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Many high-value secondary metabolites are assembled by very large multifunctional polyketide synthases or
non-ribosomal peptide synthetases encoded by giant genes, for instance, natamycin production in an industrial
strain of Streptomyces gilvosporeus. In this study, a large operon reporter-based selection system has been
developed using the selectable marker gene neo to report the expression both of the large polyketide synthase
genes and of the entire gene cluster, thereby facilitating the selection of natamycin-overproducing mutants by
iterative random mutagenesis breeding. In three successive rounds of mutagenesis and selection, the natamycin

titer was increased by 110%, 230%, and 340%, respectively, and the expression of the whole biosynthetic gene
cluster was correspondingly increased. An additional copy of the natamycin gene cluster was found in one
overproducer. These findings support the large operon reporter-based selection system as a useful tool for the
improvement of industrial strains utilized in the production of polyketides and non-ribosomal peptides.

1. Introduction

Microbial secondary metabolites derived from simple primary
metabolites are widely used as pharmaceuticals, agricultural agents,
and food preservatives. Strain improvement plays a pivotal role in the
commercialization and industrial production of these high-value
compounds in order to reduce feedstock cost, energy consumption,
and environmental pollution during the production process. The
conventional method of “mutation and screening”, which does not rely
on knowledge of the biosynthesis and regulation of a particular
compound, has proven to be the most effective method of strain
improvement and one that is widely used because it can generate a
variety of titer-improved mutants through mutagenesis and massive
random screening. After iterative rounds of conventional breeding, the
titers of compounds can be increased hundreds of fold from the usually
low levels of milligrams per liter found in native strains to over grams
per liter in industrial stains (Parekh et al., 2000; Zhang et al., 2016).
However, random screening is a time- and labor-consuming approach
for finding the rare improved mutants among the vast mutagenized
population.

Semi-rational and rational strategies are emerging to facilitate

strain improvement that build on the cumulative knowledge of
biosynthetic pathways and their regulation. Expression of biosynthetic
enzymes for secondary metabolites is subject to rigorous and complex
regulation in response to cellular physiological status and environ-
mental changes and/or signals (Liu et al., 2013), and therefore it
constitutes a major bottleneck limiting final production. A semi-
rational method has been developed that uses the promoter of a key
biosynthetic gene to drive the expression of a reporter gene, which
facilitates the selection of improved mutants generated by random
mutagenesis (Askenazi et al., 2003; Xiang et al., 2009; Guo et al.,
2015). Strain improvement can also be achieved by genetic manipula-
tion of the producing strains via targeted modification of pathway-
specific regulators, global regulators, rate-limiting enzymes, and so on
(Adrio et al., 2006; Olano et al., 2008; Pickens et al., 2011; Baltz, 2011;
Weber et al., 2015; Zhang et al., 2016). In a few cases, genetic
manipulation has led to titer increments even in industrial strains,
for example, chlortetracycline production in Streptomyces aureofa-
ciens (Zhu et al., 2013), salinomycin production in Streptomyces albus
(Lu et al., 2016), and natamycin production in S. chattanoogensis L10
(Jiang et al., 2013; Yu et al., 2014; Liu et al., 2015). However, it is a
challenge to substantially improve production in industrial stains
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whose titers have already been greatly improved by conventional
iterative breeding.

Natamycin (also known as pimaricin) is a 26-member polyene
macrolide antifungal antibiotic originally isolated from Streptomyces
natalensis and also produced by several other Streptomyces strains,
including S. chattanoogensis (Du et al., 2009), S. lydicus (Lu et al.,
2008), and S. gilvosporeus (Liang et al., 2008). Natamycin is the only
antifungal agent recognized by the US FDA as GRAS (generally
regarded as safe) (Aparicio et al., 2016), and it has been widely used
by the food industry as a natural preservative to prevent mold
contamination for nearly 50 years. Natamycin is also used for the
treatment of topical fungal infections, such as keratitis (Ansari et al.,
2013). The polyene skeleton of natamycin is synthesized by a type I
polyketide synthase (PKS) assembly line from acetyl-CoA, malonyl-
CoA, and methylmalonyl-CoA. The natamycin biosynthetic gene cluster
of S. natalensis includes five large PKS genes (pimS0-pimS4) and 14
genes for tailoring enzymes, transport, and regulation (Aparicio et al.,
1999, 2000); the natamycin biosynthetic gene cluster (scn) from S.
chattanoogensis shares high similarity with the pim cluster with
respect to overall sequence, gene organization, and regulation (Du
et al., 2011). The five pim PKS genes of S. natalensis constitute three
large transcription units, i.e., the pimS2-4 operon (40 kb), the stand-
alone gene pimSI (20 kb), and the pimCGFSOL operon (8 kb) (Santos-
Aberturas et al., 2011). Both pim and scn clusters contain two large
transcription units with sizes approximately 20- and 40 times that of
the average Streptomyces gene, which, for example, in S. coelicolor is
0.99 kb (Bentley et al., 2002).

In this study, our goals were to increase natamycin production by
the industrial natamycin-producing strain S. gilvosporeus Insl, using
iterative mutagenesis and selection. Through sequence analysis of the
natamycin biosynthetic gene cluster, we determined that S. gilvospor-
eus Ins1 possesses very large PKS genes, and we hypothesized that the
transcription and stability of the very long mRNAs of these genes
constitute an unsuspected bottleneck limiting natamycin production in
the strain. Accordingly, a new semi-rational method was developed to
substantially improve natamycin production in S. gilvosporeus Insl,
taking into account the very long polyketide synthase genes and taking
advantage of iterative random mutagenesis breeding.

2. Materials and methods
2.1. Bacterial strains, plasmids, and cosmid library

S. gilvosporeus Insl was used as the starting strain, and
Escherichia coli DH5a was used as cloning host. E. coli ET12567
(pUZ8002) was used as a helper strain to mobilize oriT plasmid into
Streptomyces via E. coli-Streptomyces intergeneric conjugation
(Kieser et al., 2000). The cosmid vector SuperCosl was used in
construction of the genomic library of S. gilvosporeus Insl, using a
Gigapack III XL Packing Extract kit (Stratagene). Cosmids containing
the natamycin biosynthetic gene sgnSI were identified from the
genomic library by Southern blot using a 1.66 kb probe amplified from
genomic DNA using primers Fwnt2 and Rvnt2 (see Table 1 for primer
sequences); cosmid 2F1 was found to contain a genomic DNA insert
that included part of the natamycin gene cluster.

2.2. Bacteria growth, conjugation, fermentation, and mutagenesis
conditions

E. coli was grown at 37 °C in LB medium containing appropriate
antibiotics when used for propagating plasmids. S. gilvosporeus strains
were cultured at 30 °C on COM medium (per liter: 10 g cornstarch,
10 g oat flour, 5 g malt extract, 2 g yeast extract, 15 g agar, pH adjusted
to 7.2 before autoclaving) (Huang et al., 2011) for sporulation.

E. coli-Streptomyces intergeneric conjugation was conducted ac-
cording to the standard protocol (Kieser et al., 2000). Plasmid
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harboring an origin of transfer (oriT) was transformed into E. coli
ET12567/pUZ8002 and the resultant ET12567/pUZ8002/plasmid was
used as the conjugation donor. S. gilvosporeus spores (approximately
5x10% CFU) were suspended in 0.5 mL 2xYT medium (Kieser et al.,
2000), heat shocked in 50 °C water bath for 10 min, and cooled down
to room temperature. ET12567/pUZ8002/plasmid was cultured in
5 mL LB to ODggg of 0.4—0.6, collected by centrifugation, washed three
times with fresh LB, resuspended in 0.5 mL LB, and mixed with the
heat shocked S. gilvosporeus spores. The conjugation mixture of E.
coli-S. gilvosporeus was concentrated by centrifugation at 5,000 rpm
for 10 s, and plated onto 2CM medium (per liter: 10 g soluble starch,
2 g tryptone, 1 g NaCl, 2 g (NH,)»SO,4, 1 g KoHPO,, 2 g CaCO3, 1 mL
inorganic salt solution, 20 g agar); the inorganic salt solution consisted
of 1g FeSO47H,0, 1g MgCl-6H,0, and 1g ZnSO,47H,0 per liter
(Huang et al., 2011).

