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Abstract
Background  Heterologous expression in Streptomyces provides a platform for mining natural products (NPs) 
encoded by cryptic biosynthetic gene clusters (BGCs) of bacteria. The BGCs are first engineered in hosts with robust 
recombineering systems, such as Escherichia coli, followed by expression in optimized heterologous hosts, such as 
Streptomyces, with defined metabolic backgrounds.

Results  We developed a highly efficient heterologous expression platform, named Micro-HEP (microbial 
heterologous expression platform), that uses versatile E. coli strains capable of both modification and conjugation 
transfer of foreign BGCs and optimized chassis Streptomyces strain for expression. The stability of repeat sequences in 
these E. coli strains was superior to that of the commonly used conjugative transfer system E. coli ET12567 (pUZ8002). 
For optimizing expression of foreign BGCs, the chassis strain S. coelicolor A3(2)-2023 was generated by deleting four 
endogenous BGCs followed by introducing multiple recombinase-mediated cassette exchange (RMCE) sites in the 
S. coelicolor A3(2) chromosome. Additionally, modular RMCE cassettes (Cre-lox, Vika-vox, Dre-rox, and phiBT1-attP) 
were constructed for integrating BGCs into the chassis strain. Micro-HEP was tested using BGCs for the anti-fibrotic 
compound xiamenmycin and griseorhodins. Two to four copies of the xim BGC were integrated by RMCE, with 
increasing copy number associated with increasing yield of xiamenmycin. The grh BGC was also efficiently expressed, 
and the new compound griseorhodin H was identified.

Conclusion  We demonstrated that our Micro-HEP system enables the efficient expression of foreign BGCs, facilitating 
the discovery of new NPs and increasing yields.
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Background
Microbial natural products (NPs) and their derivatives 
remain indispensable resources in medicine and agricul-
ture, with over 45% of NPs discovered in actinomycetes, 
predominantly Streptomyces [1, 2]. Additionally, with the 
advancement of high-throughput sequencing and bio-
informatics tools, numerous cryptic biosynthetic gene 
clusters (BGCs) have been found in Streptomyces, high-
lighting the untapped potential of this genus for novel 
NP discovery [3]. However, a persistent bottleneck in 
NP application lies in the low production levels of many 
bioactive NPs in native hosts. Heterologous expression 
has emerged as a pivotal strategy to circumvent these 
challenges [4, 5], enabling yield optimization of high-
value NPs through pathway engineering, activation of 
silent BGCs to access chemically diverse metabolites, 
and mechanistic dissection of biosynthetic pathways 
[6, 7]. The workflow of heterologous expression gener-
ally contains four steps: (1) identifying the BGCs of NPs 
through bioinformatics analysis of genome sequences, 
(2) capturing BGCs from genomic DNA by various in 
vivo or in vitro cloning strategies, (3) modifying BGCs 

for overexpression by various biotechniques, and (4) 
transferring and integrating the modified BGCs into the 
genomes of suitable heterologous hosts for expression 
[4].

Bioinformatic tools like antiSMASH enable genome 
mining to predict and analyze BGCs of interest [8]. 
Transformation-associated recombination (TAR) cloning 
and exonuclease combined with RecET recombination 
(ExoCET) can be used to clone BGCs [9, 10], whereas 
Red recombineering can efficiently modify BGCs. The 
Red recombination system mediated by λ phage-derived 
recombinases Redα/Redβ enables precise and efficient 
DNA editing using short homology arms (50 bp) in Esch-
erichia coli [11]. Redα possesses 5’→3’ exonuclease activ-
ity that generates 3’ single-stranded DNA overhangs on 
double-stranded DNA substrates, and Redβ functions 
as a single-strand DNA-binding protein that facilitates 
sequence-specific homologous recombination through 
annealing of the homology arms. Furthermore, the Redγ 
protein from λ phage inhibits the ATPase activity of the 
RecB subunit in the RecBCD nuclease complex, thereby 
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reducing intracellular degradation of exogenous DNA 
and enhancing recombination efficiency [11].

Additionally, bacterial conjugation has become a cor-
nerstone strategy for transferring large BGCs from E. coli 
to Streptomyces. First described in 1946 as a mechanism 
of horizontal gene transfer via F plasmid-mediated sin-
gle-stranded DNA exchange [12], the application of this 
process was later expanded by the discovery of broad-
host-range IncP plasmids, which could mediate DNA 
transfer not only between Gram-negative bacteria, but 
also between Gram-negative and Gram-positive bacte-
ria [13]. The tra transfer element of IncP plasmids com-
prises two functional modules: the Tra1 region, encoding 
the oriT site and DNA processing machinery; and the 
Tra2 region, mainly responsible for pilus assembly and 
mating pair formation [14]. E. coli ET12567 harboring 
the IncP plasmid pUZ8002 has been used as a donor for 
biparental conjugation with Streptomyces [15,16]. How-
ever, several limitations hinder its broader application, 
such as low electroporation transformation efficiency, 
inapplicability of multiplex conjugation due to multiple 
antibiotic resistance [17] and a lack of correct exconju-
gants containing large BGCs likely due to instability of 
repeated sequences [18]. These shortcomings underscore 
the need for improved conjugation systems for actinomy-
cete genetic manipulation.

Streptomyces species are among the major heter-
ologous hosts, with researchers leveraging the exten-
sive biosynthetic precursor pools and well-established 
genetic toolkits of these organisms [4, 19]. To minimize 
native metabolic interference and enhance heterologous 
pathway flux, a series of Streptomyces derivatives with 
deletions of endogenous BGCs was created by various 
research groups [20, 21]. Chromosomal amplification 
of heterologous BGCs represents another key engineer-
ing approach for promoting the heterologous expres-
sion of BGCs. Many studies have introduced additional 
attBphiC31 sites into Streptomyces genomes to enable 
site-specific integration of multiple-copy BGCs [22–24]. 
However, recent studies indicate that the introduction 
of additional attBphiC31 sites can reduce the efficiency of 
DNA transfer and integration [24].

While serine recombinase systems (e.g., PhiC31) domi-
nate Streptomyces genome integration, tyrosine recom-
binases have expanded the genetic toolkit. Established 
systems, such as Cre/loxP (phage P1), Flp/FRT (Saccha-
romyces 2µ plasmid), and Dre/rox (phage D6), enable 
marker-free genome editing and large DNA deletions in 
Streptomyces [25, 26]. Notably, the Vika/vox system, dis-
covered in 2013 from a Vibrio coralliilyticus strain [27], 
remains unexplored in Streptomyces, which represents 
an untapped opportunity for orthogonal recombina-
tion. Tyrosine recombinases exhibit stringent substrate 
specificity: Cre, Flp, Dre, and Vika exclusively recognize 

their cognate loxP, FRT, rox, and vox sites, respectively, 
with no cross-reactivity in vivo [27, 28]. Recombina-
tion between heterospecific mutant sites (e.g., lox5171 
and lox2272) strictly follows the homology-matching 
principle, with efficient recombination occurring only 
when the spacer sequences of two sites are identical; for 
example, lox5171 and lox2272 cannot recombine with 
each other. Leveraging this property, researchers devel-
oped recombinase-mediated cassette exchange (RMCE) 
to enable precise exchange between plasmid-borne tar-
get DNA sequences and chromosomal DNA [30]. RMCE 
offers critical advantages over conventional site-specific 
recombination; RMCE avoids the integration of plasmid 
backbones into the genome, thereby minimizing poten-
tial disruptions, and RMCE sites stay valid after recom-
bination has taken place, ensuring sustained utility and 
versatility in genetic engineering applications [31].

