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Abstract

We previously developed an efficient deletion system for streptomycetes based on the positive selection of double-crossover
events using bpsA, a gene for producing the blue pigment indigoidine. Using this system, we removed interfering secondary
metabolite clusters from Streptomyces lividans TK24, resulting in RedStrep strains with dramatically increased heterologous
production of mithramycin A (up to 3-g/l culture). This system, however, required a time-consuming step to remove the
resistance marker genes. In order to simplify markerless deletions, we prepared a new system based on the plasmid
PAMRISA. This plasmid contains a large polylinker with many unique restriction sites flanked by apramycin and kanamycin
resistance genes and the bpsA gene for selecting a double-crossover event. The utility of this new markerless deletion system was
demonstrated by its deletion of a 21-kb actinorhodin gene cluster from Streptomyces lividans TK24 with 30% efficiency. We used
this system to efficiently remove the matA and matB genes in selected RedStrep strains, resulting in biotechnologically improved
strains with a highly dispersed growth phenotype involving non-pelleting small and open mycelia. No further increase in
mithramycin A production was observed in these new RedStrep strains, however. We also used this system for the markerless
insertion of a heterologous mCherry gene, an improved variant of the monomeric red fluorescent protein, under the control of the
strong secretory signal sequence of the subtilisin inhibitor protein, into the chromosome of S. lividans TK24. The resulting
recombinant strains efficiently secreted mCherry into the growth medium in a yield of 30 mg/I.

Keywords Actinorhodin - Antibiotics - Gene disruption - Indigoidine - Protein secretion - Red fluorescent protein
Reporter gene - Streptomyces

Introduction

Gram-positive bacteria of the genus Streptomyces are one of the
most important producers of biologically active secondary me-
tabolites, including many antibiotics important in human medi-
cine and agriculture. Antibiotic biosynthesis genes are generally
clustered and regulated by specific transcriptional regulators that
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are located within these gene clusters (Hopwood 2007).
Robust genomic sequencing of streptomycetes revealed a
wealth of biosynthetic gene clusters for unknown secondary
metabolites; however, many of them are silent under labora-
tory conditions. In order to identify new biologically active
secondary metabolites, genetic manipulations are applied to
activate these silent clusters or to improve their productivity
(Baltz 2016). In addition to secondary metabolite production,
some Streptomyces strains, like Streptomyces lividans, the
most efficient one, have been used for the secretion of heter-
ologous proteins. In general, the heterologous genes are fused
to signal peptide sequences from highly secreted Streptomyces
proteins to target them to the Sec pathway. These heterolo-
gous proteins are then efficiently secreted directly into the
growth medium (Anne et al. 2012).

To increase production of secondary metabolites and en-
zymes, efficient techniques for deleting specific genes or gene
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clusters or for inserting heterologous genes into Streptomyces
chromosomes are desired. Many methods based on the highly
conserved process of homologous recombination (HR) have
already been developed (Kieser et al. 2000). One of the most
powerful is the PCR-targeting system, which has been widely
used in Streptomyces. However, this system requires an or-
dered cosmid library for gene deletion, which may be an ob-
stacle for Streptomyces strains that have not been well-
characterised genetically (Gust et al. 2003). In general, these
techniques are based on non-replicative or suicide vectors car-
rying the targeted DNA fragments flanking the gene(s) to be
deleted together with an inserted antibiotic resistance marker
gene. In addition, they also carry a second antibiotic resistance
gene for selecting the integration of the vector into the chro-
mosome by HR (a single-crossover event). Replacement of
the desired gene(s) in the Streptomyces chromosome is subse-
quently accomplished by a double-crossover event, with se-
lection for loss of the selectable marker (the second antibiotic
resistance marker gene). These techniques are rather time con-
suming, however, and require investigating hundreds of
clones. Inserting a suitable chromogenic selection marker
gene into the suicide vector to distinguish between single-
crossover and double-crossover mutants by producing colo-
nies of different colours could simplify the procedure and
significantly reduce the time needed for selection. The gusA
chromogenic selection marker gene, encoding a (3-glucuroni-
dase, has already been used for a counterselection gene inac-
tivation system in Streptomyces. However, it requires an ex-
ternal supply of the rather expensive substrate X-Gluc
(Myronovskyi et al. 2014). Moreover, these genetic deletion
strategies result in the replacement of the target gene(s) with a
selectable resistance marker gene, which may have a polar
effect on the expression of flanking genes. Several methods
have already been established to remove the antibiotic marker
gene, but they leave a scar sequence of about 50 bp in the
Streptomyces chromosome (Fedoryshyn et al. 2008;

Fig. 1 Restriction map of the

Myronovskyi et al. 2014; Siegl and Luzhetskyy 2012). Like
the HR-based methods, these techniques are also time con-
suming, requiring the investigation of hundreds of clones.
Moreover, the scar sequence contains the integration FRT site
for Flp recombinase, which contains a longer inverted repeat,
which may affect neighbouring genes.