For natamycin fermentation, four pieces of lawn (ca. 3.2 cm?) was
cut from the spolulating plate and inoculated into 30 mL seed medium
(COM without agar) in a 250 mL Erlenmeyer flask and grown at 30 °C,
220 rpm, 48 h, to obtain seed culture. A 3 mL seed culture was
transferred into 25 mL NPM medium (per liter: 50.0 g corn starch,
18.0 g soy flour, 10.0 g yeast extract, and 1.5 g CaCO3, pH adjusted to
7.2 before autoclaving) in a 250 mL flask and grown at 30 °C, 220 rpm
for 120 h.

S. gilvosporeus spores were treated with N-methyl-N’-nitro-N-
nitrosoguanidine (NTG, 1 mgmL™) for mutagenesis. Fresh spores
(ca. 5x10'° CFU) were suspended in 10 mL TM buffer (0.05 mol L™}
tris, 0.05 mol L' maleic acid, pH 8.0), transferred to a 50-mL conical
screw-cap tube containing 10 mg NTG powder, mixed by vortex for
3 min. The tube was packed by foil paper and shaken at 220 rpm, 30 °C
for 1 h. The spores were precipitated by centrifugation at 4000 rpm for
10 min, washed twice with water, suspended in 10 mL water, and
plated on agar medium (200 pl/9-cm Petri dish). For plating the NTG-
treated spores, 1/5 diluted NPM agar medium (per liter: 10.0 g corn
starch, 3.6 g soy flour, 2.0 g yeast extract, and 0.3 g CaCOg, 15 g agar,
pH adjusted to 7.2 before autoclaving) was used. Kanamycin was either
added in the medium or flooded to varied final concentrations after an
incubation at 30 °C for 24—48 h. The plates were incubated at 30 °C for
5-7 d for the growth of kanamycin-resistant mutants.

2.3. Construction of gene replacement vectors pWW4 and pAL06

Cosmid 2F1 was modified using a PCR-targeting protocol (Gust
et al.,, 2003) to construct the gene replacement vector pWW4. The
kanamycin-resistance gene neo in the SuperCosl vector backbone of
2F1 was replaced by an aac(3)IV-oriT apramycin resistance gene
cassette to yield pWW2. Primers sv40ATf and sv40ATr were used to
amplify the aac(3)IV-oriT DNA fragment from pSET152 (Bierman
et al., 1992), and then a promoterless neo gene, in the form of a neo-
aadA fragment, was inserted into 2F1 at the 3’ end of sgnSI by lambda
Red-recombination (Gust et al., 2003) to yield pWW4. The neo-aadA
fragment was constructed by spliced overlapping extension PCR using
four primers, Slneof, nFRTr, nFRTf, and FRTS1r, as follows: a
promoterless neo sequence was amplified from SuperCosl using
primers Slneof and nFRTr, the aadA fragment was amplified from
pIJ779 using primers nFRTf and FRTS1r, and then the two fragments
were spliced together by overlapping extension PCR prior to insertion
into 2F1. A 7821-bp BgllI-Scal fragment containing sgnSI (partial
gene)-neo-aadA-sgnLSO(partial gene) was excised from pWW4 and
inserted into the BglII-EcoRV sites of pOJ260 (Bierman et al.,1992) to
yield the gene replacement plasmid pALO6.

2.4. Analysis of natamycin production by S. gilvosporeus strains
Natamycin production was determined by HPLC analysis with

reference to a natamycin standard. The fermentation -culture
(0.5 mL) was centrifuged for 5 min at 7,000 rpm, the supernatant
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Table 1
Oligonucleotides used in this study.
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Primer Sequence (5’ - 3’)

Fwnt2 GCGACGATCCCGTCGTCGTC
Rvnt2 GAATCACCGGGCAGGACGG
sv40ATf CTCTGTAGGTAGTTTGTCCAATTATGTCACACCACAGAAGTAAGGTTCCTTCACCTAGATCCTTTTGG
sv40ATr GACTGTCTTCTTTATCATGCAACTCGTAGGACAGGTGCCGGCAGCGCTCTGGAATCGCTAGAGCTTG
S1neof TCCGACGACGAGGTCTTCGACCTCCTCGACAACGAACTCGGCCTGTCCTGATGATTGAACAAGATGGATTG
nFRTr GGTCGACGGATCCCCGGAATCGAACCCCAGAGTCCCGCTC
nFRTf GAGCGGGACTCTGGGGTTCGATTCCGGGGATCCGTCGACC
FRTS1r CCCTTCCGGCACGTGGCCGGAAGGGGGGCGCTGAGTCTCTGCCGCGCAGGTGTAGGCTGGAGCTGCTTCG
PCR1-F GTCATCAGCGGTGGAGTGC
PCR1-R CTCCTTGAGCCACCTGTCC
PCR2-F CTCGGATTCGACTCCCTCAC
PCR2-R CGGCAGGAGCAAGGTGAGAT
PCR3-F GGCGATGAGCGAAATGTAGT
PCR3-R GGTGAAAATGGGCGTCCTGT
HrdB-F GCACATCCCGTACGCTCCCG
HrdB-R CTCGAAGGCCCGACGCACGT
pimSO-F CGCCAGTGGTTCCGCTTCGT
pimSO-R GGACGCCCATTTTCACCCAC
pimS1-F GCTACGACTTCCACACCGAG
pimS1-R CTGGAAGTGGGGACCGTAGT
pimS2-F CGCTGGACGAGACGACCCTGGA
pimS2-R GGCGTTGAGATAGGCGTTTCCG
pimS3-F GCAGGGCTGATCAAGATGAT
pimS3-R GCCACTCCTGAGGCTCCGTC
pimS4-F GGGTTGCGGGATGTGATGTT
pimS4-R ACACCCAGAGACTCAGACAGCC
pimA-F GGGTGATGTAGCCGCTGTCG
pimA-R TGTCTTCTGCGAATCCATCT
pimB-F TCGTCTCCAACCTCGGCTATGTC
pimB-R GGCTGACTGAACTGCCGGGAG
pimC-F GGCGTTCACCAAGGACCACAGTTT
pimC-R CGGCGAGCCCCTCGTCATAGC
pimD-F GCCTGCTCACTCCGTTGTTCTCG
pimD-R TCGCAGAGGACCGTGAGGGC
pimE-F TCTTCTGCGGAATGCTCTCG
pimE-R ACACCCCGCCCCACGTACAC
pimF-F GTTGACCCCGACCGCTGCGT
pimF-R GCCAGCCGGGCCTTGTCGTA
pimG-F GACTTCGCCCTGCCCATCC
pimG-R GCCGCCCCACTTCTGTTTG
pimH-F TTCCGCCACATCAGATCCCAC
pimH-R GCCGAGAGGTAGCCGAAGAC
pimI-F ACGACCCCAAGACCACGCTG
pimI-R TTCCCGCAGCAGTGCCAGTA
pimJ-F GGTCAGGCGAACCCCAGGAA
pimJ-R CTGCTGCCAGGACATCGGTA
pimK-F CCGCTGTGGGTGGACTGCTA
pimK-R GAAGGACGGGGTGCCGAGAA
pimM-F ATGACGGGCGTGACGAATC
pimM-R CGAGCCTTGATAGAACATTGACC
pimR-F CTGCTGCGGGACCTCTCGTG
pimR-R CCCCTCGTTGGCGAAATGAT
pimT-F TGGACGGCATTTTCGTAGGC
pimT-R CCATCATCTGGAGCGGGACA
neo-F GGCTGCTATTGGGCGAAGTG
neo-R GATGTTTCGCTTGGTGGTCG
FTSZ-f GTCGGGTGTCCAGGGCATCA
FTSZ-r CGAGCCGATGCCCATCAG

