycolatopsis sp. A23 99% O-methyltransferase
orf 3 67 – – Unknown
orf4 512 TcmA/Amycolatopsis sp. A23 99% DHA2 family efflux MFS transporter permease subunit
orf 5 371 TcmX/Amycolatopsis sp. A23 98% N-methyltransferase
orf 6 303 SARP regulator/Amycolatopsis sp. A23 98% Transcriptional regulator
orf 7 211 uncharacterised protein/Amycolatopsis sp. A23 97% Unknown
orf 8 535 TcmG/Amycolatopsis sp. A23 98% Monooxygenase
orf 9 107 TcmH/Amycolatopsis sp. A23 100% Tetracenomycin polyketide synthesis hydroxylase
orf 10 108 TcmI/Amycolatopsis sp. A23 98% Polyketide cyclase
orf 11 138 TcmJ/Amycolatopsis sp. A23 98% Polyketide cyclase
orf 12 418 TcmK/Amycolatopsis sp. A23 99% Polyketide beta-ketoacyl synthase
orf 13 400 TcmL/Amycolatopsis sp. A23 99% Polyketide chain length factor
orf 14 81 TcmM/Amycolatopsis sp. A23 98% Acyl carrier protein
orf 15 148 TcmN/ Amycolatopsis sp. A23 99% Aromatase
orf 16 350 TcmN/Amycolatopsis sp. A23 98% O-methyltransferase
orf 17 342 TcmO/Amycolatopsis sp. A23 97% O-methyltransferase
orf18 269 YktD/ Amycolatopsis sp. A23 99% Methyltransferase
orf 19 624 VWA domain-containing protein/Amycolatopsis sp. A23 98% VWA domain-containing protein 
orf 20 268 LLM class flavin-dependent oxidoreductase /Amycolatopsis sp. 

A23
99% LLM class flavin-dependent oxidoreductase

orf 21 276 AraJ/Amycolatopsis sp. A23 99% MFS permease

Fig. 1   Chromosomal arrangement of the tetracenomycin biosynthe-
sis gene clusters in Amycolatopsis sp. A23 and cosmidYN01. Arrows 
show the direction of transcription. Orthologous genes are shown 
with matching colors and letters. All the counterpart genes in the two 
gene cluster are located at the same positions except P and two regu-

lator genes, and a methyltransferase gene Q is only located in YN01 
gene cluster, which was predicted to relate with the O-methylation on 
C4 of 2. Functional annotations of the respective genes are provided 
in supplementary Table S2
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Heterologous Expression of YN01 Type II Polyketide 
Biosynthetic Gene Cluster in Streptomyces Hosts

To uncover the products of YN01 gene cluster, cosmi-
dYN01 was ligated with pOJ436 vector, and then the 
recombinant DNA was conjugated from E.coli JTU007 
(pUZ8002) into S. coelicolor M1146 and S. venezuelae 
to obtain S. coelicolor M1146/YN01 and S. venezuelae/
YN01, respectively. Then the Streptomyces strains harbor-
ing YN01 gene cluster were fermented in ISP4 and R5 
medium and the fermentation broths were analyzed for 
clone-specific peaks related to the gene cluster by HPLC. 
No specific peak could be identified from S. venezuelae/
YN01 cultured in both ISP4 and R5 media, while only a 
small special peak (1) could be identified from R5 fer-
mentation broth of S. coelicolor M1146/YN01 (Fig. 2). 
Because the yield of 1 in S. coelicolorM1146/YN01 was 
low, we then over-expressed a SARP gene located in YN01 
gene cluster to regulate the biosynthesis of 1 in Strepto-
myces hosts. The 912 bp SARP gene was cloned under 
control of an ermE* promoter in pUWL201-OriT to obtain 

