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The genus Streptomyces is intensively studied due to its excellent ability to produce secondary
metabolites with diverse bioactivities. In particular, adequate precursors of secondary metabolites
as well as sophisticated post modification systems make some high-yield industrial strains of
Streptomyces the promising chassis for the heterologous production of natural products. However,
lack of efficient genetic tools for the manipulation of industrial strains, especially the episomal
vector independent tools suitable for large DNA fragment deletion, makes it difficult to remold the
metabolic pathways and streamline the genomes in these strains. In this respect, we developed an
efficient deletion system independent of the episomal vector for large DNA fragment deletion.
Based on this system, four large segments of DNA, ranging in length from 10 kb to 200 kb, were
knocked out successfully from three industrial Streptomyces strains without any marker left.
Notably, compared to the classical deletion system used in Streptomyces, this deletion system takes
about 25% less time in our cases. This work provides a very effective tool for further genetic
engineering of the industrial Streptomyces.

Keywords: Industrial Streptomyces, indigoidine synthetase, large DNA fragment deletion, biosynthetic gene
cluster

Introduction

The Gram-positive Streptomyces has been intensively investigated due to their outstanding ability to produce
numerous secondary metabolites, many of which are valuable in industrial and pharmaceutical applications [1, 2].
Particularly, some high-yield industrial strains of Streptomyces are commonly used for the production of many
bioactive natural products (NPs) such as tetracycline (anti-infection), daunorubicin (anti-cancer), and rapamycin
(immunosuppressant) [1]. Some of these industrial strains also have the potential to be remolded into suitable cell
factories for the heterologous synthesis of valuable pharmaceutical molecules due to abundant precursors supply
of NPs as well as sophisticated post modification systems [3].

Most of the industrial strains were, in most cases, poorly characterized physiologically and genetically. This has
resulted in a serious limitation of applying molecular genetics approaches since efficient tools have been
developed for just a few type strains [4]. High-efficient genetic engineering techniques, such as DNA fragment
deletion methods, play a significant role in the research of microbial cell factories. Through DNA fragment
deletion, we can explore the functions of essential genes, block the metabolic pathways of by-products, reduce the
toxic metabolites, and thereby increase the yield of target products. Unfortunately, most deletion systems are
much more difficult to be applied in the industrial strains compared to the best-studied type strains like
Streptomyces coelicolor M145, Streptomyces lividans TK24, and Streptomyces albidoflavus J1074 [3, 5], and one
important reason for this is the lack of available episomal vectors. In Streptomyces, several strategies for
mutagenesis have already been developed, specifically, the PCR-targeting system and the CRISPR/Cas9 system,
which are two of the most powerful tools. Although CRISPR/Cas9 system enumerated success in several groups
for genome editing in Streptomyces [6-8], its dependence on available episomal vectors and the inferred toxicity of
Cas9 limited its application. For instance, the CRISPR/Cas9 system could not work in several industrial strains
including Streptomyces chattanoogensis L10, Streptomyces tsukubaensis YNO6, and Streptomyces albus ZD11 [9].
On the other hand, the PCR-targeting system is highly reliable but presents lower efficiency due to the laborious
and time-consuming double-crossover mutant screening process [10]. In this context, the chromogenic reporter
system for colony screening is a good selection to reduce the time and cost for mutant screening.

Elsewhere, indigoidine synthetase (IDGS) catalyzes the condensation of two L-Glutamine molecules to form
one molecule of water-insoluble blue pigment indigoidine [11]. Taking advantage of the blue color of indigoidine,
several groups of researchers have realized efficient gene editing based on the IDGS reporter system in
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Streptomyces [10-12]. Li et al. used idgS gene cloned from Streptomyces lavendulae CGMCC 4.1386 to knock out
the sc04069 gene in S. coelicolor M1146 and the asfA-y gene in Streptomyces sp. YN86 [11]. Kormanec et al.
developed an efficient system for markerless deletions and stable integrations in S. lividans TK24 based on the
bpsA gene [10]. Wang et al. developed an updated version of the CRISPR/Cas9 genome editing system for
actinomycetes based on IdgS to address the plasmid curing problem. They performed the deletion of a single gene
actIORFIin S. coelicolor M145 [12]. However, to the best of our knowledge, the applications of the IDGS reporter
system primarily in the industrial Streptomyces strains remain elusive. Therefore, in this work, an IDGS encoding
gene, sshg_00313 (designated SaindC in this study) was cloned from S. albidoflavus J1074 [13]. The function of
SaIndC was verified, and subsequently, the SaindC-based efficient markerless deletion system independent of the
episomal vector was constructed. Moreover, three biosynthetic gene clusters (BGCs) and a non-essential
chromosomal region were respectively knocked out from three industrial Streptomyces strains namely S.
chattanoogensis L10 [14], S. coeruleorubidus, and S. albus ZD11[15] based on this deletion system. Collectively,
our results indicate that the SaindC-based deleting system is efficient and reliable for large DNA fragment deletion
in industrial streptomycetes.

