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ARTICLE INFO ABSTRACT

Keywords: Actinomycetes produce a large variety of pharmaceutically active compounds, yet production titers often require
Secondary metabolite to be improved for discovery, development and large-scale manufacturing. Here, we describe a new technique,
Actinomycetes multiplexed site-specific genome engineering (MSGE) via the ‘one integrase-multiple attB sites’ concept, for the

Site-specific recombination
Gene cluster amplification
Genome mining

stable integration of secondary metabolite biosynthetic gene clusters (BGCs). Using MSGE, we achieved five-
copy chromosomal integration of the pristinamycin II (PII) BGC in Streptomyces pristinaespiralis, resulting in
the highest reported PII titers in flask and batch fermentations (2.2 and 2 g/L, respectively). Furthermore,
MSGE was successfully extended to develop a panel of powerful Streptomyces coelicolor heterologous hosts, in
which up to four copies of the BGCs for chloramphenicol or anti-tumour compound YM-216391 were efficiently
integrated in a single step, leading to significantly elevated productivity (2-23 times). Our multiplexed approach
holds great potential for robust genome engineering of industrial actinomycetes and novel drug discovery by

genome mining.

1. Introduction

Secondary metabolites produced by actinomycetes have historically
made crucial contributions to health care and agriculture, and continue
to be major sources for the discovery of novel drug leads (Barka et al.,
2015; Harvey et al., 2015; Jensen et al., 2015). Recent extensive
microbial (meta)genome sequencing efforts have revealed that ~90% of
secondary metabolite biosynthetic gene clusters (BGCs) in actinomy-
cetes are cryptic or silent in the laboratory setting and are thus
regarded as a treasure chest of information awaiting linkage to
chemical compounds (Baltz, 2016a; Cimermancic et al., 2014;
Doroghazi et al., 2014). However, bioprospecting of novel bioactive
small molecules or commercial production of important clinically used
drugs often required improved biosynthetic performance. Typically,
repeated cycles of random mutagenesis and screening have served as
an efficient strategy for yield improvement, but this approach is
laborious and time-consuming. Over the past decade, metabolic
engineering has become a powerful strategy to optimize secondary
metabolism in actinomycetes (Baltz, 2016b; O'Connor, 2015). The

current metabolic engineering approaches that are generally used to
facilitate product development and commercialization include: (1)
enhancing precursor supply; (2) overexpressing or disrupting pleio-
tropic/pathway-specific regulatory genes; (3) modifying transcription/
translation apparatus; and (4) duplication or higher-order amplifica-
tion of rate-limiting enzyme encoding genes or complete BGCs (Baltz,
2016b; Zhang et al., 2016).

As a biotechnological tool, the amplification of bacterial genomic
DNA plays an important role in strain improvement in a variety of
pharmaceutical and industrial applications, including antibiotic bio-
synthesis, bioconversion and degradation of toxic compounds. Over the
past decade, high-order amplification of complete BGCs has been
developed as an efficient strategy to facilitate antibiotic biosynthesis.
This approach was validated to a limited extent by findings from some
overproducing strains derived from traditional mutagenesis screening,
such as Penicillium chrysogenum, Streptomyces lincolnensis and
Streptomyces kanamyceticus, which contain tandem amplifications
of the corresponding antibiotic BGCs (Fierro et al., 1995; Peschke et al.,
1995; Yanai et al., 2006). Murakami et al. discovered that the relaxase
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ZouA and two oriT-like recombination sites RsA/RsB mediated tandem
amplification of the kanamycin BGC potentially via a rolling circle
mechanism in S. kanamyceticus (Murakami et al., 2011). Using the
ZouA-mediated DNA recombination system, 4—12 tandem copies of
the actinorhodin (ACT) BGC and 3-5 copies of the validamycin A
(VAL-A) BGC were successfully introduced into the genomes of
Streptomyces coelicolor M145 and Streptomyces hygroscopicus
5008 under antibiotic selection, resulting in 20- and 0.34-fold increases
in ACT and VAL-A production, respectively (Murakami et al., 2011;
Zhou et al., 2014). However, the tandemly amplified BGCs would be
gradually lost in the absence of antibiotic selection (Zhou et al., 2014),
suggesting that this method is not suitable for constructing antibiotic
hyperproducing strains for large-scale fermentation.

As an attractive alternative, bacteriophage (such as ®C31, ®BT1
and TG1) attachment/integration (Att/Int) systems have been widely
exploited for the stable chromosomal integration of target BGCs,
thereby enhancing the production of many antibiotics in actinomycetes
(Baltz, 2012). In most cases, only one extra copy of target BGCs is
introduced by a single Att/Int system, and thus the range of yield
improvement is often limited. Recently, two compatible @C31 and TG1
Att/Int systems were used in a step-by-step manner to duplicate and
triplicate the goadsporin BGC, resulting in 1.5- and 2.3-fold increases
in goadsporin production of Streptomyces sp. TP-A0584, respectively
(Haginaka et al., 2014). However, the entire procedure for BGC
amplification using different Att/Int systems involves repeated rounds
of integrating-plasmid construction and conjugative transfer, and the
number of integrated BGCs is also limited by the number of resistance
markers available for selection.

Here, we developed a simple and general method for the single-
step, multi-copy chromosomal integration of target BGCs via the ‘one
integrase-multiple attB sites’ concept. We designate this method MSGE
(Multiplexed Site-specific Genome Engineering). As a proof-of-concept,
multiple artificial attB sites (including three artificial @C31 sites and
two artificial ®BT1 attB sites) were inserted step by step into the
genome of a pristinamycin II (PII) high-producing Streptomyces
pristinaespiralis strain beforehand. Then, the ®C31 Att/Int system
was used to achieve three-copy integration of the pristinamycin II (PII)
BGC. Subsequently, a new in vitro DNA editing method was estab-
lished by combining the CRISPR/Cas9 system with Gibson assembly to
rapidly introduce the compatible @BT1 Att/Int system for second-
round amplification of the PII BGC. The final engineered S. pristinae-
spiralis strain carrying five extra copies of the PII BGC produced the
highest PII titers thus far reported and showed a very high genetic
stability over multiple generations in the absence of antibiotic selec-
tion. In addition, a series of reliable heterologous hosts derived from S.
coelicolor M1146 and M1152 (Gomez-Escribano and Bibb, 2011) were
developed by introducing different numbers of artificial ®C31 attB
sites. Using the engineered S. coelicolor hosts, the production of
chloramphenicol and the anti-tumour compound YM-216391 was
markedly enhanced by single-step, four-copy chromosomal integration
of the corresponding cloned BGCs. We expect that MSGE not only can
be an effective tool to facilitate the biosynthesis of important secondary
metabolites in laboratory and industrial actinomycete strains, but also
provides a new design mode to construct robust expression hosts for
the discovery of novel natural products.