We previously established and optimised an easy gene de-
letion method based on selecting blue or white colonies for
single- and double-crossover events using the bpsA gene,
which encodes a protein for synthesising the blue pigment
indigoidine (Knirschova et al. 2015). This method allowed
double-crossover clones, which manifested white colonies,
to be very easily selected from amongst hundreds of blue
colonies (single-crossover clones), thereby enabling the fast
and reliable deletion of several interfering secondary metabo-
lite gene clusters in S. lividans TK24 to give several RedStrep-
deleted strains. These were then used for the efficient, heter-
ologous production of the anticancer compound mithramycin
A in yields of up to 3 g/I. Unfortunately, this method required
a laborious and time-consuming removal of the antibiotic re-
sistance marker genes using the phiC31 recombinase
(Novakova et al. 2018). In the present study, we prepared
and optimised a new vector, pAMRI18A (Fig. 1), for the easy
and efficient screening of markerless deletions based on the
selection of blue or white colonies. In addition, we also used it
for the markerless insertion of a heterologous gene (mCherry)
under the control of strong secretory regulatory elements into
the chromosome of S. lividans TK24.

Materials and methods

Bacterial strains, plasmids and culture conditions

S. lividans TK24 (Kieser et al. 2000) was used as wild-type
strain for these studies. Its genomic sequence (GenBank Acc.

|Xbal, Spel, Mfel, BsrGl, Nhel, Ndel, Clal, BamHI, Sall, Pstl, BstBl, Xbal, BstBI, Pcil, Avrll, Afll1, EcoRl, Kpnl, HindI11 |

plasmid pAMR18A. This plasmid
contains the promoterless bpsA
gene, the Tn5 (neo) kanamycin
resistance gene, the aac3(1V)
apramycin resistance gene with
oriT origin of transfer and FRT
regions from the plasmid plJ773
(Gust et al. 2003), the E. coli
ColE1 replication origin and the
ampicillin resistance gene (bla)
from pBluescript II SK+. The
single restriction sites in the
polylinker which can be used for
cloning are in bold, red characters

Sacl, Notl, Xbal

FRT
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No. CP009124) has been previously published (Riickert et al.
2015). Bennet solid medium (Horinouchi et al. 1983), MM
and SFM solid media (Kieser et al. 2000) were used to prop-
agate the strains and for selection of apramycin- and
kanamycin-resistant clones after conjugation. Liquid inocula-
tion medium (Knirschova et al. 2007), Bennet medium
(Horinouchi et al. 1983), NMP and TSB media (Kieser et al.
2000) were used to check the growth and heterologous pro-
duction of mCherry. SM 17 production medium was used for
the heterologous production of mithramycin A as recently
described (Novakova et al. 2018). The growth of cultures
was evaluated by measurement of dry mass of mycelium.
Five-millilitre aliquots were taken from the culture at particu-
lar time points and filtrated through GF/C glass filters
(Whatman). The filters were air-dried for 24 h and weighted.
All cloning procedures were performed in E. coli DH5a
(ThermoFisher Scientific, Waltham, MA, USA), while
E. coli ET12567/pUZ8002 was used for the conjugative trans-
fer of plasmid DNA into S. /ividans TK24 (Kieser et al. 2000).
E. coli plasmid pBluescript II SK+ (Stratagene, La Jolla, CA,
USA) was used for the E. coli cloning experiments and
pmCherry (Clontech, Mountain view, CA, USA) was used
as a template for PCR amplification of the mCherry gene.
E. coli BL21(DE3) pLysS and the plasmid pET28a
(Novagen, Madison, WI, USA) were used for mCherry over-
expression. The plasmid plJ773 containing the apramycin re-
sistance gene aac3(IV) with oriT and FRT regions (Gust et al.
2003) was kindly provided by Dr. Bertold Gust, John Innes
Centre, Norwich, UK. The conditions for E. coli growth and
transformation were as described in Ausubel et al. (1995).
When required, media were supplemented with 100 pg/ml
ampicillin (Sigma-Aldrich), 50 pg/ml kanamycin (Sigma-
Aldrich), 50 pg/ml apramycin (Sigma-Aldrich), 25 pg/ml
chloramphenicol (Sigma-Aldrich) and 20 pg/ml nalidixic acid
(Sigma-Aldrich).