Materials and Methods

Strains and Vectors
All the strains and vectors used in this study are listed in Table 1.

Bacterial Cultivation, Fermentation, and HPLC Analysis

AL E. coli strains were grown at 37°C in Luria-Bertani (LB) medium (1% tryptone, 0.5% yeast extract, and 1%
NaCl) [16]. When appropriate, apramycin, kanamycin, or chloramphenicol was added to the media at a final
concentration of 50, 50, or 25 ug/ml, respectively.

Furthermore, S. chattanoogensis L10 and its derivative strains were grown on yeast malt glucose (YMG) agar
plates (0.4% yeast extract, 1% malt extract, 0.4% glucose, 0.2% CaCO3, and 2% agar, pH 7.2) for sporulation [17].
1.75% glucose, 1.5% tryptone, and 1% NaCl was used as the seed broth medium, and YEME broth medium (0.3%
yeast extract, 0.3% malt extract, 0.5% tryptone, and 4% glucose) was used for fermentation. In particular, the
fermentation process was performed as described previously [14]. Then the production of azoxymycin was
analyzed using high-performance liquid chromatography (HPLC) on a Shimadzu LC-20AT system with a UV
detector set at 400 nm with Agilent Eclipse Plus-C18 (5um, 4.6 x 250mm?). Mobile phase A was 0.1% formic acid
in water, whereas mobile phase B was 0.1% formic acid in acetonitrile. The flow rate was 1 ml min™. During the
analysis procedure, mobile phase B was raised from 10 to 90% in 30 min.

Moreover, S. albus ZD11, S. coeruleorubidus, and their derivative strains were grown on ISP4 agar medium (BD,
USA) for 6-7 days at 30°C for sporulation. Tryptic Soy Broth (TSB) medium (3% TSB) was used for pre-cultivation

Table 1. Bacterial strains and vectors used in this work.

Strains or vectors Description Reference
Strains

S. albidoflavus J1074 Type strain of Streptomyces [13]

S. chattanoogensis L10 Industrial natamycin producing strain CGMCC 2644

S. chattanoogensis L10/ pINTO1 L10 carrying vector pINTO1, apr This study

S. chattanoogensis L10/ pSOK804  L10 carrying vector pPSOK804, apr This study

S. chattanoogensis L10-Aazo L10 with disruption of azoxymycin BGC This study

S. albus ZD11 A derivative obtained with streak plate method from anindustrial ~CGMCC 4.7658
salinomycin-producing strain

S. albus ZD11-Asal ZD11 with disruption of salinomycin BGC This study

S. albus ZD11-A200k ZD11 with disruption of 200 kb non-essential chromosomal This study
region deleted

S. coeruleorubidus Daunorubicin producing strain purchased from CICC CICC 11043

S. coeruleorubidus -Adnr Streptomyces coeruleorubidus with disruption of daunorubicin This study
BGC

E.coliTG1 Host strain for DNA clone Stratagene

E.coli ET12567 (pUZ8002) dam’dcm’ strain containing helper plasmid pUZ8002 [30]

Vectors

pKC1139S-kasOp Dereived from pKC1139 containg kasOp*, apr Unpublished

pSOK804 Streptomyces | E. coli shuttle vector, apr [31]

pINTO1 Derived from pSOK804 containing kasOp*-SaindC cassette,apr ~ This study

pSET152 Streptomyces | E. coli shuttle vector, apr [27]

pSUCO1 Derived from pSET152 containing kasOp*-SaindC cassette, apr This study

pSUC02 Derived from pSUCOI for the deletion of azoxymycin BGC, apr This study

pSUCO03 Derived from pSUCO1 for the deletion of daunorubicin BGC,apr  This study

pSUC04 Derived from pSUCO1 for the deletion of salinomycin BGC,apr ~ This study

pSUCO5 Derived from pSUCO1 for the deletion of the 200 kb non-essential ~ This study