2. Materials and methods
2.1. Strains, plasmids and growth conditions

The strains and plasmids used in this study are listed in Table S1. S.
pristinaespiralis ApapR5+R4R6 (named SBJ1000) (Li et al., 2015)
and its derivatives were grown at 30 °C on RP medium (g/L, soluble
starch 20, soybean flour 10, valine 0.5, KH,PO4 0.5, MgSO,4+7H,0 1,
NaCl 2, CaCO3 3 and agar 20) for spore preparation, conjugal transfer
and phenotype observation. S. coelicolor M1146, M1152 and their
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derivatives were grown at 30 °C on MS medium (g/L, soybean flour 20,
mannitol 20, and agar 20) for spore preparation, conjugal transfer and
phenotype observation. S. pristinaespiralis and S. coelicolor were
grown on M-Isp4 medium (g/L, soybean flour 5, mannitol 5, starch
5, tryptone 2, yeast extract 1, NaCl 1, (NH4)»SO, 2, Ko;HPO,4 1, CaCOs3
2, agar 20, and trace element solution 1 mL, pH 7.2) for conjugal
transfer when the CRISPR/Cas9 genome editing tool was used to
introduce artificial attB site into their chromosomes. S. pristinaespir-
alis HCCB10218 and S.coelicolor M145 were cultivated in liquid RP
(g/L, tryptone 5, yeast extract 5, valine 0.5, NaCl 2, KH,PO, 0.5 and
MgS04+7H,0 1, pH 6.4) and YEME medium (g/L, yeast extract 3,
peptone, 5, malt extract 3, glucose 10, sucrose 340 and MgSO4+7H->0
1.24), respectively, on an orbital shaker (200 rpm) at 30 °C for total
DNA isolation.

Escherichia coli DH5a and EPI300 were used for DNA cloning. E.
coli S17-1 and ET12567/pUZ8002 were used for conjugal transfer
from E. coli to S. pristinaespiralis and S. coelicolor, respectively. E. coli
strains were grown at 37 °C in Luria-Bertani (LB) medium. Antibiotics
(50 pg/mL of kanamycin and apramycin) were added when necessary.

2.2. DNA and RNA manipulation

An E.ZZN.A.° BAC/PAC DNA Kit (Omega Bio-Tek) was used to
isolate bacterial artificial chromosome (BAC) vectors BAC-F1F15 and
BAC-F1F15(BT-aphIl) and cosmids pAH91 and pST85. Transcription
templates for generating sgRNA (single guide RNA) were amplified
using plasmid pCB003 (Jiang et al., 2015b) as the template with the
primers listed in Table S2. sgRNA was in vitro transcribed using a
MEGAscript Kit (Ambion) and then purified with a MEGAclear Kit
(Ambion). The linearized DNA fragments from Cas9-digested BAC-
F1F15 or pAH91 were obtained by ethanol precipitation. PFGE (Pulsed
Field Gel Electrophoresis) was performed with 1% agarose gel in
0.5xTBE buffer using CHEF-DR® III System (Bio-Rad) set to auto-
algorithm programme with 5-250 kb parameters (6 Vem™, 20h,
120°) and with circulation at 14 °C. After PFGE, the gel was stained
with ethidium bromide (EB) and DNA bands were visualized using a
UVIpro Platinum gel documentation system. S. pristinaespiralis and S.
coelicolor genomic DNA isolation and intergeneric conjugal transfer
were performed as described previously (Kieser et al., 2000).

2.3. Refactoring BGCs by combining the in vitro CRISPR/Cas9 system
with Gibson assembly

Plasmid BAC-F1F15 (containing the PII BGC) was obtained using
the modified Gibson assembly method as described previously (Li et al.,
2015). To obtain the recombinant plasmid BAC-F1F15(BT-aphII) by
replacing the @C31 int & acc(3)IV cassette with the ®BT1 int & aphIl
cassette, a new in vitro DNA editing method was developed by
combining the CRISPR/Cas9 system with Gibson assembly. Briefly,
BAC-F1F15 (3.2 ug) was digested with 1.6 ug of the RNA-guided
endonuclease Cas9, 1 ug ®C31-sgRNA-up and 1 pg PC31-sgRNA-
down for 2 h at 37 °C, and the linearized plasmid was recovered by
ethanol precipitation. Using plasmid pRT802 as the template, the
®BT1 int & aphlI cassette (4.1 kb) was obtained by PCR amplification
using primers ®BT1-cassette-fw/rev. Then, 5 pL of equimolar DNA
(containing 0.8 pg Cas9-digested plasmid and the ®BT1 int & aphll
cassette) was added to the Gibson assembly mixture. The reaction
mixture was incubated at 50 °C for 1h and 1 pL of the assembled
product was electrotransformed into E. coli EPI300. The cells were
recovered for 2 h in LB liquid medium and then incubated on LB agar
containing 50 pg/mL each of chloramphenicol and kanamycin at 37 °C
for 18-24 h.

Next, two plasmids, pAH91AcmIR and pAH91kasOp*-cmlR, con-
taining an in-frame deletion of cmlR and the strong promoter kasOp*
in place of the cmlR promoter, respectively, were also constructed
using the same DNA editing method. Briefly, the upstream and
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downstream arms of the cmlR gene were obtained by PCR using primer
pairs cmlR-up-fw/rev and cmlIR-down-fw/rev, respectively, and then
ligated together by overlapping PCR using primers cmlR-up-fw and
cmlR-down-rev. The resulting DNA fragment was assembled into Cas9-
digested pAH91 with the sgRNA pair cmlR-sgRNA-up and cmlR-
sgRNA-down to generate pAH91AcmlR. To construct the
pAH91kasOp*-cmlR plasmid, the strong promoter kasOp* was intro-
duced when the upstream and downstream arms of the cmlR gene were
ligated by overlapping PCR.