DNA manipulations

DNA manipulations in E. coli were done as described in
Ausubel et al. (1995). Nucleotide sequencing was performed
with the ABI PRISM™ Dye Terminator Cycle Sequencing
Ready Reaction Kit (Applied Biosystems) and analysed on
an Applied Biosystems model 373 DNA sequencer.
Chromosomal DNA from all S. lividans TK24 strains was
isolated according to Kieser et al. (2000). For Southern blot
hybridization analysis, 1 pg of the isolated DNA was digested
with the appropriate restriction endonuclease, separated by
electrophoresis in a 0.8% (w/v) agarose gel in TAE and trans-
ferred to Hybond N (Amersham) as described in Ausubel et al.
(1995). The membrane was hybridised with random-primed,
DIG-labelled DNA probes (Roche, Mannheim, Germany) ac-
cording to the manufacturer’s instructions. The probes were
prepared by PCR amplification from the S. lividans TK24

chromosomal DNA using the primers indicated and PCR
DIG Probe Synthesis Kit (Roche, Mannheim, Germany) at
the conditions suggested by manufacturer.

Construction of pAMR18A

The plasmid pAMR4 (Knirshova et al. 2015), containing the
promoterless bpsA gene, the kanamycin resistance gene from
TnS (neo), the apramycin resistance gene aac3(IV) with oriT
flanked by the FRT regions and polylinkers in the backbone of
the E. coli plasmid pBluescript II SK+, was used as a source
for the preparation of pAMRI18A. First, the apramycin resis-
tance cassette was removed as a 1.4-kb Xbal DNA fragment
from pAMR4. Next, the same 1.4-kb Xbal fragment was
inserted in the border Xbal site of the resulting plasmid, but
in the opposite orientation from the kanamycin resistance
gene, resulting in pAMRI18A (Fig. 1). All cloning regions,
together with a long polylinker containing many restriction
sites for the rare restriction enzymes in Streptomyces, were
confirmed by nucleotide sequencing.

Deletion of the act cluster in S. lividans TK24

To prepare a S. lividans TK24 markerless act cluster deletion
mutant, two DNA fragments flanking the act cluster were
PCR amplified from the S. lividans TK24 genomic DNA.
High-fidelity Pfu DNA polymerase (Thermo Scientific) was
used for each PCR cloning amplification at the conditions
recommended by supplier. The first one, a 3-kb DNA frag-
ment flanking the 3’ end of the SLIV 12925 gene (Fig. 2a),
was amplified with the primers ActMfe and ActClaF
(Table 1). This DNA fragment was digested using Mfel and
Clal. The second one, a 3-kb DNA fragment flanking the 3’
end of the SLIV_ 13030 gene (Fig. 2a), was amplified with the
primers ActHind and ActClaR (Table 1). This DNA fragment
was digested using HindIIl and Clal. Both DNA fragments
were successively cloned into a pAMR18A digested with the
same enzymes, resulting in pAMR18A-act (Fig. 2a). Both
DNA fragments were verified by nucleotide sequencing.
The plasmid was transformed into the non-methylating
E. coli ET12567/pUZ8002 strain and introduced into
S. lividans TK24 by conjugation (Kieser et al. 2000) in solid
SFM medium. After 24 h, the plates were overlied with 1 ml
sterile water with 1.25 mg/ml apramycin, 1.25 mg/ml kana-
mycin and 0.5 mg/ml nalidixic acid and grown for 7 days at
28 °C. A single blue colony (representing a single-crossover
event) was picked and sporulated twice on solid Bennet me-
dium. Spores were diluted and spread to Bennet plates to
examine the blue and white colonies. The spores from 10
white colonies were dispersed in 100 pl of TE buffer, boiled
5 min and chilled on ice. A 1-ul aliquot was used as a template
for a 20 pl PCR with 5 pmol of the primers Actl and Act2
(Table 1) (Fig. 2b). The correct deletion of the act cluster in the
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Fig.2 a Scheme of the markerless deletion of the actinorhodin act cluster
in S. lividans TK24 using the plasmid pAMR18A-Act, which contains 3-
kb DNA regions upstream and downstream of the act cluster cloned in
PAMRI8A (details in the materials and methods section). Thick arrows
denote the direction and size of genes; red arrows represent the act genes.
Gene labelling is based on the genomic sequence of S. lividans TK24
(GenBank Acc. No. CP009124). The thin red arrows below the map
represent the position of the Actl and Act2 primers used for PCR verifi-
cation of the markerless deletion. The black bars below the maps repre-
sent the probe used for Southern blot hybridization analysis. Relevant
restriction sites are indicated. A solid Bennet medium plate with colonies
following two non-selective sporulations is shown to distinguish between