ATPA-f CGGCTTCAAGCGGCAGTTCG
ATPA-r ATCAGGTCCCTTCCGTCGTCA
DS1-f GCGGGTTTCCCTAGTTGATG
DS1-r GGAAATCCCTACACATGGCT

1J-f CACGCCCATTCGACAAGGA

1J-r CATGTGTGCCCCGGGCGTA

was discarded, and 1.5 mL methanol: glacial acetic acid (95:5, v/v) was
added to the pellet and mixed. The mixture was ultrasonicated for
20 min, centrifuged for 5 min at 7,000 rpm, and then 50 pl supernatant
was pipetted into a new Eppendorf tube before diluting with 950 pl

methanol: glacial acetic acid (95:5, v/v) for HPLC analysis. HPLC was
conducted with an Agilent ZORBAX SB-C18 (4.6x250 nm) column at a
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flow rate of 0.5 mL min~
detector at 303 nm. The mobile phase contained methanol, water, and
glacial acetic acid, with a ratio of 60:40:5 (V/V/V). The natamycin
standard was purchased from Lifecome Biochemistry Co., Ltd.

1

, and the eluate was monitored with a UV
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Fig. 1. Natamycin biosynthetic gene cluster from the industrial producer strain S. gilvosporeus Ins1. The structure of natamycin is also shown. The two large gene/operons encoding the
giant polyketide synthases are indicated by grey arrows. Thick lines indicate the inserts of cosmids identified from the genomic library using the DNA probe (short bar). pks, polyketide

synthase gene.

2.5. Isolation of total RNA and gene expression analysis by
quantitative real-time RT-PCR

Total RNA from S. gilvosporeus strains was prepared with Redzol
reagent and extracted using the Total RNA extraction kit (SBS
Genetech Co., Ltd.), according to the manufacturer's instructions.
Genomic DNA was removed by RNase-free DNase I (Fermentas), and
the concentration and quality of total RNA were determined using a
Biophotometer Nanodrop (Thermo). Reverse transcription was con-
ducted using the cDNA Synthesis Kit (Fermentas). Quantitative real-
time RT-PCR (qRT-PCR) was carried out on the Applied Biosystems
7500 system using the Maxima SYBR Green/ROX qPCR Master Mix
(Fermentas). The PCR conditions consisted of one cycle of denatura-
tion at 95 °C for 10 min, followed by 40 cycles of 15 s at 95 °C and 60 s
at 60 °C. The sequences of primer pairs are listed in Table 1. The
transcription of hrdB, which encodes the principal sigma factor of RNA
polymerase, was used as the internal control. All values were normal-
ized to the corresponding transcriptional level of hrdB, and all qRT-
PCR reactions were performed in at least triplicate.

2.6. Determination of copy number of the natamycin gene cluster

Copy number of the natamycin gene cluster was determined by
quantitative real-time PCR using single-copy chromosomal sequences
as references, according to a described method (Skulj et al., 2008). The
two chromosomal reference sequences were located in the cell division
protein ftsZ and ATP synthase subunit alpha atpA, and two intergenic
sequences (IJ and DS1) in the natamycin gene cluster were selected to
represent the sgn gene cluster, using the indicated primer sets
(Table 1). A 5-fold dilution series of S. gilvosporeus chromosomal
DNA was used as template. Relative standard curves were configured
for ftsZ, atpA, 1J and DS1, using a series of five, 5-fold dilutions. The
amplification efficiency (E) was calculated using the equation E=10C/
slope) yvhere the slope of the relative standard curve was used. The copy
number of the natamycin gene cluster (NCN) was determined using the
equation NCN=(Ec)®*/(En)“*, where Ec and En were the amplifica-
tion efficiencies of the chromosome gene and natamycin gene cluster,
respectively, and Ctc and Ctn were Ct values for the chromosome and
natamycin gene cluster, respectively. The final NCN values were

Labeled strain .-

sgnS1-neo reporter operon L:

averaged from three biological replicates.

2.7. Determination of DNA sequence

The draft genome sequence of S. gilvosporeus Ins1 was determined
by Pacific Biosciences and Illumina HiSeq2000. DNA sequence of the
natamycin gene cluster was obtained from the draft genome and
deposited to NCBI under GenBank accession numbers: KX458106.

3. Results

3.1. Natamycin biosynthetic gene cluster from the industrial strain S.
gilvosporeus InsI

S. gilvosporeus Insl was an empirically improved strain used for
industrial production of natamycin in China. Genomic sequencing of
Insl revealed a type I polyketide biosynthetic gene cluster that we
named the S. gilvosporeus natamycin biosynthetic gene cluster (sgn)
and which shares high sequence similarity with the pim gene cluster
from S. natalensis (99% identity) and the scn gene cluster from S.
chattanoogensis L10 (93% identity). The deduced amino acid se-
quences of the 20 Sgn proteins, i.e., SgnS0, SgnS1-S4, SgnA-K, SgnL,
SgnM, SgnR, and SgnT, share 99-100% sequence identity with their
counterparts in the Pim proteins. There are five large PKS genes,
sgnS0-S4, in the sgn cluster, and sgnl and sgnS2 are particularly large
in size, spanning 20.4 kb and 28.6 kb, respectively. The gene position
and orientation of the sgn cluster are the same as in the pim and scn
clusters, both of which contain two abnormally large transcription
units corresponding to sgnS1 (20.4 kb) and sgnS2S53S4 (40.1 kb) of the
sgn cluster (Fig. 1, grey arrows).

3.2. Design of the cluster-situated large natS1-neo reporter operon
for semi-rational breeding

A semi-rational approach was designed to improve the S. gilvos-
poreus Insl strain via mutagenesis and selection, with the use of a
selectable reporter specifically engineered into the sgn gene cluster.
The large PKS gene sgnS1 in the sgn cluster was chosen as the
engineering target to be linked at its 3’ end with a promoterless

sgnS1

neo~ s =----
IATG ATT >

Fig. 2. Design of the reporter-labeling natamycin gene cluster and the natSI-neo reporter operon. The promoterless kanamycin resistance gene neo is fused downstream of sgnSI.
Partial sequences of natS1 and neo are shown to indicate the overlapping TGA stop codon and ATG start codon. RBS, ribosomal binding site.
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reporter gene, neo, which encodes neomycin phosphotransferase and
confers neomycin/kanamycin resistance. In the artificial sgnSi-neo
operon, the two open reading frames share an overlapping nucleotide
at the TGA stop codon of sgnSI and the ATG start codon of neo
(Fig. 2); expression of the promoterless neo should therefore depend
on read-through transcription from the upstream sgnSI producing a
large polycistronic messenger RNA. Essentially, the expression of neo
would report the expression of sgnS1. Furthermore, it was anticipated
that, situated within the sgn cluster, the neo reporter would serve as a
marker of expression of the whole sgn cluster and of natamycin
production, assuming that the genes of the S. gilvosporeus natamycin
biosynthetic pathway are expressed coordinately as in many other
antibiotic biosynthetic pathways (Santos-Aberturas et al., 2011; Liu
et al., 2013). Thus, this cluster-situated reporter should be useful for
selecting mutants with increased expression of the sgn gene cluster and
higher fermentation titers of natamycin.