2.4. Construction of the S. pristinaespiralis and S. coelicolor mutants

The S. pristinaespiralis strains SBJ1000::attB, SBJ1000::2attB and
SBJ1000::3attB were constructed using the CRISPR/Cas9 genome
editing tool (Huang et al., 2015). To generate the SBJ1000::attB
mutant carrying an in-frame deletion of the first non-target cluster
(BGC13, from 4050261 to 4072243, 22 kb) and simultaneous intro-
duction of an artificial @C31 attB site, the upstream and downstream
regions of BGC13 were obtained by PCR amplification using primer
pairs Del-BGC13-up-fw/rev and Del-BGC13-down-fw/rev, respec-
tively. Using plasmid pCB003 as the template, the sgRNA expression
cassette was obtained by PCR amplification with primers BGC13-
sgRNA-fw and sgRNA-rev. Then, three DNA fragments were assembled
by overlapping PCR with primers BGC13-sgRNA-fw and Del-BGC13-
down-rev, and double-digested with Hind III and Spe I. The resulting
DNA fragment was cloned into pKCCas9 to yield pKCCas9-BGC13. The
obtained plasmid was introduced into the parental strain SBJ1000 by
conjugal transfer on M-Isp4 medium and the resulting strains were
subsequently grown on solid RP medium without apramycin at 37 °C
for two rounds to remove plasmid pKCCas9-BGC13. The correct double
cross-overs were verified by PCR and sequence analysis with primers
ID-BGC13-fw/rev, yielding the SBJ1000::attB mutant. Similarly,
SBJ1000::2attB (containing an in-frame deletion of the second non-
target cluster BGC3, from 1106415 to 1130923, 24.5kb) and
SBJ1000::3attB (containing an in-frame deletion of the third non-
target cluster BGC2, from 686202 to 696578, 10.3 kb) were con-
structed from SBJ1000::attB and SBJ1000::2attB, respectively.
SBJ1002 and SBJ1003 were obtained by integrating the plasmid
BAC-F1F15 into SBJ1000::attB and SBJ1000::2attB, respectively.
The primer pairs ID-native-attB-fw/ID-int-rev, ID-BGC13-attB-fw/
ID-int-rev, ID-BGC3-attB-fw/ID-int-rev and ID-BGC2-attB-fw/ID-
int-rev were used to track the successful integration of plasmid BAC-
F1F15 into the corresponding @C31 attB sites. As a control, the cosmid
pAH91 was introduced into SBJ1000::attB, SBJ1000::2attB and
SBJ1000::3attB to compare the integration efficiency.

Similarly, SBJ1000::2attB::attBT (with introduction of ®BT1 attB
site and simultaneous in-frame deletion of the non-target
cluster BGC15, from 5663822 to 5683512, 19.7kb) and
SBJ1000::2attB::2attBT (with introduction of ®BT1 attB site and
simultaneous in-frame deletion of the non-target cluster BGC5, from
2056199 to 2066570, 10.4 kb) were constructed from SBJ1000::2attB
and SBJ1000::2attB::attBT, respectively. The recombinant plasmid
BAC-F1F15(BT-aphll) was introduced into SBJ1003 to generate
SBJ1004. Next, we constructed SBJ1005 by the step-by-step integra-
tion of plasmids BAC-F1F15 and BAC-F1F15(BT-aphll) into
SBJ1000::2attB::attBT. The primer pairs ID-oriT-fw/ID-native-BT1-
attB-rev and ID-oriT-fw/ID-BGC15-BT1-attB-rev were used to track
the successful integration of plasmid BAC-F1F15(BT-aphll) into the
corresponding ®BT1 attB sites.

Finally, we constructed a series of S. coelicolor heterologous hosts
M1252-M1552 and M1246-M1546 using the CRISPR/Cas9 genome
editing method (Huang et al., 2015). To generate the M1252 mutant
(containing an artificial @C31 attB site inserted into the location where
the CPK BGC was deleted), the upstream and downstream regions of
the CPK BGC were obtained by PCR amplification with the primer pairs
Del-CPK-up-fw/rev and Del-CPK-down-fw/rev, respectively. Using the
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plasmid pCB003 as the template, the sgRNA expression cassette was
obtained by PCR amplification with primers CPK-sgRNA-fw and
sgRNA-rev. Then, three DNA fragments were then assembled by
overlapping PCR using primers CPK-sgRNA-fw and Del-CPK-down-
rev. The resulting DNA fragment was cloned into pKCCas9 using the
one-step cloning kit (Vazyme) to yield pKCCas9-CPK. The obtained
plasmid was introduced into the M1152 strain by conjugal transfer on
M-Isp4 medium. The correct double cross-overs were verified by PCR
using primers ID-CPK-fw/rev, yielding the M1252 mutant. To easily
identify the insertion of @C31 attB sites, we knocked out a short DNA
region (~500 bp) in the target location where the artificial attB site was
meant to be inserted. The M1352 mutant (containing two artificial
@C31 attB sites and the second @C31 attB site was inserted into the
location where the RED BGC was deleted) was constructed from
M1252 using the same strategy. The mutants M1452 (containing three
artificial @C31 attB sites and the third @C31 attB site was inserted into
the location where the CDA BGC was deleted) and M1552 (containing
four artificial @C31 attB sites and the fourth @C31 attB site was
inserted into the location where the ACT BGC was deleted) were also
constructed from M1352 and M1452, respectively. Using M1146 as the
starting strain, the M1246-M1546 mutants were obtained using the
same procedure applied for M1252-M1552. The cosmid pAH91
(containing the chloramphenicol BGC) was then introduced into
M1152-M1552 by conjugal transfer. Similarly, the cosmid pST85
(containing the YM-216391 BGC) was introduced into M1152-
M1552 and M1146-M1546. The primer pairs ID-oriT-fw/ID-native-
attB-rev, ID-oriT-fw/ID-CPK-attB-rev, ID-oriT-fw/ID-RED-attB-rev,
ID-oriT-fw/ID-CDA-attB-rev and ID-oriT-fw/ID-ACT-attB-rev were
used to track the successful integration of the cosmid pAH91 or
pST85 into the corresponding ®C31 attB sites. As a control, plasmid
BAC-F1F15 was also introduced into M1152-M1552 to compare the
integration efficiency. In each experiment, ten exconjugants were
randomly picked to determine the integration efficiency by PCR
analysis and the experiments were repeated twice. The primers used
are listed in Table S2.

2.5. Pristinamycin II production and microscopic observation of S.
pristinaespiralis

Morphological observation, fermentation and analysis of pristina-
mycin II production were performed as described previously (Li et al.,
2015). The data were analyzed by Student's t-test, with *p <0.05
indicating significant difference.

2.6. Chloramphenicol production

S. coelicolor fermentation and chloramphenicol production were
performed as described previously (Gomez-Escribano and Bibb, 2011).
Briefly, M1152-M1452/pAH91 were germinated in 4 mL of 2xYT for
8-10h at 30 °C and re-suspended in GYM medium (g/L, glucose 4,
yeast extract 4, malt extract 10, peptone 1 and NaCl 2, pH 7.2). The
cultures were then incubated at 30 °C in 50 mL of GYM medium in a
250-mL shake flask on an orbital shaker (200 rpm). The fermentation
samples were harvested at 1, 2, 3, 4 and 5 days, and centrifuged at 12,
000 rpm for 10 min. The supernatants were used to directly analyze
chloramphenicol production by HPLC (1260 series, Agilent) using a
4.6x150 mm Zorbax Eclipse XDB-C18 column (Agilent). For HPLC
detection, a water: methanol gradient was used as the mobile phase:
min 0, 25% methanol; min 2, 25% methanol; min 12, 50% methanol,
min 14, 100% methanol; min 20, 100% methanol; min 22, 25%
methanol; and min 25, 25% methanol. The flow rate was 1.0 mL/min
and chloramphenicol eluted at approximately 11.3 min. The eluate was
monitored at 273nm, and the column temperature was 30 °C. The
chromatogram of chloramphenicol is presented in Fig. Sla, and
chloramphenicol production was calculated from the standard curve
(Fig. S1b). The data were analyzed by Student's t-test, with *p < 0.05
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indicating significant difference.
2.7. YM-216391 production