Herein, we developed a heterologous expression plat-
form, named Micro-HEP for microbial heterologous 
expression platform, which is based on bifunctional 
engineered strains of E. coli and a chassis strain of S. 
coelicolor for the modification, transfer, integration and 
heterologous expression of BGCs. Central to Micro-HEP 
is a rhamnose-inducible redαβγ recombination system 
that facilitates precise insertion of RMCE-mediated inte-
gration cassettes into BGC-containing plasmids. These 
cassettes include the transfer origin site oriT, integrase 
genes, and corresponding recombination target sites 
(RTSs). The oriT-bearing plasmid is mobilized as single-
stranded DNA into the chassis strain S. coelicolor A3(2)-
2023 via the Tra protein. Finally, the BGCs are integrated 
into the pre-engineered chromosomal loci by RMCE, 
bypassing the plasmid backbone. We validated Micro-
HEP by expressing two BGCs: the xim BGC, responsible 
for producing the anti-fibrotic xiamenmycin, and the grh 
BGC for producing architecturally complex griseorhodin. 
Our findings indicate that the Micro-HEP system can 
facilitate the discovery and production of bioactive NPs 
with medicinal, agricultural, and industrial applications.

Materials and methods
Strains and plasmids and culture conditions
The strains, plasmids, and antibiotic concentrations used 
in this study are listed in Table S1, Table S2, and Table 
S3. E. coli strains were cultured in Luria-Bertani (LB) 
medium (tryptone, 10  g/L; yeast extract, 5  g/L; NaCl, 
1 g/L; agar for solid medium, 12 g/L) at 37℃, except for 
the E. coli strains containing the temperature-sensitive 
plasmid pSC101-PRha-αβγA-PBAD-ccdA, which were 
grown at 30 °C. S. coelicolor strains were grown in modi-
fied soybean-mannitol (MS) medium (defatted soybean 
meal, 20  g/L; mannitol, 20  g/L; agar, 20  g/L) at 30℃. 
Glucose yeast-extract maltose (GYM) medium (glucose, 
4 g/L; yeast extract, 4 g/L; malt extract 10 g/L) and M1 
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medium (soluble starch, 10 g/L; yeast extract, 4 g/L; tryp-
tone, 2  g/L) were used for fermentation for the relative 
quantitative analysis of xiamenmycin and griseorhodin, 
respectively.

Two-step Red recombination for markerless DNA 
manipulation in E. coli
A counterselectable system and Red recombination were 
applied to modify genes on E. coli chromosomes (Figs. 
S2A and S2B). The recombinase expression plasmid 
pSC101-PRha-αβγA-PBAD-ccdA was electroporated into 
E. coli; in the first round of recombineering, this plas-
mid was induced dually by 10% L-rhamnose and 10% 
L-arabinose to express recombinase and CcdA, result-
ing in replacement of the target gene by an amp-ccdB 
cassette or kan-rpsL cassette. The kan-rpsL cassette was 
used to modify the genome of E. coli strains GB2005 and 
GB2006, and the amp-ccdB cassette was used to modify 
the genome of E. coli strains DH5G and S17-1. The cor-
rect recombinants were obtained on LB plates contain-
ing 10% L-arabinose and antibiotics. In the second round 
of recombineering, the recombinase expression plasmid 
was induced to express recombinases by L-rhamnose, 
and a synthetic oligonucleotide was electroporated into 
the strain to replace the counterselectable marker cas-
sette. For detailed steps, refer to the section on “Electro-
poration and recombination in E. coli” in the supporting 
information. All subsequent references to E. coli electro-
poration and recombination in this text follow the meth-
odologies described therein.

Cloning and integration of the conjugative transfer 
element and recombinase genes (tra-PRha-redαβγ) in E. coli
The element tra-PRha-redαβγ was integrated into the 
genome of E. coli using the Gateway system. Firstly, the 
DNA fragment attB1-cm-attB2, which contained attB 
sites (recognized by the Intλ integrase) and 50-bp homol-
ogy arms, was inserted into the target region of the E. coli 
chromosome by Red recombination. The correct recom-
binants were selected on LB plates containing 15  mg/
mL chloramphenicol. Next, the plasmid p15A-amp-
ccdB-intλ-attP1-zeo-tra-PRha-αβγ-attP2, assembled by 
ExoCET [9], was transferred to the above correct recom-
binants, and the strains were allowed to recover at 30℃ 
for 2.5 h and then spread on LB plates containing 15 mg/
mL zeocin. Single colonies were replica-patched onto LB 
plates with 15 mg/mL zeocin and LB plates with 15 mg/
mL chloramphenicol. The colonies that grew only on the 
plates with zeocin were further verified by colony PCR 
using the indicated primers to check for tra-PRha-redαβγ 
integration into the following sites of the recombinants: 
ybcW position, primers ybcW-F-1/F-2 and R-1/ybcW-
R-2; pspG position, primers pspG-F-1/F-2 and R-1/ 
pspG-R-2; recET position, primers recET-F-1/F-2 and 

R-1/recET-R-2; and yfiM position, primers yfiM-F-1/F-2 
and R-1/yfiM-R-2. Primers are shown in the Table S4.

Intergeneric conjugation
Intergeneric conjugation between E. coli and S. coeli-
color was performed as described previously [16, 32] with 
minor modifications. An overnight culture of the donor 
E. coli with the plasmid containing the BGC was diluted 
10-fold in 10 mL fresh LB plus 10 mg/mL apramycin and 
grown at 37℃ until the OD600 reached 0.6. The donor 
cells were washed twice and resuspended in 10 mL 
ddH2O. Spores of the S. coelicolor strain to be used as 
the recipient were harvested in 8 mL of 2× yeast extract-
tryptone (2×YT) medium (tryptone, 16 g/L; yeast extract, 
10 g/L; NaCl, 5 g/L) from an SM plate and were induced 
to germinate by heat shock (50℃, 10 min) and ice bath 
(4℃, 5 min). Donors (3 mL) and recipients (1 mL) were 
mixed, and then, the mixture was spread on MS plates 
containing 10 mM MgCl2 and cultivated at 30℃. After 
17 h, the plates were overlaid with 1 mL of sterile water 
containing 20 mg/mL apramycin and 50 mg/mL nalidixic 
acid and further cultivated at 30℃ until exconjugant col-
onies appeared.