chromosomal region, apr

apr, apramycin resistance
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at30°Cfor 24 h, industrial seed medium (3% soybean powder, 1% yeast extract, 4% glucose, and 0.2% CaCO3) was
used for seed cultivation at 30°C for 29 h, and ionic medium (IM) with soybean oil (0.2% NaCl, 0.2% KCl, 0.5%
(NH,),SO,, 0.02% K,HPO,, 0.01% MgSO,, 0.01% CaCl,, 0.5% CaCO,, and 15% soybean oil) was used as
fermentation medium [18]. The yield of salinomycin was determined as described previously [18]. To determine
the production of daunorubicin, the fermentation broth was hydrolyzed by treatment with 39.2 mg of oxalic acid
dihydrate per ml at 50°C for 60 min and then mixed with anhydrous methanol at the ratio of 1:9 for 12 h at room
temperature. Thereafter, the supernatant was collected using a centrifuge at 12,000 xg for 10 min and then filtered
through a 0.22 um filter. Consequently, the samples were analyzed by HPLC with a ZORBAX Eclipse XDB-C18
column (4.6 x 150 mm’, 5 um) on the Shimadzu LC-20AT system, A,s, .. was measured. Additionally, mobile
phase A was 10 mM ammonium acetate in water, while mobile phase B was acetonitrile. Elution was performed as
follows: a linear gradient from 20 to 50% solvent B from 0 to 15 min, a linear gradient from 50 to 90% solvent B
from 15 to 18 min, and 90% solvent B from 18 to 22 min, at a flow rate of 1 ml min™".

Construction of SaindC-Based Gene Deletion System

The 3.8 kb SaindC gene (Accession: EFE79871.1) was amplified by PCR from S. albidoflavus J1074 genomic
DNA, while the kasOp* promoter was amplified with primer pair kas-F/kas-R from the plasmid pKC1139S-
kasOp previously constructed by our lab. The nucleotide sequence of kasOp* in this plasmid was synthesized by
Shanghai Generay Biotech Co., Ltd. (China) according to the previous literature [19]. Afterward, the SaindC and
kasOp* promoter were inserted into the HindIII cleavage site of pSOK804 to generate pINTO1. The integrative
vector pINTO1 containing the kasOp*-SaindC cassette and pSOK804 without the cassette was transformed into
E. coli ET12567/pUZ8002 and conjugated with S. chattanoogensis L10 wild-type (WT) strain. After growing on
the YMG agar plates containing apramycin for 5 days, the color of the recombinants was recorded. To generate the
suicide vector pSUCO1, the integrase gene int phiC31 was removed from pSET152 by HindIII digestion, and then
kasOp*-SaindC cassette was cloned into the HindIII cleavage site by ligation.

Deletion of Four Large DNA Fragments

The upstream and downstream homologous fragments of the deleting target were amplified with the primers
outlined in Table S1. The length of these homologous fragments was 2 kb (for azoxymycin BGC deletion), 2.4 kb
(for daunorubicin BGC deletion), 2.2 kb (for salinomycin BGC deletion), and 2.8 kb (for 200 kb non-essential
chromosomal region deletion). Consequently, these homologous fragments were inserted into the pSUCO01 vector
using seamless cloning with the pEASY-Basic Seamless Cloning and Assembly Kit (TransGen Biotech, China) to
generate the knockout vector pSUCO02, pSUCO03, pSUC04 and pSUCO05. After confirmed by nucleotide
sequencing, the knockout vectors were transformed into E. coli ET12567/pUZ8002 and subsequently introduced
into S. chattanoogensis L10 (pSUCO2), S. coeruleorubidus (pSUCO03), or S. albus ZD11 (pSUC04 and pSUCO05)
through intergeneric conjugation. The recombinants were selected by their resistance to apramycin. Several blue
colonies were then transferred to the YMG or ISP4 agar plates without apramycin. Then after growth at 30°C for 4-
6 days, the spores were collected and inoculated into the TSB medium. The broth was diluted appropriately and
plated on YMG or ISP4 plates to form the single colonies after 2 days. Within 4-6 days of cultivation, the numbers
of blue and original color colonies were recorded. To analyze the genotype of the recombinants, the original color
colonies on the plates were transferred to a new plate for further growth at 30°C. Lastly, 4-6 days later, the mycelia
were inoculated into TSB medium and grown at 30°C for 24 h, the genomic DNA was then extracted and used as
PCR template.

Bioinformatics Analysis

To determine the non-essential regions on S. albus ZD11, whole genome alignment of the genome of S. albus
ZD11 with other six Streptomyces strains were performed with MUMmer [20], chromosomal sequences of
S. albidoflavus J1074 (CP004370.1), S. coliecolor A(3)2 (NC_003888.3), S. lividans TK24 (NZ_CP009124.1),
S. clavuligerus ATCC 27064 (NZ_CP027858), S. griseus NBRC 13350 (NC_010572), and S. avermitilis MA-4680
(NC_003155) were obtained from NCBI. Moerover, in order to determine the BGCs, genomic islands (GIs),
integrative and conjugative elements (ICEs), and inserted sequences (ISs), computational analysis were
performed using antiSMASH [21], Island viewer4 [22], and ISsaga2 [23]. The detail of the transcriptome
sequencing (RNA-seq) data of WT S.albus ZD11 mentioned in the results part was described in our previous work
[18], the sequence reads obtained by RNA-seq were deposited in the SRA database under accession numbers
SAMN12251778, SAMN12251779.