S. coelicolor fermentation and YM-216391 production analysis
were performed as described previously (Jian et al., 2012). The
fermentation procedure employed for YM-216391 was similar to that
used for chloramphenicol. The fermentation samples were harvested at
1, 2, 3, 4 and 5 days, and centrifuged at 12, 000 rpm for 10 min. The
mycelia were extracted with the same volume of acetone overnight. The
supernatants from fermentation samples and extracted mixtures were
used to analyze YM-216391 production by HPLC (1260 series, Agilent)
using a 4.6x150 mm Zorbax Eclipse XDB-C18 column (Agilent). For
HPLC detection, a water: acetonitrile gradient was used as the mobile
phase: min 0, 10% acetonitrile; min 5, 10% acetonitrile; min 25, 95%
acetonitrile, min 28, 10% acetonitrile; and min 30, 10% acetonitrile.
The flow rate was 1.0 mL/min and YM-216391 eluted at approximately
21.4 min. The eluate was monitored at 287nm, and the column
temperature was 30 °C. The chromatogram of YM-216391 is presented
in Fig. S2a, and YM-216391 production was calculated according to the
standard curve (Fig. S2b). The data were analyzed by Student's t-test,
with *p < 0.05 indicating significant difference.

2.8. RNA preparation and quantitative real-time PCR (qRT-PCR)

RNA preparation and qRT-PCR analysis were performed as de-
scribed previously (Wang et al., 2013a). The primers used are listed in
Table S2. For transcriptional analysis in S. pristinaespiralis and S.
coelicolor, two hrdB genes (encoding the corresponding RNA poly-
merase principal sigma factor), namely SSDG 06142 (hrdBspr) and
sc05820 (hrdB), respectively, were used as internal controls. qRT-PCR
analysis was performed in triplicate for each transcript and repeated
with three independent RNA samples. The relative expression levels of
the tested genes were normalized to those of hrdBspr or hrdB. The
relative fold-changes in the expression of each gene were determined
using the 2-84Ct ethod (Livak and Schmittgen, 2001). The data were
analyzed by Student's t-test, with *p <0.05 indicating significant
difference.

3. Results
3.1. Design of the MSGE method

Many actinomycetes typically contain no or only one active attB site
for each bacteriophage integrase (Baltz, 2012). In theory, the prior
introduction of artificial attB sites into the actinomycete chromosome
could allow the simultaneous integration of multiple copies of target
BGCs after a single round of conjugal transfer. Herein, the genomic loci
of secondary metabolite BGCs, which do not encode the target
products, are named as “non-target BGCs” and chosen for the insertion
of artificial attB sites, since deletion of the non-target BGCs could
possibly facilitate precursor availability and simplify the identification
of target products (Gomez-Escribano and Bibb, 2014; Komatsu et al.,
2010). Furthermore, genome-reduced actinomycete strains, where
non-target BGCs were deleted, could maintain the original scale of
the chromosome after amplification of target BGCs, thus avoiding
limited chromosome packaging space within the spore (Yanai et al.,
2006).

Therefore, we design to knock out the non-target BGCs in two
representative antibiotic-producing streptomycetes and simultaneously
introduce artificial attB sites into the chromosome (Fig. 1), which could
be rapidly accomplished using the highly-efficient CRISPR/Cas9 gen-
ome editing method (Huang et al., 2015). The experimental setup and
procedure are as follows. First, an artificial attB site is added between
two homology-directed repair templates for deleting a non-target BGC.
Then, the CRISPR/Cas9 editing system is employed to rapidly knock
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out the non-target BGC and simultaneously insert the exogenous attB
site. Through several rounds of the deletion/insertion process, multiple
artificial attB sites are discretely introduced into the chromosome of
actinomycetes. Finally, after a single round of conjugal transfer, multi-
copy target BGCs would be possibly integrated into the native and
artificial attB sites at the same time (Fig. 1). By this ‘one integrase-
multiple attB sites’ strategy, we aimed to develop MSGE (Multiplexed
Site-specific Genome Engineering) to achieve the single-step, multi-
copy chromosomal integration of target BGCs, which may effectively
improve production of important secondary metabolites in actinomy-
cetes.

3.2. Validating MSGE for enhanced pristinamycin II (PII) production
in S. pristinaespiralis

Pristinamycin produced by S. pristinaespiralis, consists of two
chemically unrelated molecules, pristinamycin I (PI) and pristinamycin
II (PII). PI, and PII, are the major forms of PI and PII, respectively.
Semi-synthetic derivatives of pristinamycin have been approved to
treat a broad range of drug-resistant pathogens (Mast and Wohlleben,
2014). Previously, we employed a combinatorial metabolic engineering
strategy involving the duplication of the PII BGC and the systematic
engineering of cluster-situated regulatory genes to optimize PII pro-
duction (Li et al., 2015). The introduction of an extra PII BGC via the
@C31 Att/Int system led to a significant increase in PII titers by 75% in
the recombinant strain ApapR5+R4R6 (named SBJ1000), which was
generated by deleting the repressor gene papR5 in combination with
overexpression of both activator genes papR4 and papR6 (Li et al.,
2015). We reasoned that higher-order amplification of the PII BGC
may further enhance PII production.

As a proof-of-concept, we aimed to amplify the PII BGC based on
the SBJ1000 strain using the MSGE method. By antiSMASH analysis
(Weber et al., 2015a), we found that the S. pristinaespiralis genome
harbours 19 secondary metabolite BGCs with the capacity to produce
polyketides (PKs), non-ribosomal peptides (NRPs), terpenes and
bacteriocins, etc. (Fig. S31). Considering that pristinamycin biosynth-
esis is catalysed by a hybrid PKS-NRPS system (Mast et al., 2011), the
other three PKS or NRPS BGCs (BGC 2, 3 and 13) were initially chosen
as deletion/integration loci (Fig. S3).

First, we deleted the non-target cluster BGC13, and simultaneously
inserted an artificial @C31 attB site into the chromosome via CRISPR/
Cas9 genome editing technology. The resulting strain (named
SBJ1000::attB) was verified by PCR amplification and sequence
analysis (Fig. 2a). BGC13 deletion had no obvious effect on PII
production (Fig. 2b) and mycelium formation in fermentation medium
(data not shown). Next, the plasmid BAC-F1F15 (containing the entire
PII BGC) was introduced into SBJ1000::attB by intergeneric conjuga-
tion. As shown in Fig. S4a, the PII BGC was simultaneously integrated
into the native and artificial @C31 attB sites in SBJ1000::attB, showing
an insertion efficiency of 100%. This recombinant strain containing two
extra copies of the PII BGC was named SBJ1002, and the previously
generated SBJ1000/BAC-F1F15 strain (Li et al., 2015) containing an
extra copy of the PII BGC was renamed SBJ1001. Fermentation
analysis showed that SBJ1002 produced a maximum PII titer of
538 mg/L, which was approximately 17% and 68% higher than
SBJ1001 and SBJ1000, respectively (Fig. 2¢). These results prompted
us to introduce more copies of the PII BGC into the S. pristinaespiralis
genome for PII titer improvement.