positive colonies was further confirmed by Southern blot hy-
bridization (Fig. 2¢).

Deletion of the matAB genes in S. lividans RedStrep
deletion strains

To prepare a markerless matAB deletion mutant, a similar proce-
dure was followed as for the act cluster deletion. Two, 2-kb DNA
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double-crossover clones or wild-type revertant clones (white colonies)
and single-crossover clones (blue colonies). b PCR analysis of ten ran-
domly selected white clones for the markerless deletion of the act cluster
using the primers Actl and Act2 (Table 1). ¢ Southern blot hybridization
analysis of chromosomal DNA from these ten white clones. One micro-
gram of DNA from the corresponding clone was digested with the restric-
tion enzymes indicated, separated by electrophoresis in 0.8% (w/v) aga-
rose gel and transferred on Hybond N (Amersham) as described in
Ausubel et al. (1995). Hybridization followed the standard DIG protocol
(Roche, Mannheim, Germany) using DIG-labelled probes. A Lambda
DNA-BstEIl digest was used as the size standard

fragments flanking the matAB (SLIV_22885, SLIV_22890) genes
were PCR amplified from the genomic DNA of S. lividans
TK24. The first one, flanking the 5’ end of the SLIV 22885 gene
(Fig. 3a), was amplified with the primers MatAMfe and
MatABam (Table 1). This DNA fragment was digested using
Mfel and BamHI. The second one, flanking the 3’ end of the
SLIV 22890 gene (Fig. 3a), was amplified with the primers
MatBHind and MatBAfl (Table 1). This DNA fragment was
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Table 1 Oligonucleotides used in

this study Oligonucleotide

Sequence (5’ — 3)

ActMfe
ActClaF
ActHind
ActClaR
Actl

Act2
MatAMfe
MatABam
MatBHind
MatBAfl
22880
22895r
2289512
34120Spe
34120Nhe
34120Hind
34120Af1
mCherryNhe

nCherryNde
mCherryDir
nCherryRev
34120up

34120down

CCCCCAATTGCGCTGAGCAAGCAGATCCGGGCCC
CCCCATCGATGGAAGGCCGTCAGCGGCCCGTGGC
CCCCAAGCTTCGAAGACCGCCAGGGACGTCAGCC
CCCCATCGATGACGCGCACCCTCGCCTTCGCGC
GGCCGTCGAACGGGCGAACCGCG
CGACCGTGGGGTATCGGTTCATCG
CCCCCAATTGGCTGGGCGGTGAACAGCAGCATGC
CCCCCGGATCCGGTGGCGTCAGCATCTCGTCCAGC
CCCCAAGCTTCCCGTCCCGTCTCGTCGGCCATCG
CCCCCTTAAGGTCGGATGACCACCCCGCCGTACG
CGACGAGTGCTCGGAGTCGTATGC
GGTACGTCGGTGTCCGTGCCCACG
GTCACGCCCACCACGCCCAGCAGC
CCCCCACTAGTGCTGTGTCTGGACTCGCGGGCGG
CCCCCGCTAGCGCGGTGGCCGGGGAGGCGAGGG
CCCCCAAGCTTCATGGAGTACGACCGCGAAGGACC
CCCCCCTTAAGCTCCCGGTTCAGGGGCACGGTCGG