Results

Construction of SaindC-Based Markerless Gene Deletion System

Although the indigoidine BGC was noted to be activated in S. albidoflavus J1074 [13], the indigoidine
synthetase gene (SaindC) located in this BGC has never been used in any reporter system. The SaindC presents
87.73% amino acid sequence identity to idgS or bpsA which had been used as a reporter gene in Streptomyces
(Fig. 1A) [10, 11, 24, 25]. To verify the function of SaIndC, SaindC from S. albidoflavus J1074 was cloned into an
integrative vector pSOK804 under control of the kasOp* promoter [19, 26]. The resulting vector pINTO01 (Fig. 1B)
and pSOK804 were then introduced into S. chattanoogensis L10 by conjugation. The recombinants were cultured
on YMG agar plates for 5 days, where the blue indigoidine was observed in the recombinants of L10/pINTO01, but
not in the recombinants of L10/pSOK804 (Fig. 1C). This implies that the kasOp*-SaindC cassette can be used as a
reporter system.
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Fig. 1. Construction of the SaindC-based markerless deletion system. (A) The amino acid sequence identity among idgS from S. lavendulae CGMCC
4.1386, bpsA from S. aureofaciens CCM3239, and SaindC from S. albidoflavus J1074. (B) Organization of the integrative vector pINT01. (C) The recombinants
carrying pSOK804 produced no indigoidine, while the recombinants carrying pINT01 produced indigoidine on the YMG agar plates. (D) Organization of the
suicide vector pSUCOI.

To achieve markerless large-fragment deletion in Streptomyces, the suicide vector pSUCO01 derived from
PSET152 was constructed [27], in which the integrase gene int phiC31 was deleted while the kasOp*-SaindC
cassette was inserted. For the convenience of the cloning of homologous fragments, the multi-cloning sites were
redesigned near the kasOp*-SaindC cassette (Fig. 1D).

For the traditional markerless deletion system in Streptomyces, a time-consuming replica plating step is
required to distinguish the single-crossover mutants that are resistant to the specific antibiotic from the sensitive
non-single-crossover colonies (reverted wild-type or double-crossover mutants, Fig. 2A). In our method, with the
SaindC-based reporter system, the colonies of single-crossover mutant (blue), double-crossover mutant (original
color), and reverted wild-type (original color) can be easily characterized based on the colony color with no need
for replica plating (Figs. 2B-2C).

Deletion of the 10 kb Azoxymycin BGC in S. chattanoogensis L10

S. chattanoogensis L10 is an industrial natamycin-producing strain [14], whereas the yellow azoxymycin is a
byproduct in the natamycin production process. The 10 kb azoxymycin BGC had been cloned and characterized
in 2015 [28]. Based on a proof-of-concept of the feasibility and efficiency of the SaindC-based markerless deletion
system, this relatively small BGC was selected as our first target to delete (Fig. 3A).

The suicide vector pSUC02 was used for deleting this BGC. After conjugation, only blue colonies (single-
crossover mutant) were noted on the plates containing apramycin, and thus no PCR validations were required.
Three randomly selected blue colonies were collected and streaked onto the YMG agar plates without apramycin
to ensure the occurrence of the second homologous recombination (HR). Following two rounds of non-selective
growth, 644 colonies were identified from 22 plates, and 94 out of 644 (15%) colonies were white. This signifies
that 85% of the colonies were still single-crossover mutants (blue) and could be excluded simply based on the color
of the colony, and hence 4-5 days for the replica plating step was saved. In addition, among the 94 white colonies,
39 colonies produced yellow substance (wild-type revertant) and the other 55 colonies did not (double-crossover
mutants), four white colonies without yellow substance secreted into the plate and four white colonies that
generated yellow substance into the plate were randomly selected and verified using PCR with primer pair Aazo-
out-F/Aazo-out-R. The PCR finding revealed that all of the four colonies that secreted no yellow substance were
double-crossover mutants (Fig. 3B).

Furthermore, one randomly selected double-crossover mutant (designated L10-Aazo) was cultured on a YMG
plate, while the cultivation and fermentation procedure was performed as described above. As shown in Fig. 3C,
L10-Aazo produced no yellow substance on the plate or in the fermentation broth. Notably, the HPLC analysis
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Fig. 2. Schematic diagram of the DNA fragment deletion process. Comparison of the the classical (A) and the
SaindC-based (B) deletion process in Streptomyces. X, resistance gene cassette for antibiotic X; up, the upstream homologous
arm of the target DNA fragment; and down, the downstream homologous arm of the target DNA fragment. (C) The flow of
SaindC-based deletion process. Apr+, plates with apramycin added; Apr-, plates without apramycin added; original color
colonies are indicated with red arrows.

result elucidated that no azoxymycin was detected in the L10-Aazo mutant (Fig. 3D), indicating that the 10 kb
azoxymycin BGC has been successfully deleted.