For this purpose, two more artificial attB sites were introduced into
the genome step by step. First, SBJ1000::2attB, which harbours two
artificial @C31 attB sites, was constructed by deleting the second non-
target cluster, BGC3, based on SBJ1000::attB. Similarly,
SBJ1000::3attB was generated from SBJ1000::2attB by replacing the
third non-target cluster, BGC2, with an artificial ®C31 attB site
(Fig. 2a). Further deletion of the two non-target BGCs had no obvious
effect on PII production (Fig. 2b) and mycelium formation in fermen-
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tation medium (data not shown). We found that when BAC-F1F15 was
introduced into SBJ1000::2attB, only one of ten exconjugants con-
tained three extra copies of the PII BGC, yielding SBJ1003 (Fig. S4b).
However, we failed to obtain an engineered strain carrying four
chromosomally integrated copies of the PII BGC when BAC-F1F15
was introduced into SBJ1000::3attB (Fig. S4c). These results indicated
that the integration efficiency continuously declines as more copies of
the PII BGC are introduced by the MSGE method.

We found that SBJ1002 and SBJ1003 exhibited no obvious growth
difference on solid agar plates compared with SBJ1000 and SBJ1001
(Fig. S51). Importantly, the maximum PII production of SBJ1003
reached approximately 720 mg/L, representing 34% and 125% im-
provements over SBJ1002 and SBJ1000, respectively (Fig. 2c¢). The
addition of 6% macroreticular resin HB60, which can absorb pristina-
mycin in situ and thereby weaken its toxic effect and feedback
inhibition (Jia et al., 2006), further increased the PII titers of
SBJ1003 to 1.78 g/L, which were 16% and 150% higher than those
of SBJ1002 and SBJ1000, respectively (Fig. 2d). Finally, qRT-PCR
analysis was performed to examine the effects of BGC amplification at
the transcriptional level. Four PII biosynthetic genes, snaE3, snaF,
snaG and snaN, were selected and tested. Consistent with the elevated
PII titers following BGC amplification, the expression levels of these
genes increased in step with increasing copy numbers of the PII BGC at
early stages of fermentation (22 h) (Fig. S6a). However, although
SBJ1002 and SBJ1003 produced higher PII titers than SBJ1000, all
of the tested genes in these two engineered strains exhibited similar
and even slightly reduced transcription compared with that in SBJ1000
after 30h and 48 h of fermentation, respectively (Fig. S6a). This
phenomenon may be due to product inhibition of pristinamycin

84

biosynthesis as described previously (Jia et al., 2006). Growth analysis
by light microscopy also revealed that, compared with the parental
strain SBJ1000, which showed normal mycelium formation, SBJ1002
and SBJ1003 formed sparse, short mycelia after 72 h of fermentation
(Fig. S6b). This phenomenon may be ascribed to the toxic effects of
higher PII production on mycelium formation upon multi-copy PII
BGC integration. Overall, MSGE via the ‘one integrase-multiple attB
sites’ concept achieved the single-step, three-copy chromosomal inte-
gration of the PII BGC, which significantly improved PII production in
S. pristinaespiralis.

3.3. Employing MSGE for second-round amplification of the PII BGC
in S. pristinaespiralis

To explore whether PII production could be further enhanced by
integrating more copies of the PII BGC into the S. pristinaespiralis
chromosome, we employed MSGE again for second-round BGC
amplification based on the compatible ®BT1 Att/Int system. The first
step was to replace the ®C31 integrase/attP and the apramycin
resistance marker (@C31 int & acc(3)IV cassette) of the plasmid
BAC-F1F15 by the ®BT1 integrase/attP and the kanamycin resistance
marker (®BT1 int & aphll cassette). To quickly achieve this, we
developed a new in vitro DNA editing method by combining the
CRISPR/Cas9 system with Gibson assembly (Gibson et al., 2009; Jinek
et al., 2012), in which Gibson assembly was used to repair the Cas9-
generated sticky ends and thus refactor DNA fragments. The plasmid
BAC-F1F15 was digested with the RNA-guided Cas9 endonuclease at
designated target sites to release the @C31 int & acc(3)IV cassette.
Then, the ®BT1 int & aphll cassette from plasmid pRT802 (Gregory
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et al., 2003) were ligated to the linearized plasmid BAC-F1F15 in a
Gibson assembly mix to generate the recombinant plasmid BAC-
F1F15(BT-aphlII) (Fig. 3a and b). By restriction and DNA sequencing
analysis, we found that this new DNA editing method could rapidly
execute the replacement of the integration-resistance cassette with 45%
efficiency (Fig. 3c).

Next, the recombinant plasmid BAC-F1F15(BT-aphlIl) was intro-
duced into SBJ1003 containing a native ®BT1 attB site to generate
SBJ1004. Considering that the SBJ1003 genome contains a total of
four copies of the PII BGC, homologous recombination (HR) may occur
following the introduction of BAC-F1F15(BT-aphIl). Therefore, we
compared the frequency of HR and site-specific recombination (SSR)
and showed that the plasmid BAC-F1F15(BT-aphlII) could be inte-
grated into the chromosome by SSR with 90% efficiency (Fig. S7a). In
fact, the nature of SSR, namely, that the recombination process
requires cleavage of the genome, theoretically ensures a higher
frequency of integration into the host chromosome than that of HR
for a given Streptomyces strain. Upon addition of 6% resin HB60, the
PII titer of SBJ1004 further reached 2.06 g/L after 96 h of fermenta-
tion, representing a 16% improvement over SBJ1003 (Fig. 4).