pUWSA. Plasmid pUWSA was conjugated into S. coe-
licolor M1146/YN01 and S. venezuelae/YN01 to get S. 
coelicolor M1146/YN01/SARP and S. venezuelae/YN01/
SARP, respectively. Then S. coelicolor M1146/SARP and 
S. venezuelae/YN01/SARP were fermented and the fer-
mentation broths were HPLC-analyzed. The yield of 1 was 
improved distinctly. S. coelicolor M1146/YN01/SARP was 
fermented in 48 L of R5 medium and 1 from the fermen-
tation broth was isolated and purified by chromatography 
and its structure was elucidated by NMR and MS. Apart 
from 1, another new peak could also be observed during 
purification of 1. This compound (2) was purified and its 
structure was also elucidated. Compound 1 was isolated 
as a yellow powder with the molecular formula C24H22O11 
([M + H]+, m/z 487.1247, calcd. for 487.1240) (supple-
ment Fig. S1) as determined by HRESIMS. Analysis of 1H 
and 13C NMR data suggested that 1 was a known aromatic 
polyketide, tetracenomycin X (supplement Figs. S3~7 and 
Table 2). The molecular formula of 2 was determined as 
C24H22O11 ([M + H]+, m/z 487.1233, calcd. for 487.1240) 
(supplement Fig. S2), same formula as 1. Analysis of 
1H,13C NMR and HMBC NMR data suggested that 2 

Fig. 2   a HPLC analysis of the 
extracts of R5 fermented broths 
of S. coelicolor M1146 and 
S. venezuelae derived strains 
(UV at 254 nm). S. venezuelae/
YN01, S. venezuelae harbors 
YN01 gene cluster. S. venezue-
lae/YN01/SARP, S. venezuelae/
YN01 harbors a SARP overex-
pressed plasmid. S. venezuelae/
pOJ436, S. venezuelae harbors 
pOJ436. S. coelicolor M1146/
YN01, S. coelicolor M1146 
harbors YN01 gene cluster. S. 
coelicolor M1146/YN01/SARP, 
S. coelicolor M1146/YN01 
harbors a SARP overexpressed 
plasmid. S. coelicolor M1146/
pOJ436, S. venezuelae harbors 
pOJ436. Metabolite 1 is a clone-
specific compound with the 
characteristic UV absorbance 
spectrum of aromatic polyke-
tide. b Chemical structure of 1. 
c Chemical structure of 2. The 
arrows showed the HMBC
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was an isomer of TCM X (supplement Figs. S8~12 and 
Table 2). The main difference was attributed to ring A, in 
which the methoxy group at C-12a in 1 was transferred to 
C-4 in 2. The structures of compound 1 and compound 2 
are shown in Fig. 2.

Proposed Biosynthetic Pathway of 1 and 2

The biosynthetic pathway of 1 and 2 was proposed based on 
the known biosynthetic genes and pathway of tetracenomy-
cins (Fig. 3) [24]. At first, polyketide chain was synthesized 
by ORF12 (TcmK), ORF13 (TcmL), and ORF14 (TcmM) 
using acetyl-CoA and malonyl-CoA as the chain starter and 
extender units, respectively; next, ORF15 (TcmN), ORF11 
(TcmJ)and ORF10 (TcmI) acted as aromatase and cyclases 
to catalyze the formation of the aromatic rings, followed 
by ORF9 (TcmH) catalyzing the C-5 carbonylation; then, 
hydroxylation and methylation occurred, and final O-meth-
ylation at C-12a and C-4 formed 1 and 2, respectively.

Discussion

The tetracenomycins are a family of aromatic polyketides 
with antibacterial activity against gram-positive microorgan-
isms and antitumor activity against a variety of mammalian 
cancer cell lines [25]. The tetracenomycins inhibiting pep-
tide translation via binding to the large ribosomal subunit in 
cancer cells [26]. In this study, we obtained a cosmidYN01 
harboring a type II polyketide BGC. The in silico analysis 
revealed that YN01 gene cluster shared high similarity with 
tcm gene cluster form Amycolatopsis sp. A23, except that it 
has one more methyltransferase gene. Activation expression 
of cosmidYN01 gene cluster in Streptomyces hosts resulted 
in a new tetracenomycin type compound 2. Three O-methyl-
transferase genes, tcmN, tcmO and tcmP, are located in Tcm 
biosynthetic gene cluster, while four O-methyltransferase 
genes, ORF2, ORF16, ORF17 and ORF18 are located in 
cosmidYN01 gene cluster (Fig. 1). Among the three O-meth-
yltransferase in 1 and 2 biosynthesis, ORF2, ORF16, and 
ORF17 share identities of 99%, 98% and 97% with TcmP, 
TcmN, and TcmO inAmycolatopsis sp. A23, respectively. 
ORF18 shares identity of 99% with a methyltransferase and 
thus proposed to catalyze the C-4 O-methylation of TCM C 
to produce 2. To reveal the detailed biosynthesis of 2, more 
research work needs to be performed next in the future.