Deletion of the 37 kb Daunorubicin BGC in S. coeruleorubidus

The S. coeruleorubidus strain used in this study is an industrial daunorubicin-producing strain purchased from
China Center of Industrial Culture Collection (CICC). To examine the universal applicability of this markerless
deletion system and test its ability to deleting larger gene clusters, a 37 kb daunorubicin BGCin S. coeruleorubidus
was chosed as our next target (Fig. 4A). After conjugation and non-selective growth, it was observed that the
proportion of blue colonies (single-crossover mutants) was 47.74% among all 15 plates, the rest 52.26% colonies
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Fig. 3. Deletion of the azoxymycin BGC in S. chattanoogensis L10. (A) The schematic diagram of the double-
crossover mutants. Up, the upstream homologous arm of azoxymycin BGC; while down, the downstream homologous arm of
azoxymycin BGC. The primer pair Aazo-out-F/Aazo-out-R was used for PCR verification. (B) PCR verification of the L10-
Aazo mutants. Lane M, DNA marker; lane WT, wild-type S. chattanoogensis L10; lane P, pSUC02; lane 1-4, double-crossover
mutants (4 colonies that secreted no yellow azoxymycin into the plate); lane 5-8, reverted wild-type colonies (4 randomly
selected colonies that secreted yellow azoxymycin into the plate). (C) Color comparisons of substrate mycelia and fermentation
broth extract between the L10-Aazo mutant and L10 W strain. The strains were cultured for 5 days on the YMG agar plate
before being photographed. (D) The HPLC analysis of the fermentation broths at 120 h.
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Fig. 4. Deletion of the daunorubicin BGCin S. coeruleorubidus. (A) The schematic diagram of the double-crossover
mutants. Up, the upstream homologous arm of the daunorubicin BGC; down, the downstream homologous arm of the
daunorubicin BGC. The primer pair Adnr-out-F/Adnr-out-R was used for PCR verification. (B) PCR verification of the .
coeruleorubidus-Adnr mutants. Lane M, DNA marker; lane WT, wild-type S. coeruleorubidus; lane P, pSUC03; lane 1-2, double-
crossover mutants (2 randomly selected colonies that secreted no light red pigments into the plate); lane 3-4, reverted wild-type
colonies (2 randomly selected colonies that produced the light red compounds into the plate). (C) Color comparison of the
substrate mycelium cultured for 6 days before being photographed. (D) The HPLC analysis of the fermentation broths at 120 h.
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exhibited the original color of S. coeruleorubidus. Eight random selected colonies with original color were
transferred to another agar plate for sporulation. Five days later, it was found that 6 colonies secreted light red
pigment (the color of daunorubicin) into the plate while the other 2 colonies yielded no color change. The PCR
result suggested that those two colonies were daunorubicin BGC knockout mutants (Fig. 4B). Subsequently, the
verified daunorubicin BGC knockout mutants and wild-type S. coeruleorubidus were grown on the ISP4 plate
(Fig. 4C), and then fermentation procedures and chromatographic analysis assay were executed. The HPLC
results further confirmed the deletion of the daunorubicin BGC, no daunorubicin was detected in the knockout
mutants (Fig. 4D).

Deletion of the 74 kb Salinomycin BGCin S. albus ZD11

S.albus ZD11 is a derivative of an industrial high-yielding salinomycin-producing strain [15]. The high yield of
salinomycin suggests that S. albus ZD11 can provide abundant acyl-CoA precursors for polyketide synthesis and
has good potential to be an efficient microbial chassis for PKS synthesis. However, due to the lack of available
episomal expression vectors, the CRISPR/Cas9 system could not be used in this strain. To further examine the
universal applicability of this markerless deletion system, the 74 kb salinomycin BGC was selected as our third
target to delete.

Similarly, two 2.2 kb homologous fragments flanking salinomycin BGC were inserted into pSUCO1 to generate
pSUCO04. Then the vector was introduced into S. albus ZD11 through conjugation to delete the target large
fragment (Fig. 5A). After non-selective growth, 32.66% of the colonies among 10 plates appeared to be blue, the
rest 67.34% colonies exhibited to be white (the original color of S. albus ZD11). Eight white colonies were
randomly selected and verified using PCR with primer pair Asal-out-F/Asal-out-R, if the whole gene cluster was
deleted, an 833 bp PCR product would be obtained. The findings revealed that 2 out of 8 white colonies were
double-crossover mutants (Fig. 5B), which were designated as ZD11-Asal-1 and ZD11-Asal-2. In addition, the
ZD11-Asal-1 mutant and the S. albus ZD11 WT strain were cultured in the fermentation medium, respectively.
The HPLC results demonstrated that salinomycin was not detected in the fermentation broth of the ZD11-Asal-1
mutant (Fig. 5C), which further implies the successful deletion of salinomycin BGC.