To assess whether the PII BGC could be further amplified by the
MSGE method, we introduced an artificial ®BT1 attB site into
SBJ1000::2attB following deletion of the non-target cluster BGC15,
yielding SBJ1000::2attB::attBT. Similarly, SBJ1000::2attB::2attBT
was also constructed by inserting a second artificial ®BT1 attB site
into the deleted cluster BGC5 (Fig. 4a). Deleting the two non-target
BGCs had no obvious effect on PII production (Fig. 4b) and mycelium
formation in fermentation medium (data not shown). Then, we
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introduced BAC-F1F15 into SBJ1000::2attB::attBT  and
SBJ1000::2attB::2attBT via the @C31 Att/Int system for first-round
amplification of the PII BGC, generating SBJ1003::attBT and
SBJ1003::2attBT, respectively. Fermentation analysis showed that
the two intermediate strains produced PII titers similar to those of
SBJ1003 (data not shown). Subsequently, BAC-F1F15(BT-aphlIl) was
transferred into SBJ1003::attBT, and 90% of the exconjugants exhib-
ited simultaneous chromosomal integration of two copies of BAC-
F1F15(BT-aphlII), generating SBJ1005 (Fig. S7b). However, we failed
to obtain an engineered strain containing six extra copies of the PII
BGC due to the absence of exconjugants following the introduction of
BAC-F1F15(BT-aphII) into SBJ1003::2attBT. On solid RP agar plates,
we found that SBJ1005 exhibited no obvious growth difference
compared with SBJ1004 and SBJ1003 (Fig. S8).

Finally, we evaluated whether the introduction of a fifth extra copy
of the PII BGC enhanced PII production. Fermentation analysis
showed that the final engineered strain SBJ1005 containing five extra
copies of the PII BGC produced a PII titer of 2.24 g/L upon addition of
6% resin HB60, which was 9% and 216% higher than SBJ1004 and the
starting strain SBJ1000, respectively (Fig. 4c). However, without the
presence of resin in the fermentation medium, SBJ1004 and SBJ1005
produced lower PII titers than SBJ1003 (Fig. S9a). Growth analysis
revealed that during the early stage of fermentation (48 h), SBJ1004
and SBJ1005 formed short, sparse mycelia compared with SBJ1003,
which showed normal mycelium formation (Fig. S9b). Therefore, we
speculated that further integration of the PII BGC in SBJ1003 might
result in precocious and higher transcription of the PII biosynthetic
genes and thus disrupt normal bacterial growth at early stages of
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fermentation. This incoordination might ultimately lead to the lower
PII titers in SBJ1004 and SBJ1005. Furthermore, the end-product
feedback effect may become stronger after introduction of more copies
of the PII BGC, thus resulting in tighter repressive effects on PII
biosynthesis in SBJ1004 and SBJ1005. Nevertheless, we demonstrated
that the compatible ®BT1 Att/Int system could be employed for the
second-round amplification of the PII BGC by the MSGE method and
further enhancing PII production in S. pristinaespiralis.

3.4. Validation of genetic stability and fermentation scale-up in S.
pristinaespiralis

To examine the genetic stability of engineered strains constructed
by MSGE, SBJ1003 and SBJ1005 were cultured over five generations
in the absence of antibiotic selection. Fermentation analysis showed
that the first (G1), third (G3) and fifth (G5) generations of SBJ1003 or
SBJ1005 were capable of producing PII titers that were similar to their
corresponding starting strains (Fig. 5a and b). Furthermore, genetic
analysis by PCR also indicated that all of the PII BGCs amplified by
MSGE were stably maintained in the two high-producing strains (Fig.
S10). Subsequently, we tested the scale-up feasibility of these inte-
grated PII BGCs by batch fermentation in a 5-L bioreactor. The results
showed that upon addition of 6% resin HB60, SBJ1003 and SBJ1005
accumulated a maximum PII level of 1.67 and 2.02 g/L after 96 h of
fermentation, showing a 1.7- and 2.3-fold improvement, respectively,
over the parental strain SBJ1000 (Fig. 5c). Overall, we confirmed that
MSGE achieved the stable, higher-order amplification of the PII BGC,
which is valuable for robust genome engineering of other industrial
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actinomycetes.

3.5. Extending MSGE to develop powerful S. coelicolor heterologous
hosts

Along with the emergence of genome mining as a robust approach
to discover novel natural products, the development of reliable
heterologous hosts to express cryptic/silent secondary metabolite
BGCs is becoming increasingly important (Baltz, 2010; Ongley et al.,
2013). On the basis of the wild-type strain S. coelicolor M145, M1146
and M1152 have been developed, which contained deletions in four
active BGCs, responsible for the biosynthesis of actinorhodin (ACT),
prodiginine (RED), cryptic type I polyketides (CPK) and calcium-
dependent antibiotic (CDA), either alone or in combination with a
point mutation in rpoB. The two engineered strains have been proven
to be robust heterologous hosts for the expression of diverse secondary
metabolite BGCs (Gomez-Escribano and Bibb, 2011, 2014). Here, we
intended to construct a series of more powerful S. coelicolor hetero-
logous hosts by introducing multiple @C31 attB sites into the genome
of M1146 and M1152 (Fig. 6a). As such, these special hosts, with the
original simplified metabolic profiles of M1146 or M1152, could
potentially be used to achieve higher titers of bioactive secondary
metabolites by single-step, multi-copy chromosomal integration of
cloned BGCs.

We first inserted an artificial @C31 attB site into the location where
the CPK BGC was deleted in M1146 and M1152 using the highly-
efficient CRISPR/Cas9 genome editing method, generating M1246 and
M1252, respectively. Similarly, M1346-M1546 (based on M1146,
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containing two to four artificial @C31 attB sites) and M1352-M1552
(based on M1152, containing two to four artificial @C31 attB sites)
were constructed by the step-by-step introduction of ®C31 attB sites
into the three respective locations where the RED, CDA and ACT BGCs
were deleted. All of the resulting strains were verified by PCR and
sequence analysis (Fig. 6b). Growth analysis revealed that M1246-
M1546 and M1252-M1552 sporulated well as the parental strain
M1146 and M1152, respectively (data not shown).

To assess the performance of the engineered strains for hetero-
logous expression, the chloramphenicol BGC (cloned in the cosmid
pAH91) from Streptomyces venezuelae and the anti-tumour com-
pound YM-216391 BGC (cloned in the cosmid pST85) from
Streptomyces nobilis were introduced into M1152-M1552 and
M1146-M1546, respectively, by a single round of conjugal transfer
(Fig. 7a) (Gomez-Escribano and Bibb, 2011; Jian et al., 2012).
Considering that M1146 produced 10 times less chloramphenicol than
M1152 in a previous study (Gomez-Escribano and Bibb, 2011), M1146
and its derivatives (M1246-M1446) were not used for heterologous
expression of the chloramphenicol BGC. We found that the chloram-
phenicol and YM-216391 BGCs were integrated into all of the @C31
attB sites in M1152 and its derivatives (M1252-M1452) with almost
100% efficiency (Fig. S11 and S12). Similarly, the YM-216391 BGC was
efficiently integrated into M1146 and its derivatives (M1246-M1446)
(data not shown). However, using M1552 or M1546 as the recipient
strains yielded no exconjugants. In fact, we also found that only a dozen
exconjugants were obtained when pAH91 was introduced into M1452
or when pST85 was introduced into M1452 and M1446 (data not
shown). Furthermore, with the increasing copy numbers of the
chloramphenicol or YM-216391 BGCs, the growth of these engineered
strains was getting worse on MS agar plates (Fig. S13). These results
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suggested that high-order amplification of BGCs or the accumulation of
target products placed an excess burden on bacterial growth.