Construction of the chassis strain S. coelicolor A3(2)-2023
The plasmid pKC1139-red-vox-apra-vox2261 was intro-
duced into the strain S. coelicolor A3(2) by conjugation, 
and successful exconjugants were obtained based on 
their ability to grow on MS agar plates supplemented 
with 20 mg/mL apramycin. Exconjugants were cultivated 
at 39℃ to promote recombination. Single colonies were 
obtained and replica-patched onto MS plates with 20 mg/
mL apramycin and MS plates with 25 mg/mL thiostrep-
ton. The growth of colonies only in MS plates with apra-
mycin indicated that the red BGC in the chromosome 
of S. coelicolor was replaced with vox-lox71-apra-lox66-
vox2261 using a double-crossover approach, resulting 
in strain S. coelicolor A3(2)-red-apra. Then, pUWLCRE 
[24], which can express the recombinase gene cre, was 
introduced into S. coelicolor-red-apra by conjugation, and 
exconjugants were selected using 25  mg/mL thiostrep-
ton-supplemented MS agar plates. Exconjugants were 
cultivated at 30℃ in liquid TSB medium with 25  mg/
mL thiostrepton, and the cultures were spread onto MS 
plates with no antibiotics to obtain single colonies, which 
were then replica-patched onto MS plates without antibi-
otics and with 20 mg/mL apramycin. Colonies that grew 
only on MS plates without antibiotics were verified by 
colony PCR using primers red-vox-1/red-vox2261-2 and 
sequence analysis, with the resulting strain named S. coe-
licolor A3(2)-1.

S. coelicolor A3(2)-2, S. coelicolor A3(2)-3, S. coeli-
color A3(2)-4, and S. coelicolor A3(2)-2023 were con-
structed using plasmids pKC1139-act-rox-apra-rox2232, 
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Fig. 1 (See legend on next page.)
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pYH7-cda-lox5171-apra-lox2272, pYH7-attBphiBT1-FRT-
apra-F3, and pYH7-clb-attB-apra-attB15, respectively, 
and were verified by colony PCR using primers act-rox-1/
act-rox2232-2, cda-lox5171-1/cda-lox2272-2, attB-
FRT-1/attB-F3-2, and clb-attB-1/clb-attB-2, respectively. 
The construction procedure was similar to that used for 
S. coelicolor A3(2)-1. All mutant strains were purified 
through three rounds of single-spore isolation on SM 
agar prior to phenotypic characterization, as described 
[33].

Relative quantitative analysis of the production of 
xiamenmycin and KS-619-1
S. coelicolor strains containing one or multiple cop-
ies of the xim BGC were grown in 30 mL of tryptic soy 
broth (TSB) medium (Hopebio, Qingdao, China) for 
2 days. Then, 1 mL of seed culture was inoculated into 
50 mL GYM medium in a 250 mL shake flask and cul-
tivated at 30℃, 200  rpm. On the seventh day, absorber 
resin Amberlite XAD-16 was added followed by incuba-
tion for 18 h. The crude extracts (the biomass and XAD-
16) were extracted with 30 mL methanol. Finally, extracts 
were subjected to evaporation and dissolved in 1 mL 
methanol.

The fermentation procedure used for S. coelicolor 
strains containing the grh BGC was similar to that used 
for the strain containing xim BGC. The fermentation 
medium was M1 medium, and 1 mL fermentation sam-
ples were harvested at 2, 3, 4, and 5 days and dissolved in 
1 mL methanol after freeze-drying.

For HPLC, 5 µL crude extracts were analyzed: water 
with 0.1% (v/v) TFA: acetonitrile (ACN) gradient 
was used as the mobile phase for 0–3  min, 5% ACN; 
3–18  min, 5‒95% ACN; 18–22  min, 100% ACN; and 
22–25 min, 5% ACN by UV spectroscopy at 190–400 nm. 
The peak area was used to compare product yields by UV 
spectroscopy at 254 nm.

Results
Construction of the engineered E. coli strains with DNA 
modification and conjugative transfer system (tra-PRha-
redαβγ)
E. coli GB05-red is commonly used for the modification 
of BGCs by the recombination system Redαβγ, whereas 
E. coli ET12567 (pUZ8002) [16] and E. coli S17-1 [34] 
are used in conjugative transfer systems for transferring 
plasmids containing oriT and BGCs to Streptomyces. At 
present, there is no engineered E. coli strain that can be 
used to both modify DNA and then transfer that DNA to 
Streptomyces. Therefore, we looked for E. coli strains that 
had both capacities as well as other key features.

Since electroporation transformation efficiency is criti-
cal for efficient recombineering in E. coli [35], we evalu-
ated the efficiency of several laboratory strains of E. coli 
and found that strains DH5G and GB2005 exhibited the 
highest electroporation transformation efficiency among 
these strains (Fig. 1A).

Sequence stability was also an important consider-
ation in our choice of E. coli strains due to the inherent 
instability of repetitive sequences within NP BGCs, par-
ticularly in BGCs for polyketide synthases (PKSs) [36]. 
We established a plasmid-based recombination reporter 
system (pBAC-cm-ampF-kan-ampR-repeat) to system-
atically evaluate repetitive sequence stability through 
quantification of intramolecular recombination efficiency 
of the plasmid (Fig. 1B, C and D). The plasmid contains 
500  bp-long homologous repeat units (non-functional 
fragments: haF and haR) of the ampicillinresistance gene 
(AmpR) flanking the kanamycin resistance gene (KanR) 
to form recombination-sensitive cassettes. Plasmid sta-
bility was assessed through a dual-resistance phenotypic 
assay: intact plasmids conferred chloramphenicol (CmR) 
and KanR resistance, whereas homologous recombina-
tion between repeats excised kanR, resulting in CmR and 
AmpR. Quantified as the internal recombination ratio 
(AmpR/CmR), higher values indicated greater sequence 
instability. Strikingly, GB2006 and S17-1 exhibited unde-
tectable recombination (ratio = 0), while GB2005 and 
DH5G demonstrated significantly lower ratios when 
compared to ET12567 (Fig.  1B). The TFIIA cosmid, 