3.3. Construction of the cluster-situated large natS1-neo reporter
operon in S. gilvosporeus InsI

To engineer the designed sgnSI-neo reporter operon into the
industrial strain by gene replacement, we constructed a genomic
cosmid library of S. gilvosporeus Ins1 and obtained four cosmid clones
carrying sgnS1 and adjacent genes by in situ Southern blot using a
DNA probe and confirmed by end sequencing of the inserts (Fig. 1).
Cosmid 2F1, which has a genomic DNA insert covering the entire
sgnS1 and sgnSO genes, was selected to proceed. The promoterless neo
was inserted into the 3’ end of sgnSI in pWW2 to yield the gene
replacement vector pWW4. However, the attempt to construct the S.
gilvosporeus reporter strain using pWW4 failed, and pWW4 was
subsequently found to be subject to large DNA deletions in the
conjugation helper strain E. coli ET12567/pUZ8002, probably due to
the presence of repeat sequences in the large PKS genes sgnS1 and
sgnS0. To overcome this problem, a 7.8 kb Scal-BglII DNA segment
containing only parts of the sgnSI-neo reporter operon and sgnS0 was
excised from pWW4 and inserted into the suicide vector pOJ260 to
produce the new gene replacement vector pALO6 (Fig. 3A). pALO6 was
then used to construct the cluster-situated, large natSI-neo reporter
operon in S. gilvosporeus Insl by homologous recombination. The
resulting streptomycin-resistant and apramycin-sensitive, double-

A sgnS1 SO FGCEBAJ
|ns1 S
Chromosome
/ cross-over \
'S1 neo aadA 'S0
{ M g m— }
P e Ao
P3: 733 bp P2: 711 bp
pALO6
aac(3)IV
<> P1: 650 bp
B Single-X
pALO6 st?ain Lbd1
M _P1 P2 P3 P1 P2 P3 P1 P2 P3 M _ PP
800
700
600

Fig. 3. Construction of the neo-labeled strain Lbdl from Insl via homologous
recombination. (A) Schematic representation of homologous recombination between
the sgn gene cluster of Ins1 and the gene replacement plasmid pAL06. P1, P2, and P3:
PCR1, PCR2, and PCR3 designed for verification of the labeled strain. The locations and
calculated sizes of PCR amplicons are indicated by dashed double arrows. (B) Verification
of the labeled strain by PCR. Single-X strain, single crossover strain.
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crossover candidate strain Lbdl was verified by PCR (Fig. 3B), and
the sgnSI-neo junction in Lbdl was confirmed by DNA sequencing
analysis of the PCR products. The natamycin fermentation titer in
shaking cultures of the neo-labeled strain Lbd1 and the parental strain
Ins1 were 3.35+0.16 g L™} and 3.20 + 1.01 respectively, suggesting
that the neo-reporter engineering in Lbdl did not affect natamycin
production significantly.

3.4. Optimization of the kanamycin selection procedure

The neo-reporter-labeled strain S. gilvosporeus Lbd1 was subjected
to random mutagenesis followed by kanamycin selection to select for
mutants with greater kanamycin resistance, which was more likely to
be associated with higher natamycin production. In our initial trials,
NTG-treated spores were spread on fermentation medium (NPM
medium) containing kanamycin for selection of mutants. After incuba-
tion, confluent growth was observed on plates at low kanamycin
concentration (1-20 mg L™!), probably due to basal expression of
neo in the starting strain, and no growth on plates with kanamycin at
higher concentrations (>20mgL™), however no single/sporadic
kanamycin resistant mutant was observed. In subsequent rounds of
mutagenesis-selection, 24-48 h of preincubation of the inoculated-
plates was carried out to allow the kanamycin-resistance reporter gene
to be expressed, potentially at distinguishable levels among different
mutants, before the kanamycin selection was applied. In addition, NPM
medium was diluted by five times to delay the formation of aerial
mycelium by Streptomyces so as to provide a longer time window for
exposing the plated colonies to flooding with kanamycin solution;
Streptomyces aerial mycelia are highly hydrophobic and are therefore
refractory to flooding with the antibiotic solution. The optimized
mutagenesis and selection procedure is schematically illustrated in
Fig. 4.

3.5. Generation of high-yield natamycin producers by multiple
rounds of random mutagenesis and kanamycin selection

In the first round of mutagenesis with NTG, lethality was deter-
mined to be 93%. The NTG-treated spores were incubated for 24 h
until very short aerial mycelia started to develop, and then plates were
flooded with kanamycin solution to give final concentrations of 5, 10,
20, 40, 50, and 80 mg L. Single colonies were observed on plates with
40 or 50 mg L™! kanamycin, and 28 Kan® colonies (mutants) were
randomly picked, cultured to obtain spores, and fermented to deter-
mine levels of natamycin production. Nine of these strains showed
significant increases in natamycin production compared to the parent
strain Lbd1 (Fig. 5A). The highest natamycin producer, named 1G1,
yielded natamycin at 6.64 + 1.38 g L1, a level 1.1- and 1.0-fold higher
than that of the industrial strain S. gilvosporeus Ins1 and the labeled
strain Lbd1, respectively.

1G1 was selected for the second round of mutagenesis, and NTG-
treated 1G1 spores were incubated for 24 h and flooded with kanamy-
cin to final concentrations of 70, 80, 100, and 120 mg L™. Fourteen
Kan® mutants were obtained, and seven of these mutants produced
more natamycin than 1G1 (Fig. 5B). The top producer, named 2G1,
produced natamycin at 10.49 + 0.47 g L™!, which is 2.3- and 2.1-fold
higher than the levels produced by S. gilvosporeus Insl and Lbdl,
respectively.

2G1 was used for the third round of mutagenesis, and NTG-treated
2G1 spores were incubated for 24 h before flooding with kanamycin to
final concentrations of 100, 120, 150, 200, and 300 mgL™'.
Continuous growth was observed on plates with 100, 120, and
150 mg L™ kanamycin, and no growth was observed on plates with
200 and 300 mg L~ kanamycin. However, no isolated colonies were
obtained, and therefore the mutagenized spores were instead incubated
for 48 h before flooding plates with kanamycin to final concentrations
of 350-700 mg L. Forty-two Kan® mutants were obtained, and 17 of
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KanR mutants increasing
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Fig. 4. Flowchart of the optimized mutagenesis-selection procedure. The NTG-treated spores, approximately 1x10° CFU/dish, were plated out on Petri dishes precast with solidified
fermentation medium, followed by incubation and selection with kanamycin at different concentrations. The preincubation before antibiotic overlay is crucial. After further incubation
for 4-5 d, sporadic kanamycin-resistant colonies were observed on some plates containing suitable kanamycin concentrations, whereas confluent growth was observed on plates with
lower concentrations and no growth on plates with higher concentrations of kanamycin. The resistant colonies were picked and fermented to determine the natamycin fermentation titer,

and the highest producer was subjected to the next round of mutagenesis-selection.

them produced more natamycin than 2G1. The highest producer, 3G1,
yielded natamycin at 14.11 £ 0.73 g L™}, which is 3.4- and 3.2-fold
higher than the level produced by S. gilvosporeus Insl and Lbdl,
respectively (Fig. 5B).

The hereditary stability of Lbdl and the high-yield strains 1G1,
2G1, and 3G1, with respect to natamycin production, were evaluated by
following successive generations. After seven rounds of sporulation
without antibiotic selection, the offspring produced natamycin at levels
similar to those of the first generations (Fig. 6).