CCCCCGCTAGCGGTGAGCAAGGGCGAGGAGGA
TAAC

CCCCCCATATGCTACTTGTACAGCTCGTCCATGC
CCCCCCATATGGTGAGCAAGGGCGAGGAGGATAAC
CCCCCGCGGCCGCTACTTGTACAGCTCGTCCATGC
GATGAGTTTCGGTGCGGGACTCG
GCAGCCGATCACGCCGCACGGTCC

digested using HindlIll and Af/Il. Both DNA fragments were
successively cloned into a pAMRI8A digested with the same
enzymes, resulting in pAMR18A-matAB (Fig. 3a). Both DNA
fragments were verified by nucleotide sequencing. The plasmid
was introduced into S. /ividans RedStrep 1.6 and 1.7 deletion
strains (Novakova et al. 2018) in a similar way, by conjugation
with selection for apramycin and kanamycin resistance. A similar
procedure as above was used to identify a correct markerless
deletion of matAB with the primer combinations 22880 +
22995r and 22880 + 22895r2. The correct matAB deletion was
also confirmed by nucleotide sequencing of the PCR amplified
DNA fragment (Fig. 3c).

Integration of the secretion ssi-mCherry fusion
in S. lividans TK24

Likewise, to insert the ssi-mCherry fusion into the S. lividans
TK24 chromosome, a procedure similar to that used for act clus-
ter deletion was performed. Two, 2-kb DNA fragments flanking
the subtilisin inhibitor ssi gene (SLIV_34120) were PCR ampli-
fied from the S. lividans TK24 genomic DNA. The first one,
flanking the 5" end of the SLIV 34120 gene with signal sequence
and an inserted Nel fusion site (Fig. 5a), was amplified with the
primers 34120Spe and 34120Nhe (Table 1). This DNA fragment

was digested using Spel and Nhel. The second one, flanking the
3"end of the SLIV 34120 gene (Fig. Sa), was amplified with the
primers 34120Hind and 34120Afl (Table 1). This DNA fragment
was digested using HindIll and AfIIl. The third 720-bp DNA
fragment, containing the mCherry gene, was amplified from
the pmCherry template plasmid with the primers mCherryNhe
and mCherryNde (Table 1), to remove the mCherry start ATG
codon and replace it with an in-frame Nel site. All three DNA
fragments were successively cloned into a pAMRISA digested
with the same enzymes, resulting in pAMR18A-secA2AM (Fig.
5a). All DNA fragments and fusions were verified by nucleotide
sequencing. As before, the plasmid was introduced into
S. lividans TK24 by conjugation with selection for apramycin
and kanamycin resistance. A similar procedure as above was
used to identify the correct markerless insertion of an ssi-
mCherry fusion with primers 34120up and 34120down. The
correct fusions were additionally confirmed by Southern blot
hybridization (Fig. 5c).

Fluorescence measurement of intracellular
and extracellular mCherry

Spores from the S. lividans ssi-mCherry and S. lividans TK24
strains were inoculated into 2-ml inoculation medium in 100-ml
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Fig. 3 a Scheme of the
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and 2289512 primers used for

22895r2

PCR verification of the 22880| 2285%r
markerless deletion. b PCR anal- s )

ysis of ten randomly selected SLIV_22875

white clones from each of the
strains used for conjugation of
PAMR18A-matAB using the
primer pairs 22880 + 22895r and
22880 + 2289512 (Table 1). A
Lambda DNA-BsEII digest was
used as the size standard

Standard

primers 22880 + 22895r2

Erlenmayer flasks and grown for 24 h at 270 rpm and 28 °C. TSB
medium of 20 ml was subsequently added and growth continued
under the same conditions. After 24 and 42 h, 1-ml culture aliquots
were taken and centrifuged for2 min at 12,000xg. The supernatant
was removed and designated the mCherry export fraction. The cell
pellet was washed with ice-cold 0.9% NaCl to remove residual
medium and thoroughly suspended in 1-ml buffer I (50 mM
Na,HPO,/NaH,PO,4 pH 7, 5 mM DTT, 0.1% Triton X100) to
homogeneity, giving the intracellular mCherry fraction. One
hundred-microlitre aliquots of both the export and intracellular
fractions were added to a black 96-well plate, and dual fluores-
cence was measured with a Synergy microplate reader (BioTek,
Winooski, VT, USA) at the optimal conditions for mCherry obser-
vation (Duellman et al. 2015): excitation wavelength/bandwith of
590/20 nm and emission wavelength/bandwith of 645/40 nm. The

@ Springer
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measured fluorescence units (FU) were normalised to 20 mg of
mycelium dry mass. To measure the mycelium dry mass, 5-ml
samples were taken from 24- and 42-h cultures, filtrated through
GF/C glass filters, washed with water, dried at room temperature
for 24 h and weighted. Twenty-microlitre aliquots of the exported
fractions were resolved by 12.5% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli
1970). Following electrophoresis, the proteins were visualised by
Coomassie brilliant blue staining.