Deletion of 200 kb Non-Essential Chromosomal Region in S. albus ZD11

Large-scale genome reduction can not only decrease metabolic burden on host cell, but can also further develop
simplified and versatile chassis for NPs production. Therefore, development of efficient large fragments deletion
methods is of great importance. In this part, the essential regions (600,000-1,139,003 bp, and 1,827,705-7,635,294
bp) and non-essential regions (1-600,000 bp, 1,139,004-1,827,704 bp, and 7,635,295-8,317,371 bp) were predicted
through whole-genome alignment (Fig. 6A), and a 200 kb non-essential chromosomal region of S. albus ZD11
(91,690-291,933 bp), which containg 150 predicted open reading frames, two BGCs, five ISs and six GIs, were
selected as the deleting target (Fig. 6A), to further examine the applicability of this markerless deletion system.

After the conjugation and non-selective growth, 92% of the colonies among six plates appeared to be blue
(single-crossover mutants), the rest 8% colonies exhibited to be white (the original color of S. albus ZD11). Eight
white colonies were randomly seletcted and verified by PCR, and six of them were confirmed as the double-
crossover mutants (Figs. 6B-6C). It was shown that deletion of the 200 kb region resulted in significant reduction
of cell growth and salinomycin production (Figs. 6D-6E). According to the RNA-seq data of WT S.albus ZD11,
although the overwhelming majority of genes located in this region were low expressed (Fig. 6F), 22 genes
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Fig. 5. Deletion of the salinomycin BGC in S. albus ZD11. (A) The schematic diagram of the double-crossover
mutants. Up, the upstream fragment of the target BGC; down, the downstream fragment of the target BGC. The primer pair
Asal-out-F/Asal-out-R was used for PCR verification. (B) PCR verification of S. albus ZD11-Asal. Lane M, DNA marker; lane
WT, wild-type S. albus ZD11; lane P, pSUCO04; lane 2 and lane 5, double-crossover mutants; lane 1, 3,4, 6,7, 8, reverted wild-type
colonies. (C) The salinomycin production was detected using HPLC at 120 h.
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Fig. 6. Deletion of the 200 kb chromosomal region in S. albus ZD11. (A) Mapping of essential (red color) and non-
essential (blue color) regions and localization of ISs, ICEs, GIs, and BGCs in the genome of S. albus ZD11. (B) The schematic
diagram of the double-crossover mutants. Up, the upstream fragment of the target BGC; down, the downstream fragment of
the target BGC. The primer pair Asal-out-F/Asal-out-R was used for PCR verification. (C) PCR verification of S. albus ZD11-
Asal. Lane M, DNA marker; lane W'T, the wild-type S. albus ZD11; lane P, pSUCO5; lane 1 and lane 3, the reverted wild-type
strains; lane 2, 4, 5, 6, 7, 8, the double-crossover mutants. The growth curves (D) and salinomycin production curve (E) of
mutantand S. albus ZD11 WT strain. (F) The expression level of the genes in the 200 kb deleted region.

exhibited exceptionally higher expression levels (FPKM >100). The function of seven of them were unknown and
the others were mainly responsible for secondary metabolism. Specifically, the expression level of DUT_70-0189,
which encoding ABC-type Fe3"-siderophore transporter substrate-binding protein, was particularly high (The
FPKM value is 1955). Previous studies suggested that iron are required for the vast majority of bacteria to survive,
and siderophore is vital for bacteria to uptake iron from the environment [29]. Based on this, we speculate that the
deletion of DUI_70-0189 might be one of the causes for the reduction of cell growth and salinomycin production.

Discussion

In this paper, we explored the possibility of using SaindC, an indigoidine synthetase gene from S. albidoflavus
J1074, to construct an efficient SaindC-based markerless deletion system which has good application prospect in
the deletion of BGCs and other large DNA fragments from industrial Streptomyces.

In the process of genomic fragment deletion through double-crossover HR, the second HR occurred in the
non-selective growth step and may generate double-crossover mutants or reverted wild-type. For the classical
selection methods without a reporter, the laborious and time-consuming replica plating and PCR verification are
required to screen the double-crossover mutants. However, a large part of the colonies on the plates after non-
selective growth are single-crossover mutants, which significantly decrease the ratio of the correct double-
crossover mutants. With our SaindC-based reporter system, the colonies of single-crossover mutant (blue),
double-crossover mutant (original color), and reverted wild-type (original color) can be easily characterized
based on the color of colonies (Fig. 2C). Furthermore, by skipping the laborious replica plating step, the total time
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needed for deletion was averagely reduced with about 25% in our cases (5-7 days were reduced for different
strains).