3.6. Expression of the labeled sgn gene cluster in natamycin
overproducers

To analyze the expression of the sgn biosynthetic cluster in the
labeled strain Lbd1 and the natamycin overproducers by quantitative
real-time RT-PCR, these strains were cultivated in 20 mL fermentation
medium. An aliquot (0.5 mL) of each was removed for extraction of
total RNA at 96 h, and the remainder was continually cultured for
monitoring for natamycin production and biomass. Natamycin pro-
duced by 1G1, 2G1, 3Gl1, or the parent strain Lbd1l showed single
HPLC peak identical with that of the authentic standard (Fig. 7A). In
this condition, the natamycin titers of 1G1, 2G1, and 3G1 increased
successively (Fig. 7B), while the biomass did not changed significantly
(Fig. 7C). Fig. 7D shows the relative gene expression of the sgn cluster
using Lbd1 as the reference. The expression of the reporter gene neo
increased successively in 1G1, 2G1, and 3G1, and the expression of
sgnS1, which was linked to neo in an operon, also increased succes-
sively. In addition, most sgn genes, including genes within the very
large sgnS253S4 operon and the sgnCGFSO0 operon, also increased in
1G1, 2G1, and 3G1 (Fig. 7D). We therefore attributed the over-
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Fig. 6. Natamycin production by the high-yield strains and their offspring. The data
show the mean of four biological replicates. Error bars indicate the standard deviation.
STS, starting strains. OFS, offspring generated by seven rounds of sporulation.

producing capability to the improved expression of the sgn genes in
these mutants.

3.7. Copy number of the sgn gene cluster in natamycin overproducers

Amplification of biosynthetic gene clusters leading to increased
antibiotic production in industrial strains has been reported (Yanai
et al., 2006), so we determined the copy number of the sgn gene cluster
in the natamycin overproducers by quantitative real-time PCR, using
the two intergenic sequences IJ and DSI as references for the sgn gene
cluster and ftsZ (encoding the cell division protein FtsZ), and atpA
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Fig. 5. Improvement of the natamycin production by iterative mutagenesis-selection. (A) Production of natamycin by mutants from the first round of mutagenesis-selection (MU-SN).
(B) Production of natamycin by mutants from the second and third rounds of mutagenesis-selection. Insl is the industrial strain, and Lbd1 is the labeled strain. The mutants were
renamed according to their titers. The data show the mean of four biological replicates. Error bars indicate the standard deviation.
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Fig. 7. Transcription analysis of the sgn gene cluster in the overproducing mutants cultured in fermentation medium. (A) HPLC analysis of the natamycin production. (B) Natamycin
titers. (C) Biomass. (D) Quantitative real-time RT-PCR. The sgn cluster underneath shows the gene organization, with emphasis on the artificial sgnSI1-neo operon (pink arrow and
shadow) and the sgnS25354 operon (grey arrow and shadow). For the quantitative real time RT-PCR, Lbd1 was used as the reference and hrdB was used as internal control. Each data
point in (B), (C), and (D) represents the mean + SD of ten biological replicates. STD, authentic standard of natamycin.

Table 2
Detection of copy number of the sgn cluster in four S. gilvosporeus strains.

Copy number” Insl 1G1 2G1 3G1

LJ/atpA® 1.07 £ 0.50 0.95+0.14 0.99+0.35 1.96 £ 0.27
1J/ftsZ 1.00 +0.47 1.06 +£0.15 0.95+0.25 2.07+0.43
DS1/atpA 0.97+0.31 0.81+0.28 0.74 +0.35 1.98+0.29
DS1/ftsZ 0.91£0.29 0.83+0.11 0.71+0.26 1.86 +0.38

@ Average + standard deviation from three biological replicates using quantitative real-
time PCR.

b 1J and DSI are sequences from the sgn cluster. atpA and ftsZ represent single-copy
chromosomal genes.

(encoding ATP synthase subunit alpha) as references for single-copy
genes of the chromosome. 1G1, 2G1, and the original industrial strain
Insl were all determined to be carrying one copy of the sgn gene
cluster, whereas 3G1 was found to have two copies per chromosome
(Table 2). Therefore, the doubling of the sgn gene cluster in 3Gl
probably contributed to increased levels of natamycin.

4. Discussion

Reporter-based selection systems have been employed to improve
the production of secondary metabolites. A pioneering example is the
Pjo,r promoter reporter-based selection system for lovastatin-over-
producing mutants of Aspergillus terreus (Askenazi et al., 2003).
Transcriptional analyses of lovastatin producers revealed that expres-
sion of the biosynthetic gene lovF was associated with lovastatin
production, and fusion of the lovF promoter to the ble gene that
confers resistance to phleomycin resulted in a reporter-based selection
system that could be employed to accelerate strain improvement in A.
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terreus. A similar reporter-guided mutant selection (RGMS) system
was developed and applied for improving clavulanic acid production in
S. clavuligerus (Xiang et al., 2009). In both examples, the antibiotic-
resistant reporters were fused to the promoters of biosynthetic genes,
and the resulting promoter-reporters were integrated into the chromo-
somes at ectopic sites of the cognate biosynthetic gene clusters.

In our study, due to the concern that the expression of very large
PKS genes might limit the biosynthesis of natamycin, the reporter gene
neo was engineered into the biosynthetic gene cluster and specifically
joined to a very large biosynthetic gene, sgnSI. Our approach allowed
the expression of the reporter gene to report, i.e., serve as an indicator
of, the complete transcription of the upstream giant gene and to
indicate the integrity of the long mRNA of the sgnSI-neo fusion
operon. The increased expression of both sgnS1 and neo in all of the
three production-improved strains validated this approach, and
furthermore, the expression of other sgn genes in the gene cluster
was coordinately increased in the three improved strains, suggesting
that the system also reflected expression of the entire gene cluster. We
conducted three rounds of chemical mutagenesis and selection, and
natamycin production by the best strain increased by 110%, 230%, and
340% over original levels, in the 1st, 2nd, and 3rd round, respectively.
The final mutant (3G1) produced a natamycin titer of 14.1 g L™}, which
is 4.4 times the level produced by the starting industrial strain
32gL™.

According to the relative gene expression profile (Fig. 7D), the
transcript amounts of sgnSI1 (PKS), sgnS3 (PKS), sgnB (ABC trans-
porter), sgnK (mycosamine transferase), sgnJ (GDP-mannose 4,6-
dehydratase), and sgnl (type II thioesterase) were slightly increased
in 1G1. In 2G1, expression of all sgn genes was significantly increased
(1.9-8.8-fold), while the sgnM expression was increased the most (8.8-
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fold). This implied that the unknown mutation(s) in 2G1 improved the
expression of the whole gene cluster through regulation on sgnM,
which is homologous to the PAS domain positive regulator PimM
(Anton et al., 2007). In 3G1, the transcript amounts of most sgn genes
were increased further, plausibly owing to the doubling of the sgn gene
cluster (Table 2). These suggested that at least three different muta-
tions contributing to the natamycin overproduction had been incorpo-
rated into 3G1 during the course of the neo-guided semi-rational strain
improvement.