Overexpression of the mCherry gene in E. coli
and protein purification

The mCherry gene was amplified by PCR using the plasmid
pmCherry as a template and the primers mCherryDir and
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mCherryRev (Table 1), which introduced an Ndel site over-
lapping the translation initiation codon and a No site down-
stream of the stop codon. A 720-bp mCherry-containing DNA
fragment was digested with Ndel and Notl and cloned into a
pET28a cut with the same enzymes, resulting in pET-
mCherry, which was verified by nucleotide sequencing. The
host strain for pET series expression plasmids (£. coli BL21
(DE3) pLysS) transformed with the plasmid pET-mCherry
was grown in LB medium containing 30 pg/ml chloramphen-
icol and 40 pg/ml kanamycin at 30 °C to an ODgqq of 0.5.
Expression was induced with 1 mM IPTG, and the cells were
harvested after 3 h by centrifugation at 12,000xg for 10 min
and washed with ice-cold 0.9% (w/v) NaCl. Cell lysis and
native purification of His-tagged mCherry on His-Tag Bind
resin (Novagen) were carried out as directed by the manufac-
turer. The eluted protein was dialysed overnight at 4 °C
against the storage buffer (12.5 mM Tris-HCI pH 7.9,
60 mM KCI, | mM EDTA, 1 mM DTT, 50% (v/v) glycerol),
cleared by centrifugation at 30,000xg for 10 min and stored at
—20 °C. The overproduction and purity of the eluted protein
were confirmed by SDS-PAGE. A prominent band (M, =
30,000) was identified after IPTG induction and isolated using
His-Tag Bind resin (data not shown). This value corresponded
to the calculated M, of the His-tagged mCherry protein
(28,903 Da). Protein concentration was determined according
to Bradford (1976) with BSA as a standard. The His-tagged
mCherry protein, after serial dilution in the storage buffer
without glycerol, was used to determine a fluorescence cali-
bration curve under the same conditions described above.
Measurements were done in triplicate. In addition, 20-ul ali-
quots of serially diluted His-tagged mCherry protein were
resolved by 12.5% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and visualised by
Coomassie brilliant blue staining.

Results

Preparation of the pAMR18A plasmid for markerless
deletion of genes in streptomycetes

We previously developed an efficient deletion system for
streptomycetes based on the positive selection of double-
crossover events using bpsA, a gene for producing the blue
pigment indigoidine. In this system, blue colonies indicate
single-crossover recombination by the homologous recombi-
nation of the DNA fragments flanking the region to be deleted
which is cloned in the plasmid pAMR4; uncoloured colonies
indicate double-crossover events, resulting in the replacement
of the deleted region by an antibiotic resistance marker gene
(Knirschova et al. 2015). Using this system, we recently re-
moved interfering secondary metabolite clusters from
Streptomyces lividans TK24, thereby dramatically increasing

the heterologous production of mithramycin A to as high as 3-
g/l culture. However, this system required an additional step to
remove the resistance marker gene using the phiC31
recombinase, which was both time consuming and left a short
RR region (Novakova et al. 2018). In order to reduce the time
needed for a particular deletion without leaving behind a re-
sistance marker gene, we prepared a new system based on the
PAMRISA plasmid. This system contains a large polylinker
with many unique restriction sites flanked by apramycin and
kanamycin resistance genes (used for single-crossover selec-
tion) and the bpsA gene for double-crossover selection (Fig.
1). To delete a gene of interest, two PCR-amplified DNA
fragments from the flanking regions to the deleted gene(s)
are cloned into the large polylinker of pAMR18A, leaving just
a single restriction site between them. Because pAMRI18A
lacks a Streptomyces replication origin, it will be integrated
into streptomycetes by the HR of one of the cloned
Streptomyces DNA fragments. Following two rounds of
non-selective sporulation, a double-crossover mutant or
reverted wild-type colony can be easily selected based on
the colony colour (blue or white), and subsequently examined
by PCR to distinguish between these two events.