(See figure on previous page.)
Fig. 1  Construction of the DNA modification and conjugation transfer system tra-PRha-redαβγ in E. coli strains. (A) Electroporation transformation ef-
ficiency of four parental E. coli strains (GB2005, DH5G, GB2006 and S17-1) and the control strain ET12567 were as determined by the number of colonies 
grown after transfer of the plasmid pBAC-sal-phiC31-apra-oriT (116 kb). (B) Internal recombination ratio of plasmid pBAC-cm-ampF-kan-ampR-repeat in 
five E. coli strains. The internal recombination ratio was defined as the colony number on LB plates containing ampicillin divided by the number on LB 
plates containing chloramphenicol. In E. coli GB2006 and S17-1, the internal recombination ratio of the plasmid was determined to be zero. For (A, B) error 
bars indicate SD; n = 3; ns, p > 0.05; ****p < 0.0001. (C) Diagrams of plasmids pBAC-cm-ampF-kan-ampR-repeat and pBAC-cm-amp. Plasmid pBAC-cm-
ampF-kan-ampR-repeat contains two 500-bp homologous arms (haF and haR) flanking the kan cassette. Critically, haF and haR (dark green) are truncated, 
non-functional fragments of the ampicillin resistance gene (amp). Homologous recombination between these arms excises the intervening kan cassette 
while reconstituting a functional amp through precise end-joining (pBAC-cm-amp). (D) Schematic diagram of workflow for comparing internal recombi-
nation ratios. (E) Construction strategy for engineering the E. coli strains. Firstly, the gyrA, dcm, recA, and dam genes were modified sequentially, and then, 
the attB1-cm-attB2 cassette was inserted into a target location (e.g., pspG) on the E. coli chromosome by Red recombination. Finally, the attB1-cm-attB2 
cassette was replaced by the element tra-PRha-redαβγ.
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which harbored 17 pairs of repetitive sequences (each 
pair length > 30 bp), could also replicate stably in GB2006, 
S17-1, and DH5G (Fig. S1A). The stable existence of 
repetitive sequences in E. coli is conducive to the clon-
ing and modification of large BGCs. The above results 
indicated that the four E. coli strains GB2005, DH5G, 
GB2006, and S17-1 were promising candidates for the 
development of efficient systems for DNA modification 
and conjugative transfer.

To engineer an optimal donor strain of E. coli, we mod-
ified the gyrA, recA, dcm, and dam genes by Red recom-
bination combined with counterselection, eliminating 
intrinsic antibiotic resistance and methylation-based 
restriction barriers (SI Appendix, Results, Fig. 1E and Fig. 
S2). E. coli S17-1 contains an active bacteriophage Mu 
genome, which can mobilize itself into recipient strains 
at a certain frequency [38]. For efficient transfer of mobi-
lizable plasmids without the transfer of chromosomal 
genes, the Mu genome was deleted, constructing the Mu-
free donor strain S17-1ΔMu (Table 1).

Additionally, the dual-function element tra-PRha-
redαβγ, comprising the Red recombination system and 
Tra conjugative transfer system, was assembled onto 
plasmid p15A-amp-ccdB-intλ-attP1-zeo-tra-PRha-αβγ-
attP2 by ExoCET (Fig. S3A) for subsequent chromosomal 
integration into E. coli strains. This p15A-based plasmid 
contains the ccdB gene, which encodes a toxic protein 
that is used for counterselection against maintenance 
of the whole plasmid. The attP sites on the plasmid are 

recombined with the attB sites on chromosome of E. coli 
by integrase Intλ, that is used for chromosomal integra-
tion of element tra-PRha-redαβγ.

The position of genes on the chromosome critically 
affects their expression level in E. coli [37]. To investigate 
whether chromosomal position influences conjugation 
frequency, we selected four chromosomal conserved sites 
for insertion of the dual-function element in E. coli strains 
GB2005, GB2006, and DH5G. The following positions 
were selected based on their distance to chromosomal 
oriC: the yfjM gene of prophage CP4-57, the ybcW gene 
of prophage DLP12, and genes pspG and recET. Using 
the Gateway system, tra-PRha-redαβγ (45 kb) was inserted 
into the chosen locations on the chromosomes (Fig. 1E) 
with verification by PCR (Fig. S3B). No correct clone 
was obtained at the ybcW site in GB2005, and so, eleven 
engineered strains were obtained based on the three E. 
coli strains and four different positions: four derivatives 
of DH5G (DH5G-CP4-57tra-αβγ, DH5G-DLP12tra-αβγ, 
DH5G-Gtra-αβγ, and DH5G-recETtra-αβγ); four deriva-
tives of GB2006 (GB06-CP4-57tra-αβγ, GB06-DLP12tra-
αβγ, GB06-Gtra-αβγ, and GB06-recETtra-αβγ); and three 
derivatives of GB2005 (GB05-CP4-57tra-αβγ, GB05-
Gtra-αβγ, and GB05-recETtra-αβγ) (Table 1).

Characterization of the engineered E. coli strains with DNA 
modification and conjugative transfer system (tra-PRha-
redαβγ)
The versatility of the tra-PRha-redαβγ modification and 
conjugative transfer system in E. coli was assessed by 
conjugation frequency, electroporation efficiency, recom-
bination efficiency, and stability of repetitive sequences 
(Fig. 2).

The conjugation frequency of plasmid pBAC-sal-
phiC31-apra-oriT, which contains a 106  kb salinomycin 
BGC, PhiC31 integrase gene, and attP site, was tested 
between the donor E. coli and recipient S. coelicolor 
A3(2). Exconjugants of S. coelicolor were obtained by 
intrageneric conjugation from the twelve engineered 
E. coli strains (Table  1) and the control strain E. coli 
ET12567 (pUZ8002). Conjugation frequency was calcu-
lated as the number of exconjugants divided by the num-
ber of S. coelicolor spores. The E. coli GB2005-derived 
strains containing the tra system were the most efficient 
at transferring the plasmid to the recipient S. coelicolor 
A3(2), with transfer frequencies between approximately 
9.2 × 10− 5 and 1.8 × 10− 4 (Fig.  2A). The highest trans-
fer frequency was obtained with tra inserted into the 
recET site of GB2005 (E. coli GB05-recETtra-αβγ), which 
yielded a 2-fold higher frequency compared with that of 
E. coli ET12567 (pUZ8002) system, which had a transfer 
frequency of 9.0 × 10− 5. With the DH5G-derived strains 
as the donor strains, the frequency of conjugation trans-
fer was between 1.7 × 10− 6 and 6.0 × 10− 6, which is 15‒53 

Table 1  Genotype of engineered strains
Strains Genotype
GB05-Gtra-αβγ GB2005, Δdcm(G135A), recA(A482G), 

Δdam, pspG::(tra-PRha-redαβγ)
GB05-CP4-57tra-αβγ GB2005, Δdcm(G135A), recA(A482G), 

Δdam, yfjM::(tra-PRha-redαβγ)
GB05-recETtra-αβγ GB2005, Δdcm(G135A), recA(A482G), 