Subsequently, the titers of chloramphenicol and YM-216391 were
determined by HPLC analysis. The fermentation results showed that
the production of both chloramphenicol and YM-216391 was signifi-
cantly enhanced with increasing copy numbers of the corresponding
BGCs (Fig. 7b). M1452/pAH91 produced 2 times chloramphenicol
than M1152/pAH91 (from 36.3 mg/L to 110.4 mg/L). However,
M1452/pAH91 exhibited only a very slight improvement in chloram-
phenicol production compared with M1352/pAH91 (from 104.6 mg/L
to 110.4 mg/L) (Fig. 7b), suggesting that the expression of the
chloramphenicol biosynthetic genes in M1352/pAH91 was no longer
the bottleneck for antibiotic production. Further improvement of
chloramphenicol production would require to consider other metabolic
engineering strategies, such as increasing precursor availability and
enhancing antibiotic tolerance. Regarding the production of YM-
216391, the two engineered strains M1452/pST85 and M1446/
pST85 exhibited maximum production increases of 10.2- (from 3.3 to
36.4 mg/L) and 22.8-fold (from 0.5 to 12.1 mg/L) compared with
M1152/pST85 and M1146/pST85, respectively (Fig. 7b and S14a).
Notably, M1452/pST85, which carries a point mutation [S433L] in
rpoB (encoding the RNA polymerase B-subunit), produced 2 times YM-
216391 than M1446/pST85 (Fig. 7b and S14a). This phenomenon was
consistent with the previous reported effects of the point mutations
(conferring resistance to rifampicin) in rpoB, which resulted in
secondary metabolite overproduction in actinomycetes (Gomez-
Escribano and Bibb, 2011; Tanaka et al., 2013).

Finally, we performed qRT-PCR analysis to examine the effects of
BGC amplification at the transcriptional level. Four chloramphenicol
biosynthetic genes (cmlC, cmlIK, cmlP and cmlR) and four YM-216391
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biosynthetic genes (ymA, ymBI, ymBC and ymR4) were tested and
hrdB, which encodes the major vegetative sigma factor, was used as an
internal control (Gomez-Escribano and Bibb, 2011; Jian et al., 2012).
RNA samples were isolated from fermentation cultures of all recombi-
nant strains at 2 and 4 days. Overall, chloramphenicol biosynthetic
gene expression gradually increased with BGC amplification, which was
largely consistent with the phenotypic changes in chloramphenicol
production (Fig. 7c). A similar phenomenon was also detected for YM-
216361 biosynthetic gene expression, with M1452/pST85 and M1446/
pST85 showing the highest mRNA levels at both tested time points
(Fig. 7c and S14b). These results suggested that BGC amplification
increased biosynthetic gene expression and thereby facilitated the
biosynthesis of the target products.

4. Discussion

Effective tools to optimize the biosynthetic performance of micro-
bial secondary metabolites are essential to solve early-stage discovery
and late-stage cost-efficient production problems, and the development
of such tools has remained a long-standing challenge (Baltz, 2016b;
Weber et al., 2015b; Zhang et al., 2016). In this study, we describe a
potentially general metabolic engineering approach, MSGE, based on
site-specific recombination to modify actinomycetes for the high-level
production of bioactive small molecules by single-step, multi-copy
chromosomal integration of target BGCs.

To promote the industrial-scale production of pristinamycin, MSGE
was employed for the stable amplification of the PII BGC based on our
prior optimized strain SBJ1000 (Li et al., 2015). We demonstrated that
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two compatible Att/Int systems from phages ®C31 and ®BT1 were
capable of successively achieving three- and two-copy chromosomal
integration of the PII BGC. Upon addition of 6% resin HB60, the final
strain SBJ1005, carrying five extra copies of the PII BGC, produced PII
titers of 2.24 and 2.02 g/L under flask- and batch-fermentation
conditions, respectively. To the best of our knowledge, these are the
highest titers reported to date. Furthermore, compared with the
tandem amplification of target BGCs by the ZouA-mediated DNA
recombination system, which may be unstable without antibiotic
selection (Murakami et al., 2011), all of the amplified PII BGCs were
stably maintained over five successive sub-cultivation tests, highlight-
ing the genetic stability of these high-producing strains constructed by
MSGE. This property ensured the steady production performance of
the engineered actinomycetes strains in large-scale fermentation. In
fact, the unidirectional nature of site-specific recombination and the
discrete distribution of the amplified BGCs theoretically ensure the
generation of stable exconjugants. We believe that this simple and
efficient amplification platform will markedly facilitate the robust
genome engineering of other important industrial actinomycetes
(Baltz, 2016b).

With the emergence of genome mining as a general approach to
discover novel bioactive secondary metabolites, it is very critical to
develop reliable and versatile Streptomyces species and other actino-
mycetes hosts for high-level heterologous expression of cryptic BGCs
(Baltz, 2010, 2016b). In the present study, MSGE was successfully
extended to construct a series of powerful heterologous hosts with
different numbers of @C31 attB sites based on S. coelicolor M1146 or
M1152, which possess simple metabolite profiles combined with ease
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of culturing and genetic manipulation (Gomez-Escribano and Bibb,
2011). Up to four copies of the chloramphenicol and YM-216391 BGCs
could be efficiently integrated into S. coelicolor chromosome in a single
step, resulting in significantly enhanced productivity (2—23 times). We
observed a clear correlation between BGC copy number and the
production levels of target products. Additionally, we noticed that the
engineered strains carrying multiple copies of the chloramphenicol or
YM-216391 BGCs exhibited increasingly weak growth on solid agar
plates, potentially due to the toxic effects of antibiotic overproduction.
To guarantee efficient biosynthesis of target products, we suggest that
sufficient mycelia should be cultivated on solid MS medium before
being transferred into liquid seed medium. We expect that the
engineered S. coelicolor heterologous hosts will markedly facilitate
the discovery of novel natural products as well as the yield improve-
ment of important clinically used drugs from genetically inaccessible
actinomycetes (Baltz, 2016b; Zhang et al., 2016).