Many important drugs and reagents are synthesized by giant
multifunctional non-ribosomal peptide synthetases (NRPS) and type
I PKS that are encoded by very long open reading frames, usually more
than ten times the average size of approximately 1 kb for bacterial
genes. For example, the PKS genes rapA, rapB, and rapC for the
synthesis of rapamycin (immunosuppressant) in S. hygroscopicus are
25.7 kb, 30.7 kb, and 18.8 kb in length, respectively (Schwecke et al.,
1995). The NRPS genes dptA, dptBC, and dptD for the biosynthesis of
daptomycin (anti-infective) in S. roseosporus are 17.5 kb, 22.0 kb, and
7.1 kb, respectively (Miao et al., 2005). Therefore very long mRNAs
have to be efficiently transcribed and sufficiently stable to achieve
substantial production of the corresponding compounds. This factor
constitutes an additional, unique, and often ignored bottleneck for the
biosynthesis of non-ribosomal peptides and polyketides that are
synthesized by modular, multifunctional megaenzymes. Large tran-
scripts are known to be associated with some secondary metabolic
pathways, for example, a > 16 kb transcript encodes six cephamycin C
biosynthetic genes in Nocardia lactamdurans (Enguita et al., 1998),
and a 35 kb transcript encodes seven erythromycin biosynthetic genes
in Saccharopolyspora erythraea (Reeves et al., 1999). The method
described in this study could be applied to facilitate titer improvement
of these compounds. One single large PKS/NRPS gene or the last gene
of a large operon could be chosen as a target to be fused with the neo
coding sequence with a sequence overlap of one or four nucleotides at
the stop/start codon, so as to generate a reporter-labeled strain. It is
not necessary to design a specific ribosome binding site for the
downstream neo coding sequence since translational coupling from
the upstream gene may re-initiate its translation in theory (Spanjaard
and van Duin, 1989; Tian and Salis, 2015).

Additionally, titer-improved strains generated by this method can
be resources for future investigations of mutations associated with
overproduction and the mechanisms governing the synthesis and
stability of very long messenger RNAs.

Acknowledgements

This work was supported by Ministry of Science and Technology
(973: 2012CB721000 and 863: 2010AA10A201), Natural Science
Foundation (31170084), and Ministry of Education (NCET-08-0778-
533-09001) of the People's Republic of China, and the Science and
Technology Commission of Shanghai Municipality (15JC1400401).

References

Adrio, J.L., Demain, A.L., 2006. Genetic improvement of processes yielding microbial
products. FEMS Microbiol. Rev. 30, 187-214.

Ansari, Z., Miller, D., Galor, A., 2013. Current thoughts in fungal keratitis: diagnosis and
treatment. Curr. Fungal Infect. Rep. 7, 209-218.

Antén, N., Santos-Aberturas, J., Mendes, M.V., Guerra, S.M., Martin, J.F., Aparicio, J.F.,
2007. PimM, a PAS domain positive regulator of pimaricin biosynthesis in
Streptomyces natalensis. Microbiology 153, 3174-3183.

Aparicio, J.F., Barreales, E.G., Payero, T.D., Vicente, C.M., de Pedro, A., Santos-
Aberturas, J., 2016. Biotechnological production and application of the antibiotic
pimaricin: biosynthesis and its regulation. Appl. Microbiol. Biotechnol. 100, 61-78.

Aparicio, J.F., Colina, A.J., Ceballos, E., Martin, J.F., 1999. The biosynthetic gene cluster
for the 26-membered ring polyene macrolide pimaricin. A new polyketide synthase
organization encoded by two subclusters separated by functionalization genes. J.
Biol. Chem. 274, 10133-10139.

Aparicio, J.F., Fouces, R., Mendes, M.V., Olivera, N., Martin, J.F., 2000. A complex
multienzyme system encoded by five polyketide synthase genes is involved in the

425

Metabolic Engineering 38 (2016) 418-426

biosynthesis of the 26-membered polyene macrolide pimaricin in Streptomyces
natalensis. Chem. Biol. 7, 895-905.

Askenazi, M., Driggers, E.M., Holtzman, D.A., Norman, T.C., Iverson, S., Zimmer, D.P.,
Boers, M.E., Blomquist, P.R., Martinez, E.J., Monreal, A.W., Feibelman, T.P.,
Mayorga, M.E., Maxon, M.E., Sykes, K., Tobin, J.V., Cordero, E., Salama, S.R.,
Trueheart, J., Royer, J.C., Madden, K.T., 2003. Integrating transcriptional and
metabolite profiles to direct the engineering of lovastatin-producing fungal strains.
Nat. Biotechnol. 21, 150-156.

Baltz, R.H., 2011. Strain improvement in actinomycetes in the postgenomic era. J. Ind.
Microbiol. Biotechnol. 38, 657-666.

Bentley, S.D., Chater, K.F., Cerdeno-Tarraga, A.M., Challis, G.L., Thomson, N.R., James,
K.D., Harris, D.E., Quail, M.A., Kieser, H., Harper, D., Bateman, A., Brown, S.,
Chandra, G., Chen, C.W., Collins, M., Cronin, A., Fraser, A., Goble, A., Hidalgo, J.,
Hornsby, T., Howarth, S., Huang, C.H., Kieser, T., Larke, L., Murphy, L., Oliver, K.,
O’Neil, S., Rabbinowitsch, E., Rajandream, M.A., Rutherford, K., Rutter, S., Seeger,
K., Saunders, D., Sharp, S., Squares, R., Squares, S., Taylor, K., Warren, T.,
Wietzorrek, A., Woodward, J., Barrell, B.G., Parkhill, J., Hopwood, D.A., 2002.
Complete genome sequence of the model actinomycete Streptomyces coelicolor
A3(2). Nature 417, 141-147.

Bierman, M., Logan, R., O’'Brien, K., Seno, E.T., Rao, R.N., Schoner, B.E., 1992. Plasmid
cloning vectors for the conjugal transfer of DNA from Escherichia coli to
Streptomyces spp. Gene 116, 43—49.

Du, Y.L., Li, S.Z., Zhou, Z., Chen, S.F., Fan, W.M., Li, Y.Q., 2011. The pleitropic regulator
AdpAch is required for natamycin biosynthesis and morphological differentiation in
Streptomyces chattanoogensis. Microbiology 157, 1300-1311.

Du, Y.L., Chen, S.F., Cheng, L.Y., Shen, X.L., Tian, Y., Li, Y.Q., 2009. Identification of a
novel Streptomyces chattanoogensis L10 and enhancing its pimaricin production by
overexpressing positive regulator SenRII. J. Microbiol. 47, 506—513.

Enguita, F.J., Coque, J.J.R., Liras, P., Martin, J.F., 1998. The nine genes of the Nocardia
lactamdurans cephamycin cluster are transcribed into large mRNAs from three
promoters, two of them located in a bidirectional promoter region. J. Bacteriol. 180,
5489-5494.

Guo, F., Xiang, S., Li, L., Wang, B., Rajasarkka, J., Grondahl-Yli-Hannuksela, K., Ai, G.,
Metsi-Keteld, M., Yang, K., 2015. Targeted activation of silent natural product
biosynthesis pathways by reporter-guided mutant selection. Metab. Eng. 28,
134-142.

Gust, B., Challis, G.L., Fowler, K., Kieser, T., Chater, K.F., 2003. PCR-targeted
Streptomyces gene replacement identifies a protein domain needed for biosynthesis
of the sesquiterpene soil odor geosmin. Proc. Natl. Acad. Sci. USA 100, 1541-1546.

Huang, T., Wang, Y., Yin, J., Du, Y., Tao, M., Xu, J., Chen, W., Lin, S., Deng, Z., 2011.
Identification and characterization of the pyridomycin biosynthetic gene cluster of
Streptomyces pyridomyceticus NRRL B-2517. J. Biol. Chem. 286, 20648—-20657.

Jiang, H., Wang, Y.Y., Ran, X.X., Fan, W.M., Jiang, X.H., Guan, W.J., Li, Y.Q., 2013.
Improvement of natamycin production by engineering of phosphopantetheinyl
transferases in Streptomyces chattanoogensis L10. Appl. Environ. Microbiol. 79,
3346-3354.

Kieser, T., Bibb, M.J., Buttner, M.J., Chater, K.F., Hopwood, D.A., 2000. Practical
Streptomyces Genetics. John Innes Foundation, Norwich.