Δdam, recET::(tra-PRha-redαβγ)
GB06-Gtra-αβγ GB2006, gyrA(A259G), Δdcm(G135A), 

recA(A482G), Δdam, pspG::(tra-PRha-redαβγ)
GB06-CP4-57tra-αβγ GB2006, gyrA(A259G), Δdcm(G135A), 

recA(A482G), Δdam, yfjM::(tra-PRha-redαβγ)
GB06-DLP12tra-αβγ GB2006, gyrA(A259G), Δdcm(G135A), 

recA(A482G), Δdam, ybcW::(tra-PRha-redαβγ)
GB06-recETtra-αβγ GB2006, gyrA(A259G), Δdcm(G135A), 

recA(A482G), Δdam, recET::(tra-PRha-redαβγ)
DH5G-Gtra-αβγ DH5G, gyrA(A259G), Δdcm(G135A), 

recA(A482G), Δdam, pspG::(tra-PRha-redαβγ)
DH5G-CP4-57tra-αβγ DH5G, gyrA(A259G), Δdcm(G135A), 

recA(A482G), Δdam, yfjM::(tra-PRha-redαβγ)
DH5G-DLP12tra-αβγ DH5G, gyrA(A259G), Δdcm(G135A), 

recA(A482G), Δdam, ybcW::(tra-PRha-redαβγ)
DH5G-recETtra-αβγ DH5G, gyrA(A259G), Δdcm(G135A), 

recA(A482G), Δdam, recET::(tra-PRha-redαβγ)
S17-1Δmu S17-1, Δdcm(G135A), recA(C233T), Δdam, 

ΔMu
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times lower than the level for ET12567 (pUZ8002); the 
highest transfer frequency among the DH5G-derived 
strains was obtained with DH5G-Gtra-αβγ, which has 
tra inserted into the pspG site (Fig.  2A). The transfer 

frequency with GB2006-derived strains was similar to 
that of the DH5G derivates (0.8 × 10− 6 and 3.2 × 10− 6), 
and the DLP12 prophage ybcW gene was the optimal 
site for tra insertion with this set (Fig. 2A). With E. coli 

Fig. 2  Characterization of the engineered E. coli strains. (A) Conjugation frequency of plasmid pBAC-sal-phiC31-apra-oriT in transfer from eleven engi-
neered E. coli strains to S. coelicolor A3(2). Three of the engineered strains were derivatives of E. coli GB2005 (purple), with four engineered strains derived 
each from E. coli DH5G (orange) and E. coli GB2006 (blue). N represents no data. (B) Electroporation efficiency of four engineered strains and E. coli ET12567 
as determined by the number of colonies grown after transfer of plasmid pBAC-sal-phiC31-apra-oriT (116 kb). (C) Recombination efficiency of E. coli GB05-
recETtra-αβγ, DH5G-Gtra-αβγ, and GB06-DLP12tra-αβγ. The correct recombinant was not obtained in GB06-DLP12tra-αβγ. (D) Internal recombination ratio 
of pBAC-cm-ampF-kan-ampR-repeat in four engineered E. coli strains and ET12567. Error bars, SD; n = 3; ns, p > 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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Fig. 3 (See legend on next page.)
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S17-1ΔMu as the donor strain, the frequency of exconju-
gant formation was 1.6 × 10− 4, which is also higher than 
the frequency with ET12567 (pUZ8002).

Our results demonstrated that the parental strain and 
the insertion location of tra affected the conjugative 
transfer frequency and that the parental source of the 
derived strain may be the main factor. Although the opti-
mal sites of tra insertion in three E. coli were different, 
strains with tra insertion in the recET site all obtained 
a high conjugation transfer frequency. Thus, the recET 
site is a potential site for inserting large DNA fragments. 
The four E. coli engineered strains GB05-recETtra-αβγ, 
DH5G-Gtra-αβγ, GB06-DLP12tra-αβγ and S17-1ΔMu, 
which had the highest conjugation transfer frequency 
among each set of strains, were selected for further study. 
The growth curves of these four engineered E. coli strains 
and ET12567 are shown in Fig. S4. Except for GB05-
recETtra-αβγ, the biomass of our engineered strains was 
similar to or higher than that of ET12567.

The variation in electroporation efficiency is solely 
attributable to the genetic background of the E. coli 
strains, not the chromosomal integration site of the tra-
PRha-redαβγ. Based on their high conjugation efficiency 
within their respective parental strain lineages, the four 
engineered strains (GB05-recETtra-αβγ, DH5G-Gtra-
αβγ, GB06-DLP12tra-αβγ, and S17-1ΔMu) were selected 
for comparison of electroporation efficiency. The elec-
troporation efficiency of GB05-recETtra-αβγ, DH5G-
Gtra-αβγ, and S17-1ΔMu was 42-fold, 18-fold, and 2-fold 
higher than that of the control strain ET12567 using plas-
mid pBAC-sal-phiC31-apra-oriT, respectively (Fig.  2B). 
In contrast, the electroporation efficiency of GB06-
DLP12tra-αβγ was 9-fold lower than that of ET12567.

The rhamnose-inducible promoter PRha stringently and 
efficiently induces expression of the recombination sys-
tem Redαβγ in E. coli [39]. The recombination efficiency 
between linear and circular DNA in GB05-recETtra-αβγ, 
DH5G-Gtra-αβγ, and GB06-DLP12tra-αβγ was tested 
using the plasmid modification assay, which uses a PCR 
product containing the ampicillin resistance gene and the 
PhiBT1 integrase gene flanked by 80-bp homology arms 
to replace the PhiC31 integrase gene on plasmid pBAC-
sal-phiC31-apra-oriT (Fig. S5). The correct recombinants 
were obtained in both DH5G-Gtra-αβγ and GB05-
recETtra-αβγ, with 80 and 45 recombinant colonies per 

milliliter, respectively; however, recombinants were not 
obtained with GB06-DLP12tra-αβγ (Fig.  2C). Based 
on the above findings, strains GB05-recETtra-αβγ and 
DH5G-Gtra-αβγ appeared optimal for further modifica-
tion of large BGCs and mobilization of BGCs for transfer 
to Streptomyces.

Finally, the internal recombination ratio for plasmid 
pBAC-cm-ampF-kan-ampR-repeat (Fig.  1C and D) was 
used to assess the stability of repetitive sequences in 
the engineered E. coli strains, with remarkable stabil-
ity displayed in GB06-DLP12tra-αβγ (Fig.  2D). The sta-
bility of the repetitive sequences in GB05-recETtra-αβγ, 
S17-1ΔMu, and DH5G-Gtra-αβγ was also better than in 
ET12567 (Fig. 2D).

After comprehensive consideration of the conjugation 
transfer frequency, electroporation efficiency, and recom-
bination efficiency, we selected the engineered strain E. 
coli GB05-recETtra-αβγ for modification and transfer of 
BGCs. However, for BGCs containing multiple repeti-
tive sequences, strain GB06-DLP12tra-αβγ would be an 
alternative.