Using the indigoidine synthetase genes, several groups have previously reported efficient gene-deletion in the
model Streptomyces strains including S. coelicolor M145, S. coelicolor M1146, and S. lividans TK24 [10-12].
However, the feasibility of their deletion systems was not evaluated in industrial strains in their works. Here, the
indigoidine-based markerless deletion system was tested in three industrial strains, and the results elucidated that
our method provide a choice for many industrial strains particularly those lacking the episomal vectors.

The most notable characteristic of Streptomyces is its ability to produce secondary metabolites. Nevertheless,
many BGCsare silent under current culture conditions, thus heterologous expression has become a major strategy
to obtain enough such metabolites. In particular, industrial streptomycetes have been proposed as suitable
heterologous expression hosts because of adequate precursors as well as sophisticated post modification systems
[3]. To improve the yield of heterologous products, the non-essential chromosomal regions like endogenous
secondary BGCs, Gls and ISs are usually deleted ahead, there is an urgent requirement for reliable and efficient
large DNA fragment deletion systems. Herein, the 10 kb, 37 kb, 74 kb, and 200 kb DNA fragments were deleted
efficiently with our system, thus implying that this system is at least not constrained by the size of the target
genomic fragment in the range of 10-200 kb. As the indigoidine synthetase could also be used in most
actinomycetes as well as in some rare actinomycete genus [10, 11, 25], our work may provide a versatile markerless
deletion tool for several industrial actinomycete strains.

Acknowledgments
This work was financially supported by National Key R&D Program of China (2019YFA0905400).

Conflict of Interest
The authors have no financial conflicts of interest to declare.

References

1. BérdyJ. 2005. Bioactive Microbial Metabolites. J. Antibiot. 58: 1-26.
2. Komatsu M, Uchiyama T, Omura S, Cane DE, Ikeda H. 2010. Genome-minimized Streptomyces host for the heterologous expression
of secondary metabolism. Proc. Natl. Acad. Sci. USA 107: 2646-2651.
3. LiuR,Deng Z, Liu T. 2018. Streptomyces species: Ideal chassis for natural product discovery and overproduction. Metab. Eng. 50: 74-
84.
4. Musiol-Kroll EM, Tocchetti A, Sosio M, Stegmann EJNpr. 2019. Challenges and advances in genetic manipulation of filamentous
actinomycetes—the remarkable producers of specialized metabolites. Nat. Prod. Rep. 36: 1351-1369.

. Hopwood DA. 1999. Genetic recombination and strain improvement (Vol. 18). J. Ind. Microbiol. Biotechnol. 22: 323-335.

6. TongY, Charusanti P, Zhang L, Weber T, Lee SY. 2015. CRISPR-Cas9 based engineering of actinomycetal genomes. ACS Synth. Biol.
4:1020-1029.

7. ZengH, Wen S,Xu W, He Z, Zhai G, Liu Y, et al. 2015. Highly efficient editing of the actinorhodin polyketide chain length factor gene
in Streptomyces coelicolor M145 using CRISPR/Cas9-CodA (sm) combined system. Appl. Microbiol. Biotechnol. 99: 10575-10585.

8. Zhang MM, Wong FT, Wang Y, Luo S, Lim YH, Heng E, et al. 2017. CRISPR-Cas9 strategy for activation of silent Streptomyces
biosynthetic gene clusters. Nat. Chem. Biol. 13: 607-609.

9. Bu Q-T, Yu P, Wang J, Li Z-Y, Chen X-A, Mao X-M, et al. 2019. Rational construction of genome-reduced and high-efficient
industrial Streptomyces chassis based on multiple comparative genomic approaches. Microb. Cell Fact. 18: 16.

10. Rezuchova B, Homerova D, Sevcikova B, Ntfiez LE, Novakova R, Feckova L, et al. 2018. An efficient blue-white screening system for
markerless deletions and stable integrations in Streptomyces chromosomes based on the blue pigment indigoidine biosynthetic gene
bpsA. Appl. Microbiol. Biotechnol. 102: 10231-10244.

11. Li P, Li ], Guo Z, Tang W, Han ], Meng X, et al. 2015. An efficient blue-white screening based gene inactivation system for
Streptomyces. Appl. Microbiol. Biotechnol. 99:1923-1933.

12. Wang Q, Xie E, Tong Y, Habisch R, Yang B, Zhang L, et al. 2020. Dual-function chromogenic screening-based CRISPR/Cas9 genome
editing system for actinomycetes. Appl. Microbiol. Biotechnol. 104: 225-239.