With the development of sequencing technologies, more 
and more DNA sequences from both cultured microbes and 
uncultured samples are reported. Analysis of these sequence 
data revealed many potential natural product BGCs, how-
ever, most of them are silent under standard laboratory 
growth conditions [27–29]. Heterologous expression is an 
efficient and established approach to unlock the gene silence 
[15]. Selection of suitable heterologous hosts to express 
natural product biosynthetic genes is a promising approach 
for discovering novel microbial natural products. There are 
a number of potential Actinomycete hosts identified from 
molecular engineering, combinatorial biosynthesis, and gene 
cluster expression studies. S. coelicolor M1146 is commonly 
used as a host strain for engineering of secondary metabolite 
production. Shi et al. heterologously expressed the chuangx-
inmycin BGC from A. tsinanensis using S. coelicolor M1146 
host [30], while Nguyen et al. expressed the elloramycin 
BGC in the heterologous host S. coelicolor M1146 to facili-
tate the downstream production of tetracenomycin analogs 
[31]. S. venezuelae has been recently developed as a heter-
ologous host [32, 33] that requires a short culture period 
(3 ~ 4 days) for metabolite production compared to other 
Streptomyces [34]. It is also amenable to genetic manipu-
lation and has high transformation efficiency. These char-
acteristics make S. venezuelae an alternative system for a 
rapid heterologous production of polyketides from genetic 
manipulation to product fermentation [34, 35].

Table 2   1H (600 MHz) and 13C (150 MHz) NMR data of (1 and 2) in 
Acetone-d6

No. 1 2

δC, Type δH δC, Type δH

1 191.5, C 192.5, C
2 101.9 5.50, s 103.2, CH 5.50, s
3 173.4, C 172.2, C
4 70.6, CH 4.98, s 74.1, CH 3.64, s
4a 85.7, C 84.5, C
5 194.1, C 194.3, C
5a 141.7, C 140.1, C
6 121.0, CH 8.00, s 121.6, CH 8.01, s
6a 128.8, C 127.2, C
7 108.828, CH 7.64, s 109.6, CH 7.64, s
8 158.9, C 159.3, C
9 130.3, C 130.2, C
10 121.5, C 121.6, C
10a 138.4, C 136.6, C
11 168.2, C 169.0, C
11a 110.5, C 108.1, C
12 197.6, C 196.6, C
12a 88.3, C 84.9, C
13 167.2 167.9
14 21.1, CH3 2.82, s 21.9, CH3 2.84, s
3-OCH3 57.2, CH3 3.79, s 61.3, CH3 3.32, s
4-OCH3 – – 65.4, CH3 3.56, s
8-OCH3
12a-OCH3
13-OCH3

56.9, CH3
56.4, CH3
52.8, CH3

4.04, s
3.57, s
3.94, s

57.7, CH3
–
53.7, CH3

4.05, s
–
3.93, s
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Here, we used S. coelicolor M1146 and S. venezuelae 
as heterologous hosts. The production level of 1 in S. coe-
licolor M1146 was extremely low, while the YN01 gene 
cluster seemed silent in S. venezuelae. The biosynthesis of 
natural products was strictly regulated in microbes and many 
regulation factors involved in natural product biosynthesis 
were identified. SARP belongs to pathway-specific activators 
that have been found in natural product BGCs [17] and was 
harnessed for increasing the production of natural products 
[36], even in an eDNA derived BGC to obtain two novel 
MRSA active compounds tetarimycin A and B [11]. Thus, 
a SARP regulator gene located in cosmidYN01 gene cluster 
was over-expressed in Streptomyces strains harboring cos-
midYN01 gene cluster to activate the gene cluster. Finally, 
high yield of 1 was achieved in SARP over-expressed strains. 
Meanwhile, a new natural tetracenomycin derivative 2 was 
identified. This study provides proof-of-concept that genetic 
manipulation of regulation factors in potential biosynthetic 
pathways could lead to discovering more novel compounds.

Conclusions

In summary, an eDNA derived YN01 type IIpolyketide 
gene cluster was cloned from a metagenomic library. Over-
expression of a SARP gene in Streptomyces hosts harboring 
YN01 gene cluster activated the gene cluster to produce a 
new tetracenomycin derivative, TCM Y. This study provided 
another example in eDNA derived biosynthetic gene activa-
tion and confirmed that gene manipulation was an effective 
way in activation of eDNA derived natural product biosyn-
thetic genes.
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