Construction of the chassis strain S. coelicolor A3(2)-2023 
with multiple RMCE sites
Based on the hypothesis that “chromosome natural sec-
ondary metabolic BGC sites are more conducive to for-
eign BGC expression”, four endogenous BGCs were 
chosen to be replaced by RMCE sites within the chro-
mosome of S. coelicolor A3(2), including the prodiginine 
(red), actinorhodin (act), calcium-dependent antibiotic 
(cda), and coelibactin (clb) BGCs. The overall strategy for 
the construction of the marker-free chassis strain S. coeli-
color A3(2)-2023 involved a combination of homologous 
recombination and site-specific recombination, with 
the latter mediated by the Cre/lox system (SI Appendix, 
Results, Fig.  3A and B and S6). The introduced RMCE 
sites were verified by PCR and sequence analysis (Fig. 
S7). In this manner, the five RMCE sites vox-vox2261, 
rox-rox2232, lox5171-lox2272, FRT-F3, and attB-attB15 
were sequentially inserted into the BGCs for red, act, and 
cda, the natural attBphiBT1 site, and BGC clb in the S. coe-
licolor A3(2) chromosome (Fig. 3A and Fig. S6). The final 
chassis strain was designated S. coelicolor A3(2)-2023, 
which lacked the four BGCs through deletion of 159 kb 

(See figure on previous page.)
Fig. 3  Construction and growth studies of the chassis strain S. coelicolor A3(2)-2023. (A) The overall strategy for the construction of the chassis strain S. 
coelicolor A3(2)-2023 using a double-crossover approach and Cre-mediated site-specific recombination. The targeted endogenous red BGC was replaced 
with vox-lox71-apra-lox66-vox2261 by a double crossover. Sites lox71 and lox66 were recombined by Cre to eliminate the apramycin resistance gene. S. 
coelicolor A3(2)-2023 was constructed with five RMCE sites (vox-vox2261, rox-rox2232, lox5171-lox2272, FRT-F3, and attB-attB15) sequentially inserted into 
the chromosome of S. coelicolor A3(2). (B) Construction of the knockout plasmid pKC1139-red-vox-apra-vox2261. The resulting plasmid was used for red 
BGC knockout and vox-vox2261 site insertion on the S. coelicolor A3(2) chromosome. (C) Growth curves of S. coelicolor A3(2) and S. coelicolor A3(2)-2023 
in TSB liquid medium. (D) Growth and sporulation of S. coelicolor A3(2) and S. coelicolor A3(2)-2023 on MS agar medium. The color of the MS agar medium 
with S. coelicolor A3(2) was initially red due to the production of prodiginines (red complex) and then turned to blue upon the production of actinorhodin 
(blue product)
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of the chromosome and had five introduced RMCE sites 
(Table S5).

In TSB liquid medium, the chassis strain S. coelicolor 
A3(2)-2023 exhibited no significant differences in growth 
when compared with the wild-type strain S. coelicolor 
A3(2) (Fig. 3C). However, the major secondary metabo-
lites of S. coelicolor A3(2), the prodiginines (red complex) 
and actinorhodin (blue product), were not produced due 
to deletion of the red and act BGCs (Fig. 3D). These dele-
tions resulted in a cleaner metabolic background for S. 
coelicolor A3(2)-2023 compared with that of the wild-
type strain.

Establishment of a RMCE system to mediate integration of 
the BGC intoS. coelicolor A3(2)-2023
To determine whether the five introduced RMCE sites 
and corresponding integrases have the capability to 
mediate integration of foreign BGCs into the S. coelicolor 
A3(2)-2023 chromosome, the xiamenmycin (xim) BGC 
from S. xiamenensis 318 [40] was selected as a foreign 
BGC for integration into the each of the five RMCE sites 
on the chromosome (Fig. 4A and Table S6). Five integra-
tive vectors with xim BGC were constructed and verified 
by restriction endonucleases analysis (Fig.  4B and Fig. 
S8A). Four correct exconjugants containing one copy of 
the xim BGC (S. coelicolor vox-xim-vox2261, rox-xim-
rox2232, lox5171-xim-lox2272, and attB-xim-attB15) 
were obtained by Vika-, Dre-, Cre- and PhiBT1-mediated 
RMCE integration, respectively. Then, three exconju-
gants containing multiple copies of the xim BGC (S. coe-
licolor xim-2copies, xim-3copies, xim-4copies-apra) were 
also obtained (Fig. 4A). All of the strains were verified by 
colony PCR (Fig. S8B). However, no correct exconjugant 
was obtained by Flp-mediated RMCE recombination, 
possibly due to its low integrase activity.

Analysis by high-performance liquid chromatography–
mass spectrometry (HPLC-MS) demonstrated that all 
four exconjugants containing one copy of the xim BGC 
could produce xiamenmycin in GYM medium (Figs. 
S8C, S8D, and S8E). The expression levels of the above 
four exconjugants were tested through relative quantita-
tive analysis by HPLC. In comparison to strain S. coeli-
color xim-attBphiC31, which has xim BGC integrated into 
the attBphiC31 site of S. coelicolor A3(2)-2023 and which 
was used as a control, production of xiamenmycin by the 
exconjugant S. coelicolor lox5171-xim-lox2272 was 1.57-
fold higher (Fig. 4C). These results demonstrated that the 
location of the xim BGC within the S. coelicolor A3(2)-
2023 chromosome could affect the expression level. 
HPLC results showed that the production of xiamen-
mycin was also enhanced by increasing the copy num-
bers of the xim BGC (Fig. 4C). As the number of copies 
of the BGC increased from 2 to 4, the yield of xiamen-
mycin increased from 1.92 to 5.52-fold compared with 

the control level (Fig. 4C). Using our RMCE system, we 
successfully integrated four copies of the xim BGC into 
the S. coelicolor A3(2)-2023 chromosome and achieved 
highly efficient expression of xiamenmycin. The above 
results indicated that RMCE systems can mediate the 
multicopy chromosomal integration of natural product 
BGCs into S. coelicolor A3(2)-2023 and facilitate the pro-
duction of NPs.

Heterologous expression of the type II polyketide BGC grh 
using Micro-HEP based on E. coli GB05-recETtra-αβγ andS. 
coelicolor A3(2)-2023
antiSMASH analysis indicated that the type II polyketide 
BGC grh from Streptomyces sp. LS-1 (GenBank accession 
no. CP141946) was highly similar to the BGC for gris-
eorhodins, which belong to a growing family of rubro-
mycins [41]. The naturally occurring rubromycins have 
gathered considerable attention due to their notable 
biological functions, including antimicrobial, antican-
cer, and enzyme inhibitory activities. However, isola-
tion and structural elucidation of these compounds have 
been challenging due to their complex structures and 
low yields [42]. Therefore, we expressed grh BGC using 
Micro-HEP (Fig. 5A). The BGC grh was integrated sepa-
rately into the attBphiC31 site and vox-vox2261 site of the 
chassis strain S. coelicolor A3(2)-2023 as well as into the 
attBphiC31 site of wild-type S. coelicolor A3(2). Moreover, 
the BGC integration efficiency remains 100% regardless 
of BGC size—both the 7.5 kb xim and 90 kb grh BGCs 
showed precise RMCE integration in all exconjugants 
analyzed (n = 12 per BGC). The exconjugants S. coelicolor 
A3(2)-2023-grh-attBphiC31, A3(2)-2023-vox-grh-vox2261, 
and A3(2)-grh-attBphiC31 were obtained and fermented in 
M1 media.