Liang, J., Xu, Z., Liu, T., Lin, J., Cen, P., 2008. Effects of cultivation conditions on the
production of natamycin with Streptomyces gilvosporeus LK-196. Enzym. Microb.
Technol. 42, 145-150.

Liu, G., Chater, K.F., Chandra, G., Niu, G., Tan, H., 2013. Molecular regulation of
antibiotic biosynthesis in Streptomyces. Microbiol. Mol. Biol. Rev. 77, 112-143.
Liu, S.P., Yu, P., Yuan, P.H., Zhou, Z.X., Bu, Q.T., Mao, X.M., Li, Y.Q., 2015. Sigma factor
WhiGch positively regulates natamycin production in Streptomyces chattanoogensis

L10. Appl. Microbiol. Biotechnol. 99, 2715-2726.

Lu, C.G., Liu, W.C,, Qiu, J.Y., Wang, H.M., Liu, T., Liu, D.W., 2008. Identification of an
antifungal metabolite produced by a potential biocontrol actinomyces strain A01.
Braz. J. Microbiol. 39, 701-707.

Lu, C., Zhang, X., Jiang, M., Bai, L., 2016. Enhanced salinomycin production by adjusting
the supply of polyketide extender units in Streptomyces albus. Metab. Eng. 35,
129-137.

Miao, V., Coéffet-LeGal, M.F., Brian, P., Brost, R., Penn, J., Whiting, A., Martin, S., Ford,
R., Parr, 1., Bouchard, M., Silva, C.J., Wrigley, S.K., Baltz, R.H., 2005. Daptomycin
biosynthesis in Streptomyces roseosporus: cloning and analysis of the gene cluster
and revision of peptide stereochemistry. Microbiology 151, 1507-1523.

Olano, C., Lombd, F., Méndez, C., Salas, J.A., 2008. Improving production of bioactive
secondary metabolites in actinomycetes by metabolic engineering. Metab. Eng. 10,
281-292.

Parekh, S., Vinci, V.A., Strobel, R.J., 2000. Improvement of microbial strains and
fermentation processes. Appl. Microbiol. Biotechnol. 54, 287-301.

Pickens, L.B., Tang, Y., Chooi, Y.H., 2011. Metabolic engineering for the production of
natural products. Annu. Rev. Chem. Biomol. Eng. 2, 211-236.

Reeves, A.R., English, R.S., Lampel, J.S., Post, D.A., Boom, T.J.V., 1999. Transcriptional
organization of the erythromycin biosynthetic gene cluster of Saccharopolyspora
erythraea. J. Bacteriol. 181, 7098-7106.

Santos-Aberturas, J., Vicente, C.M., Guerra, S.M., Payero, T.D., Martin, J.F., Aparicio,
J.F., 2011. Molecular control of polyene macrolide biosynthesis direct binding of the
regulator PimM to eight promoters of pimaricin genes and identification of binding
boxes. J. Biol. Chem. 286, 9150-9161.

Schwecke, T., Aparicio, J.F., Molnar, I., Konig, A., Khaw, L.E., Haydock, S.F., Oliynyk,
M., Caffrey, P., Cortés, J., Lester, J.B., 1995. The biosynthetic gene cluster for the
polyketide immunosuppressant rapamycin. Proc. Natl. Acad. Sci. USA 92,
7839-7843.

Skulj, M., Okrélar, V., Jalen, S., Jevsevar, S., Slanc, P., Strukelj, B., Menart, V., 2008.
Improved determination of plasmid copy number using quantitative real-time PCR


http://refhub.elsevier.com/S1096-16)30162-sbref1
http://refhub.elsevier.com/S1096-16)30162-sbref1
http://refhub.elsevier.com/S1096-16)30162-sbref2
http://refhub.elsevier.com/S1096-16)30162-sbref2
http://refhub.elsevier.com/S1096-16)30162-sbref3
http://refhub.elsevier.com/S1096-16)30162-sbref3
http://refhub.elsevier.com/S1096-16)30162-sbref3
http://refhub.elsevier.com/S1096-16)30162-sbref4
http://refhub.elsevier.com/S1096-16)30162-sbref4
http://refhub.elsevier.com/S1096-16)30162-sbref4
http://refhub.elsevier.com/S1096-16)30162-sbref5
http://refhub.elsevier.com/S1096-16)30162-sbref5
http://refhub.elsevier.com/S1096-16)30162-sbref5
http://refhub.elsevier.com/S1096-16)30162-sbref5
http://refhub.elsevier.com/S1096-16)30162-sbref6
http://refhub.elsevier.com/S1096-16)30162-sbref6
http://refhub.elsevier.com/S1096-16)30162-sbref6
http://refhub.elsevier.com/S1096-16)30162-sbref6
http://refhub.elsevier.com/S1096-16)30162-sbref7
http://refhub.elsevier.com/S1096-16)30162-sbref7
http://refhub.elsevier.com/S1096-16)30162-sbref7
http://refhub.elsevier.com/S1096-16)30162-sbref7
http://refhub.elsevier.com/S1096-16)30162-sbref7
http://refhub.elsevier.com/S1096-16)30162-sbref7
http://refhub.elsevier.com/S1096-16)30162-sbref8
http://refhub.elsevier.com/S1096-16)30162-sbref8
http://refhub.elsevier.com/S1096-16)30162-sbref9
http://refhub.elsevier.com/S1096-16)30162-sbref9
http://refhub.elsevier.com/S1096-16)30162-sbref9
http://refhub.elsevier.com/S1096-16)30162-sbref9
http://refhub.elsevier.com/S1096-16)30162-sbref9
http://refhub.elsevier.com/S1096-16)30162-sbref9
http://refhub.elsevier.com/S1096-16)30162-sbref9
http://refhub.elsevier.com/S1096-16)30162-sbref9
http://refhub.elsevier.com/S1096-16)30162-sbref9
http://refhub.elsevier.com/S1096-16)30162-sbref10
http://refhub.elsevier.com/S1096-16)30162-sbref10
http://refhub.elsevier.com/S1096-16)30162-sbref10
http://refhub.elsevier.com/S1096-16)30162-sbref11
http://refhub.elsevier.com/S1096-16)30162-sbref11
http://refhub.elsevier.com/S1096-16)30162-sbref11
http://refhub.elsevier.com/S1096-16)30162-sbref12
http://refhub.elsevier.com/S1096-16)30162-sbref12
http://refhub.elsevier.com/S1096-16)30162-sbref12
http://refhub.elsevier.com/S1096-16)30162-sbref13
http://refhub.elsevier.com/S1096-16)30162-sbref13
http://refhub.elsevier.com/S1096-16)30162-sbref13
http://refhub.elsevier.com/S1096-16)30162-sbref13
http://refhub.elsevier.com/S1096-16)30162-sbref14
http://refhub.elsevier.com/S1096-16)30162-sbref14
http://refhub.elsevier.com/S1096-16)30162-sbref14
http://refhub.elsevier.com/S1096-16)30162-sbref14
http://refhub.elsevier.com/S1096-16)30162-sbref15
http://refhub.elsevier.com/S1096-16)30162-sbref15
http://refhub.elsevier.com/S1096-16)30162-sbref15
http://refhub.elsevier.com/S1096-16)30162-sbref16
http://refhub.elsevier.com/S1096-16)30162-sbref16
http://refhub.elsevier.com/S1096-16)30162-sbref16
http://refhub.elsevier.com/S1096-16)30162-sbref17
http://refhub.elsevier.com/S1096-16)30162-sbref17
http://refhub.elsevier.com/S1096-16)30162-sbref17
http://refhub.elsevier.com/S1096-16)30162-sbref17
http://refhub.elsevier.com/S1096-16)30162-sbref18
http://refhub.elsevier.com/S1096-16)30162-sbref18
http://refhub.elsevier.com/S1096-16)30162-sbref19
http://refhub.elsevier.com/S1096-16)30162-sbref19
http://refhub.elsevier.com/S1096-16)30162-sbref19
http://refhub.elsevier.com/S1096-16)30162-sbref20
http://refhub.elsevier.com/S1096-16)30162-sbref20
http://refhub.elsevier.com/S1096-16)30162-sbref21
http://refhub.elsevier.com/S1096-16)30162-sbref21
http://refhub.elsevier.com/S1096-16)30162-sbref21
http://refhub.elsevier.com/S1096-16)30162-sbref22
http://refhub.elsevier.com/S1096-16)30162-sbref22
http://refhub.elsevier.com/S1096-16)30162-sbref22
http://refhub.elsevier.com/S1096-16)30162-sbref23
http://refhub.elsevier.com/S1096-16)30162-sbref23
http://refhub.elsevier.com/S1096-16)30162-sbref23
http://refhub.elsevier.com/S1096-16)30162-sbref24
http://refhub.elsevier.com/S1096-16)30162-sbref24
http://refhub.elsevier.com/S1096-16)30162-sbref24
http://refhub.elsevier.com/S1096-16)30162-sbref24
http://refhub.elsevier.com/S1096-16)30162-sbref25
http://refhub.elsevier.com/S1096-16)30162-sbref25
http://refhub.elsevier.com/S1096-16)30162-sbref25
http://refhub.elsevier.com/S1096-16)30162-sbref26
http://refhub.elsevier.com/S1096-16)30162-sbref26
http://refhub.elsevier.com/S1096-16)30162-sbref27
http://refhub.elsevier.com/S1096-16)30162-sbref27
http://refhub.elsevier.com/S1096-16)30162-sbref28
http://refhub.elsevier.com/S1096-16)30162-sbref28
http://refhub.elsevier.com/S1096-16)30162-sbref28
http://refhub.elsevier.com/S1096-16)30162-sbref29
http://refhub.elsevier.com/S1096-16)30162-sbref29
http://refhub.elsevier.com/S1096-16)30162-sbref29
http://refhub.elsevier.com/S1096-16)30162-sbref29
http://refhub.elsevier.com/S1096-16)30162-sbref30
http://refhub.elsevier.com/S1096-16)30162-sbref30
http://refhub.elsevier.com/S1096-16)30162-sbref30
http://refhub.elsevier.com/S1096-16)30162-sbref30
http://refhub.elsevier.com/S1096-16)30162-sbref31
http://refhub.elsevier.com/S1096-16)30162-sbref31