When our work was drawing to a close, a similar approach for
amplifying target BGCs was published in Streptomyces albus J1074
(Manderscheid et al., 2016). Inspired by the presence of two highly
active @C31 attB sites in S. albus J1074, Manderscheid and coworkers
further introduced an artificial @C31 attB site into the chromosome via
transposon mutagenesis (Bilyk and Luzhetskyy, 2014). The resulting
host, carrying a total of three ®C31 attB sites, was successfully
employed to overproduce four different antibiotics. However, it is
worth noting that the engineered strains carrying three integrated
copies of the cloned BGCs exhibited large fluctuations in antibiotic
production due to the unstable insertion of the artificial @C31 attB site.
Considering S. albus J1074 as another well-characterized heterologous
host (Baltz, 2016b; Igbal et al., 2016), we are now using MSGE to
develop a panel of more stable S. albus strains. Furthermore, MSGE
can also be applied to other promising actinomycetes hosts, such as
Streptomyces avermitilis and Saccharopolyspora erythraea (Baltz,
2010).
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The actinomycetes genome can encode a large number of BGCs,
ranging from 5 to 52 (average of 27.4) per genome, which serve as an
untapped reservoir for the discovery of novel pharmaceutically active
compounds (Baltz, 2016a). Here we demonstrate a new way to take
advantage of these cryptic BGCs as deletion/integration sites. More
importantly, we systematically observed the integration efficiency when
different copy numbers of various BGCs were introduced into S.
pristinaespiralis and S. coelicolor (Table 1). We demonstrated that
the genomic locations of attB sites play an important role in the
efficiency of the multi-copy integration of target BGCs (Fig. S15). We
showed that although S. coelicolor and S. pristinaespiralis exhibit
similar transconjugant frequencies (Baltz, 2012), the former was
capable of integrating four copies of the PII BGC with almost 100%
efficiency, whereas the latter achieved three-copy integration with only
10% efficiency (Fig. S4 and S16). Furthermore, neither the PII nor
chloramphenicol BGC could be simultaneously inserted with four
copies into S. pristinaespiralis, potentially due to the existence of
two adjacent attB sites (Fig. S4 and S17). These results indicate that
the discrete distributions of attB sites in the chromosome are essential
to guarantee a high integration efficiency by the MSGE method. In
addition, the efficiency is likely to be affected by other factors, e.g., the
plasmid copy number. Compared with the triplication of the PII BGC
(cloned in the single-copy BAC-F1F15) at an efficiency of 10%, we
showed that three copies of the chloramphenicol BGC (cloned in the
multi-copy cosmid pAH91) could be integrated into S. pristinaespiralis
with 85% efficiency (Fig. S4 and S16). Nevertheless, the powerful S.
coelicolor heterologous hosts developed in this study are capable of
integrating up to four copies of different BGCs with almost 100%
efficiency, regardless of the copy number of recombinant plasmids
containing the target BGCs (Table 1). This advantage will benefit
functional metagenomics screening through the construction of cosmid
or BAC libraries to unlock previously unexplored biosynthetic diversity
(Katz et al., 2016).
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Fig. 7. Heterologous expression of the chloramphenicol and YM-216391 BGCs. (a) Chemical structures of the two bioactive secondary metabolites (antibiotic chloramphenicol and anti-
tumour compound YM-216391) used in this study. (b) Fermentation analysis of the engineered strains with one to four copies of the chloramphenicol or YM-216391 BGCs. The
fermentation samples were collected at five time-points and the fermentations were performed in triplicate, *p < 0.05. (¢) Transcriptional analysis of four selected chloramphenicol or
YM-216391 biosynthetic genes. The fermentation samples for RNA isolation were collected at 2 and 4 days. The relative transcription levels of the tested genes were normalized to that of
the hrdB gene. The relative fold-changes in the expression of each gene (M1252/pAH91-M1452/pAH91 versus M1152/pAH91 or M1252/pST85-M1452/pST85 versus M1152/pST85)
were determined using the 22t method. Error bars indicate the standard deviations from three independent biological replicates, *p < 0.05.

Table 1
Integration efficiency of different BGCs in S. pristinaespiralis and S. coelicolor.

S. pristinaespiralis BAC-F1F15 (81 kb) PAH91 (~40 kb) S. coelicolor PAH91 (~40 kb) pST85 (~35 kb) BAC-F1F15 (81 kb)

SBJ1000::attB 100% (10/10+10/10) 95% (9/10+10/10) M1252 100% (10/10+10/10) 95% (10/10+9/10) 95% (9/10+10/10)

SBJ1000::2attB 10% (1/10+1/10) 85% (9/10+8/10) M1352 100% (10/10+10/10) 100% (10/10+10/10) 100% (10/10+10/10)

SBJ1000::3attB 0% (0/10+0/10) 0% (0/10+0/10) M1452 80% (8/10+8/10) 85% (7/10+10/10) 85% (8/10+9/10)
M1552 ND ND ND

All experiments were performed in duplicate. ND: not detected due to the absence of exconjugants when the three plasmids were introduced into M1552.
BAC-F1F15, pAH91 and pST85 contain the BGCs for the biosynthesis of pristinamycin II, chloramphenicol and YM-216391, respectively.
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In the past, the concept of combining the in vitro CRISPR/Cas9
system with Gibson assembly has been applied to the seamless cloning
of a single gene or large gene clusters (up to 100 kb) (Jiang et al.,
2015a; Wang et al., 2015). Here, a new in vitro DNA editing method
was established via the same concept to rapidly introduce the ®BT1
Att/Int system for second-round amplification of the PII BGC. In
constrast to other DNA editing methods based on homologous
recombination in Saccharomyces cerevisiae, such as DNA assembler
(Shao et al., 2011) and mCRISTAR (Kang et al., 2016), this new
method requires only 2—3 days and thus simplifies efforts to refactor
target BGCs. To demonstrate the generality of this DNA editing
method, we modified the transcriptional activator gene cmlIR within
the chloramphenicol BGC by replacing the native promoter with the
strong promoter kasOp*(Wang et al., 2013b) and by performing in-
frame deletion, respectively (Fig. S18a). We showed that, without the
aid of the resistance marker, this new method seamlessly catalyzed
targeted editing with a positive rate of 25%, including in-frame deletion
of single gene(s) and exchange of promoters (Fig. S18b). Consistent
with a previous report (Fernandez-Martinez et al., 2014), deletion of
the cluster-situated activator gene cmlR blocked chloramphenicol
production and cmlR overexpression increased chloramphenicol pro-
duction (Fig. S18c). Importantly, in contrast to the ICE system
obtained by combining the in vitro CRISPR/Cas9 system and T4
DNA polymerase (Liu et al., 2015), our new DNA editing method does
not generate frame-shift mutations, which is particularly valuable for
precise combinatorial biosynthesis (Kim et al., 2015). Collectively, our
development of S. coelicolor expression hosts, coupled with this new
DNA editing method, should promote natural product research,
including pathway identification, combinatorial biosynthesis and the
activation of silent BGCs (Kim et al., 2015; Rutledge and Challis
(2015); Smanski et al., 2016).

In conclusion, MSGE for single-step, site-specific, multi-copy
chromosomal integration of target BGCs provides a simple and general
metabolic engineering approach with broad applicability, mainly
including the following two fields: (1) engineering industrial actino-
mycetes for large-scale manufacturing (Olano et al., 2008; Zhang et al.,
2016); (2) developing reliable expression hosts for discovering and
developing novel bioactive secondary metabolites from actinomycetes
(Baltz, 2010, 2016b).
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