LC-MS analysis results showed that there were sev-
eral new peaks in S. coelicolor A3(2)-2023-grh-attBphiC31 
compared with the control strain S. coelicolor A3(2)-
grh-attBphiC31, such as compound 3 (Fig.  5B). The area 
of the most abundant peak (compound 2) at 16 min was 
used to compare the expression level of the grh BGC in 
different strains. The results showed that S. coelicolor 
A3(2)-2023-grh-attBphiC31 and S. coelicolor A3(2)-2023-
vox-grh-vox2261 produced, respectively, 3.4- and 2.9-
fold higher quantities of compound 2 compared with 
levels in S. coelicolor A3(2)-grh-attBphiC31 by the fourth 
day (Fig. 5C). The expression level of the grh BGC in the 
chassis strain S. coelicolor A3(2)-2023 was higher than in 
the S. coelicolor A3(2) strain, suggesting that deletion of 
the act BGC (type II PKS product) in the chassis strain 
reduced competition for precursors. Increasing the copy 
number of BGC had limited effect on the production of 
compound 2 (Fig. S9). However, other metabolic engi-
neering strategies could be considered to further improve 
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Fig. 4  Establishment of RMCE systems mediated by different recombinases in S. coelicolor A3(2)-2023. (A) An illustration of multicopy integration of 
the xim BGC into S. coelicolor A3(2)-2023 chromosome by RMCE recombination. Firstly, the donor strain E. coli GB05-recET-tra-αβγ containing the Vika 
integrative vector is conjugated with S. coelicolor A3(2)-2023, resulting in xim BGC integration into the vox-vox2261 site of A3(2)-2023 by Vika. Then, the 
apramycin resistance gene (apra) flanked by lox71 and lox66 is excised by Cre, resulting in a marker-free strain containing one copy of the BGC. Next, Dre, 
PhiBT1, and Cre integrative vectors are applied sequentially to complete insertion of multiple copies of the BGC via a similar method. (B) Design of the 
five integrative vectors containing the xim BGC. Each integrative vector contains an integrase gene and corresponding sites. The Vika-, Dre-, Flp-, and 
PhiBT1-based integrative vectors contain the apramycin resistance marker gene flanked by lox71and lox66 sites. The Cre-based integrative vector contains 
only the apramycin resistance gene. The small brown arrows indicate lox71 and lox66. (C) Comparison of the production of xiamenmycin in S. coelicolor 
strains harboring one or multiple copies of the xim BGC. Strain S. coelicolor xim-attBphiC31 (attBphiC31) is a control. Error bars indicate SD; n = 3; *p < 0.05; 
***p < 0.001; ****p < 0.0001
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Fig. 5 (See legend on next page.)
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the yield, such as overexpressing positive regulatory fac-
tors or deleting negative regulatory factors.

Large-scale fermentation of strain S. coelicolor A3(2)-
2023-grh-attBphiC31 containing the grh BGC was per-
formed to enable further product separation and 
purification. Compounds 1‒5 were successfully isolated 
and identified (Fig. 5B and Fig. S10). Compounds 1a and 
1b are the known compounds griseorhodin D1 and gris-
eorhodin D2; however, 13C NMR data, such as for C-1, 
C-21, C-24, and C-25, had not been fully determined 
[43]. Therefore, we conducted additional 1D NMR data 
analysis for compounds 1a/1b (Table S7). Compound 2 
was identified as the known compound KS-619-1 [43], 
and HPLC analysis also verified that both compounds 
1a and 1b were slowly converted to compound 2. Com-
pounds 4 and 5 were identified as the known compounds 
griseorhodin G and griseorhodin C, respectively. Com-
pound 3, a new compound, was obtained as a red powder 
and was named griseorhodin H (Fig.  5D). Griseorhodin 
H was not discovered in the crude extract of the S. coeli-
color A3(2) strain containing the grh BGC (Fig. 5B). The 
observed metabolic divergence arises from the meta-
bolic background of the chassis S. coelicolor A3(2)-2023, 
which lacks endogenous red and act BGCs. This deletion 
eliminates resource competition between native and het-
erologous pathways, enhancing metabolic flux toward 
the heterologously expressed grh BGC. By contrast, the 
A3(2)-2023 chassis elevates compound 3 production to 
detectable levels. The molecular formula of griseorhodin 
H was determined to be C32H23NO14 by electrospray ion-
ization–high-resolution mass spectrometry (ESI-HRMS) 
at m/z 644.1049 [M‒H]‒. The planar structure, relative 
configuration, and absolute configuration of compound 
3 were elucidated by extensive spectroscopic analyses 
(SI Appendix, Results and Table S8). These findings dem-
onstrated that the chassis S. coelicolor A3(2)-2023 has 
superior potential for NP discovery and yield improve-
ment compared with S. coelicolor A3(2). The Micro-HEP 
system developed in this study will provide an efficient 
platform for genome mining of novel NPs and enhancing 
production of important microbial drugs. 

Discussion
In this study, E. coli engineered strains that would be 
capable of both modification and conjugative transfer of 
BGCs were constructed by integrating the dual function 
recombineering and transfer element tra-PRha-redαβγ 
into their chromosomes. The application of the bifunc-
tional strains E. coli GB05-recETtra-αβγ and DH5G-Gtra-
αβγ reduces electroporation steps and saves the time 
involved in DNA modification and transfer. Each of these 
strains has its own advantages with the former showing 
the highest efficiency of conjugation transfer and the lat-
ter showing a high recombination efficiency and gener-
ating the highest-quality plasmid preparation due to the 
high biomass of this strain. Because conjugation transfer 
efficiency decreases with increasing plasmid size, GB05-
recETtra-αβγ would be more suitable for transferring 
large BGCs, whereas with small plasmids, DH5G-Gtra-
αβγ would be recommended due to its high recombina-
tion efficiency for facilitating the modification of BGCs. 
While S17-1 derivative is widely recognized for its high 
conjugation efficiency (Fig. 2A) and stability of repetitive 
DNA (Fig. 2D), their utility is constrained by low electro-
poration efficiency for large plasmids (> 100 kb) (Fig. 2B). 
This limitation hinders their application in multi-step 
genetic manipulations (Gibson assembly or DNA edit-
ing), which are critical for modifying complex BGCs. 
Our bifunctional strain (both modify and transfer DNA) 
streamlines the workflow by avoiding intermediate strain 
switching. Additionally, gyrA, dcm, dam, recA and Mu 
on the E. coli chromosomes were modified by Redαβγ 
recombination combined with counterselection, and 
no additional resistance genes were added to the chro-
mosomes of the engineered strains compared with the 
commonly used E. coli ET12567 (pUZ8002). Our strains 
conducive to the use of resistance genes for subsequent 
genetic manipulation and conjugation-mediated multi-
plex plasmid transformation [17].