Y. Wang et al.

for monitoring fermentation processes. Microb. Cell Fact. 7, 6.

Spanjaard, R.A., van Duin, J., 1989. Translational reinitiation in the presence and
absence of a Shine and Dalgarno sequence. Nucleic Acids Res. 17, 5501-5508.
Tian, T., Salis, H.M., 2015. A predictive biophysical model of translational coupling to
coordinate and control protein expression in bacterial operons. Nucleic Acids Res.

43, 7137-7151.

Weber, T., Charusanti, P., Musiol-Kroll, E.M., Jiang, X., Tong, Y., Kim, H.U., Lee, S.Y.,
2015. Metabolic engineering of antibiotic factories: new tools for antibiotic
production in actinomycetes. Trends Biotechnol. 33, 15-26.

Xiang, S.H., Li, J., Yin, H., Zheng, J.T., Yang, X., Wang, H.B., Luo, J.L., Bai, H., Yang,
K.Q., 2009. Application of a double-reporter-guided mutant selection method to
improve clavulanic acid production in Streptomyces clavuligerus. Metab. Eng. 11,
310-318.

426

Metabolic Engineering 38 (2016) 418-426

Yanai, K., Murakami, T., Bibb, M., 2006. Amplification of the entire kanamycin
biosynthetic gene cluster during empirical strain improvement of Streptomyces
kanamyceticus. Proc. Natl. Acad. Sci. USA 103, 9661-9666.

Yu, P., Liu, S.P., Bu, Q.T., Zhou, Z.X., Zhu, Z.H., Huang, F.L., Li, Y.Q., 2014. WblAch, a
pivotal activator of natamycin biosynthesis and morphological differentiation in
Streptomyces chattanoogensis L10, is positively regulated by AdpAch. Appl.
Environ. Microbiol. 80, 6879-6887.

Zhang, M.M., Wang, Y., Ang, E.L., Zhao, H., 2016. Engineering microbial hosts for
production of bacterial natural products. Nat. Prod. Rep.. http://dx.doi.org/
10.1039/C6NP00017G.

Zhu, T., Cheng, X., Liu, Y., Deng, Z., You, D., 2013. Deciphering and engineering of the
final step halogenase for improved chlortetracycline biosynthesis in industrial
Streptomyces aureofaciens. Metab. Eng. 19, 69-78.


http://refhub.elsevier.com/S1096-16)30162-sbref31
http://refhub.elsevier.com/S1096-16)30162-sbref32
http://refhub.elsevier.com/S1096-16)30162-sbref32
http://refhub.elsevier.com/S1096-16)30162-sbref33
http://refhub.elsevier.com/S1096-16)30162-sbref33
http://refhub.elsevier.com/S1096-16)30162-sbref33
http://refhub.elsevier.com/S1096-16)30162-sbref34
http://refhub.elsevier.com/S1096-16)30162-sbref34
http://refhub.elsevier.com/S1096-16)30162-sbref34
http://refhub.elsevier.com/S1096-16)30162-sbref35
http://refhub.elsevier.com/S1096-16)30162-sbref35
http://refhub.elsevier.com/S1096-16)30162-sbref35
http://refhub.elsevier.com/S1096-16)30162-sbref35
http://refhub.elsevier.com/S1096-16)30162-sbref36
http://refhub.elsevier.com/S1096-16)30162-sbref36
http://refhub.elsevier.com/S1096-16)30162-sbref36
http://refhub.elsevier.com/S1096-16)30162-sbref37
http://refhub.elsevier.com/S1096-16)30162-sbref37
http://refhub.elsevier.com/S1096-16)30162-sbref37
http://refhub.elsevier.com/S1096-16)30162-sbref37
http://dx.doi.org/10.1039/C6NP00017G
http://dx.doi.org/10.1039/C6NP00017G
http://refhub.elsevier.com/S1096-16)30162-sbref39
http://refhub.elsevier.com/S1096-16)30162-sbref39
http://refhub.elsevier.com/S1096-16)30162-sbref39

	Iteratively improving natamycin production in Streptomyces gilvosporeus by a large operon-reporter based strategy
	Introduction
	Materials and methods
	Bacterial strains, plasmids, and cosmid library
	Bacteria growth, conjugation, fermentation, and mutagenesis conditions
	Construction of gene replacement vectors pWW4 and pAL06
	Analysis of natamycin production by S. gilvosporeus strains
	Isolation of total RNA and gene expression analysis by quantitative real-time RT-PCR
	Determination of copy number of the natamycin gene cluster
	Determination of DNA sequence

	Results
	Natamycin biosynthetic gene cluster from the industrial strain S. gilvosporeus Ins1
	Design of the cluster-situated large natS1-neo reporter operon for semi-rational breeding
	Construction of the cluster-situated large natS1-neo reporter operon in S. gilvosporeus Ins1
	Optimization of the kanamycin selection procedure
	Generation of high-yield natamycin producers by multiple rounds of random mutagenesis and kanamycin selection
	Expression of the labeled sgn gene cluster in natamycin overproducers
	Copy number of the sgn gene cluster in natamycin overproducers

	Discussion
	Acknowledgements
	References