13. Olano C, Garcial, Gonzilez A, Rodriguez M, Rozas D, Rubio J, et al. 2014. Activation and identification of five clusters for secondary
metabolites in Streptomyces albus J1074. Microb. Biotechnol. 7: 242-256.

14. Shan Y, Guo D, Gu Q Li Y, Li Y, Chen Y, et al. 2020. Genome mining and homologous comparison strategy for digging exporters
contributing self-resistance in natamycin-producing Streptomyces strains. Appl. Microbiol. Biotechnol. 104: 817-831.

15. ZhuZ,Li H, Yu P, Guo Y, Luo S, Chen Z, et al. 2017. SInR is a positive pathway-specific regulator for salinomycin biosynthesis in
Streptomyces albus. Appl. Microbiol. Biotechnol. 101: 1547-1557.

16. Sezonov G, Joseleau-Petit D, D'Ari R. 2007. Escherichia coli physiology in Luria-Bertani broth. J. Bacteriol. 189: 8746-8749.

17. Miyake K, Horinouchi S, Yoshida M, Chiba N, Mori K, Nogawa N, et al. 1989. Detection and properties of A-factor-binding protein
from Streptomyces griseus. J. Bacteriol. 171: 4298-4302.

18. LiH, Wei ], Dong J,Li Y, Li Y, Chen Y, et al. 2020. Enhanced triacylglycerol metabolism contributes to efficient oil utilization and
high-level production of salinomycin in Streptomyces albus ZD11. J. Appl. Environ. Microbiol. 86: €00763-20.

19. Wang W, Li X, Wang ], Xiang S, Feng X, Yang K. 2013. An engineered strong promoter for streptomycetes. Appl. Environ. Microbiol.
79: 4484-4492.

20. Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C, et al. 2004. Versatile and open software for comparing large
genomes. Genome Biol. 5: R12.

21. Blin K, Wolf T, Chevrette MG, Lu X, Schwalen CJ, Kautsar SA, et al. 2017. antiSMASH 4.0—improvements in chemistry prediction
and gene cluster boundary identification. Nucleic Acids Res. 45: W36-W41.

22. Bertelli C, Laird MR, Williams KP, Group SFURC, Lau BY, Hoad G, et al. 2017. IslandViewer 4: expanded prediction of genomic
islands for larger-scale datasets. Nucleic Acids Res. 45: W30-W35.

23. Varani AM, Siguier P, Gourbeyre E, Charneau V, Chandler M. 2011. Issaga is an ensemble of web-based methods for high throughput
identification and semi-automatic annotation of insertion sequences in prokaryotic genomes. Genome Biol. 12: R30.

v

J. Microbiol. Biotechnol.



A Deletion System Suitable for Industrial Streptomyces 1731

24.

25.

26.

27.

28.

29.

30.

31.

Knirschova R, Novakova R, Mingyar E, Bekeova C, Homerova D, Kormanec J. 2015. Utilization of a reporter system based on the
blue pigment indigoidine biosynthetic gene bpsA for detection of promoter activity and deletion of genes in Streptomyces. J.
Microbiol. Methods 113:1-3.

Wang Q, Xie F, Tong Y, Habisch R, Yang B, Zhang L, et al. 2019. Dual-function chromogenic screening-based CRISPR/Cas9 genome
editing system for actinomycetes. Appl. Microbiol. Biotechnol. 104: 225-239

Ostash B, Makitrinskyy R, Walker S, Fedorenko V. 2009. Identification and characterization of Streptomyces ghanaensis ATCC14672
integration sites for three actinophage-based plasmids. Plasmid 61: 171-175.

Luzhetskii AN, Ostash BE, Fedorenko VA. 2001. Intergeneric conjugation Escherichia coli-Streptomyces globisporus 1912 using
integrative plasmid pSET152 and its derivatives. Genetika 37: 1340-1347.

Guo Y-Y,LiH, Zhou Z-X, Mao X-M, Tang Y, Chen X, et al. 2016. Identification and biosynthetic characterization of natural aromatic
azoxy products from Streptomyces chattanoogensis L10. Org. Lett. 17: 6114-6117.

Chu BC, Garcia-Herrero A, Johanson TH, Krewulak KD, Lau CK, Peacock RS, et al. 2010. Siderophore uptake in bacteria and the
battle for iron with the host; a bird’s eye view. BioMetals 23: 601-611.

Gust B, Challis GL, Fowler K, Kieser T, Chater KE. 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.

Van Mellaert L, Mei L, Lammertyn E, Schacht S, Anne J. 1998. Site-specific integration of bacteriophage VWB genome into
Streptomyces venezuelae and construction of a VWB-based integrative vector. Microbiology 144: 3351-3358.

December 2021 | Vol. 31 | No. 12




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