In addition, in terms of the stability of plasmids con-
taining repetitive sequences, the engineered strains 
performed better than E. coli ET12567 did, which will 
facilitate the cloning and modification of large BGCs 
containing large repetitive sequences (Table S9). Ensur-
ing the stability of BGCs in E. coli without unanticipated 
intramolecular recombination is essential for the suc-
cessful expression of BGCs [18]. Knockout of the dam 

(See figure on previous page.)
Fig. 5  Heterologous expression of the grh BGC from Streptomyces sp. LS-1 in the chassis strain S. coelicolor A3(2)-2023. (A) An illustration of the integration 
of the grh BGC into the chassis strain S. coelicolor A3(2)-2023. Firstly, the Streptomyces sp. LS-1 genome was analyzed by antiSMASH, and the 90 kb BGC grh 
was cloned into a pBAC vector by ExoCET. Secondly, Vika-based RMCE cassettes or the oriT-phiC31-apra cassette was inserted into pBAC-cm-grh by Red 
recombination in E. coli GB05-recET-tra-αβγ. Finally, BGC grh was integrated into the chromosome of the chassis strain and expressed. (B) Base peak chro-
matogram (BPC) analysis of fermentation extracts from S. coelicolor A3(2)-2023-grh-attBphiC31 (red) and S. coelicolor A3(2)-grh-attBphiC31 (blue): compound 
1a/1b (BPC 919.22 + all MS), compound 2 (BPC 475.09 + all MS), compound 3 (BPC 6 46.11 + all MS), compound 4 (BPC 511.08 + all MS), and compound 5 
(BPC 527.07 + all MS). (C) Production of compound 2 at four time-points in S. coelicolor A3(2)-grh-attBphiC31 (A3(2)-attBphiC31), S. coelicolor A3(2)-2023-grh-
attBphiC31 (A3(2)-2023-attBphiC31), and S. coelicolor A3(2)-2023-vox-grh-vox2261 (A3(2)-2023-vox-vox2261). (D) Chemical structure of compound 3. Error 
bars indicate SD; n = 3; ns, p > 0.05; ***p < 0.001; ****p < 0.0001
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gene can reduce the stability of repetitive sequences in 
E. coli due to a Dam methylation-dependent deletion 
mechanism that causes DNA rearrangements [44]; loss 
of the dam gene can impede DNA repair in the pres-
ence of a methylated DNA strand, thereby leading to the 
rearrangements of the repeated sequences. To further 
improve the stability of our engineered strains derived 
from E. coli GB2005 and DH5G, we attempted inducing 
dam gene expression using arabinose or tryptophan-
induced promoters. However, the results were not ideal. 
Plasmids were still methylated due to the leaky expres-
sion of dam. Therefore, further investigation is required 
to explore other genes or systems in E. coli that may con-
tribute to maintaining stable plasmid replication.

PhiC31 integrase-mediated site-specific recombina-
tion has been extensively utilized for the stable chro-
mosomal integration of target BGCs in Streptomyces 
[7]; however, in this study, RMCE method was used to 
integrate the target BGCs. Unlike PhiC31 integrase-
mediated site-specific recombination, which integrates 
whole plasmids into chromosomes [45], RMCE systems 
use box exchange to integrate BGCs, which avoids the 
insertion of unnecessary sequences (plasmid replicons, 
recombinase genes, etc.) (Fig.  4A), thereby minimizing 
potential disruptions. The result of RMCE integration is 
similar to that of double-exchange recombination. And, 
RMCE does not require long homologous arms. More-
over, RMCE-mediated integration of BGCs using the 
recombinases Vika, Dre, and Cre expands the application 
of the tyrosine family of recombinases in Streptomyces. 
Vika has not previously been used in Streptomyces, and 
although the Dre and Cre recombinases have been used 
for DNA deletions in Streptomyces [46], no one has used 
them to complete the integration of BGCs in Streptomy-
ces to our knowledge. Unfortunately, we were unable to 
establish Flp-mediated RMCE recombination in S. coeli-
color A3(2)-2023. Due to a lack of successful Flp inte-
grative vector under the promoter PermE* in E. coli, we 
suspected that using the promoter PermE* to control the 
Flp recombinase gene led to high Flp recombinase activ-
ity that resulted in the recombination of the FRT and F3 
sites, so we then selected the weaker promoter Psco1854 
[47] for expression of the Flp recombinase and success-
fully obtained the correct integrative vector. However, 
in Streptomyces, expression of Flp under Psco1854 control 
failed to result in complete RMCE recombination. Thus, 
to establish a Flp-mediated RMCE system, it will be nec-
essary to explore other constitutive or inducible promot-
ers for controlling Flp expression.

It has been reported that multiple attBphiC31 sites were 
inserted into the Streptomyces chromosome as inte-
gration sites for multi-copy BGCs [22, 24] and the pro-
duction of NP can be increased through increasing the 
number of copies of the target BGC. Increasing the copy 

number of BGC is one of the important methods to 
increase yield. Using our chassis strain S. coelicolor A3(2)-
2023, two to four copies of the xim BGC was integrated 
into the chromosome and expression of xiamenmycin 
was increased with increased copy number. In addition, 
the multiple RMCE sites also will offer other strategies to 
increase production of NPs. It should be noted that hav-
ing multiple RMCE sites not only allows for the insertion 
of more than one copy of a target BGC but also the addi-
tion of other genes such as regulatory genes or modi-
fied genes of the BGC since RMCE sites are recognized 
by different integrases and do not cross-recombine with 
each other. Therefore, this RMCE system can be used to 
overexpress BGCs to increase NP yield.

High-yield production of targeted compounds in an 
ideal chassis strain is a good approach for identifying 
complex or unstable structures. In this study, the 90 kb 
grh BGC from Streptomyces sp. LS-1 was heterologously 
expressed using our Micro-HEP system. We rapidly 
obtained large amounts of these compounds by expres-
sion of the grh BGC, enabling the full structural elucida-
tion of these compounds by NMR and identing a new 
compound griseorhodin H. Our findings demonstrate 
that heterologous expression of BGCs using our Micro-
HEP system can play a valuable role in the discovery of 
new NPs as well as provide high yields that allow further 
biochemical characterization of the products.

Conclusion
The Micro-HEP system based on engineered strain E. coli 
and chassis strain S. coelicolor enables the genetic modi-
fication, transfer, integration, and expression of biosyn-
thesis gene clusters (BGCs) for natural products (NPs).  
The modular RMCE cassettes provide the transfer origin 
site oriT, integrases (Vika, Dre, Cre, and PhiBT1), and 
integrase-recognized RMCE sites for BGC transfer and 
chromosome integration. The engineered strain E. coli 
with inserted recombineering and conjugative transfer 
element tra-PRha-redαβγ on the chromosome, that can 
achieve modification and transfer of BGCs. The chassis 
strain S. coelicolor A3(2)-2023 contains multiple intro-
duced RMCE sites and deletions of multiple endogenous 
BGCs, thereby facilitating the insertion of multiple cop-
ies of NP BGCs or their regulatory factors and reducing 
competition for precursors and energy. Heterologous 
expression of NP BGCs using our Micro-HEP system 
can not only facilitate the study of complex BGCs and 
improve the yield of target compounds, but also cre-
ate novel synthetic pathways for the production of new 
active compounds with diverse structures.
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