Deletion of the actinorhodin cluster in S. lividans TK24

We tested this new markerless deletion system by deleting the
22 genes of the act cluster, which is responsible for the bio-
synthesis of the blue-pigmented polyketide antibiotic
actinorhodin in S. /ividans TK24. DNA regions of 3 kb up-
stream and downstream of the act cluster were PCR-amplified
and cloned using the unique restriction sites of the pAMRI18A
plasmid (Fig. 2a). The resulting construct, pAMR18A-Act,
was conjugated into S. lividans TK24. About 1000
apramycin- and kanamycin-resistant blue colonies producing
indigoidine were identified, indicating the successful integra-
tion of the recombinant plasmid into S. /ividans TK24 through
the homologous recombination of one region adjacent to the
act cluster. A single blue colony was taken and sporulated
twice on solid Bennet medium to ensure that either the
double-crossover event or reversion to wild-type occurred.
Ten randomly selected white and apramycin- and
kanamycin-sensitive colonies, representing either act deletion
mutants or wild-type revertants, were analysed by PCR using
primers from the act flanking regions. Of the analysed clones,
three were positive, containing the correct 500-bp amplified
DNA fragment, thus indicating the correct double-crossover
and markerless deletion of the act cluster (Fig. 2b). To addi-
tionally confirm the deletion of act, Southern blot hybridiza-
tion analysis was performed with chromosomal DNA from
these ten colonies using an act-flanking probe. All three pos-
itive clones contained the correctly deleted act cluster (Fig.
2¢), indicating about 30% efficiency in double-crossover re-
combination in the selected white colonies. Actinorhodin is
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produced by S. lividans strains grown on minimal medium
with glycerol as the sole carbon source (Kim et al. 2001).
While it is consistently produced under these conditions by
wild-type S. lividans TK24, no actinorhodin was detected in
all three act-deleted S. lividans strains (data not shown).

Deletion of the matAB genes in S. lividans RedStrep
deletion strains

Recently, using the deletion system based on the bpsA gene,
we prepared a collection of S. lividans strains with several
interfering secondary metabolite gene clusters sequentially
deleted (S. lividans RedStrep 1.1 to 1.8), which dramatically
increased their heterologous production of mithramycin A
(Novakova et al. 2018). To further increase mithramycin pro-
duction and improve the growth characteristics of these
RedStrep strains, we used the new markerless pAMR18A-
based system described here to remove the matA and matB
genes in selected RedStrep strains. Deletion of matA or matB,
which encode putative polysaccharide synthases, in
S. lividans 66 was previously shown to affect mycelial aggre-
gation, resulting in a highly dispersed growth phenotype with
non-pelleting small and open mycelia. This biotechnological-
ly improved Streptomyces strain had an increased overproduc-
tion of heterologously expressed genes (van Dissel et al.
2015). As in the case of act deletion, 2 kb DNA regions up-
stream and downstream of the matAB operon (SLIV 22885,

SLIV _22890) were PCR-amplified and cloned using the
unique restriction sites of the pAMRI18A plasmid, resulting
in pAMRI18A-matAB (Fig. 3a), which was conjugated into
S. lividans RedStrep 1.6 and 1.7 strains. We selected these
strains as main representatives of RedStrep strains (Table 2),
which also differ in the sporulation phenotype. The deletion of
the cpk cluster in RedStrep 1.7 partially affected sporulation
(Novakova et al. 2018). Likewise, ten randomly selected
white and apramycin- and kanamycin-sensitive colonies were
analysed by PCR using two primer combinations (22880 +
22895r and 22880 +2289512) from the matAB flanking re-
gions, which will produce different length of amplicons.
Four positive clones were found in both S. /ividans RedStrep
1.6 and 1.7 strains, containing the correct 470 bp DNA frag-
ment amplified with primers 22880 +22895r and a 740 bp
DNA fragment amplified with primers 22880 + 2289512
(Fig. 3b). This indicated the correct double crossover leading
to the markerless deletion of the matAB operon. In both
strains, therefore, the efficiency of double crossover leading
to deletion of the matAB operon was 40%. The correct dele-
tion was confirmed by sequencing the PCR-amplified DNA
fragment (data not shown).

When grown in liquid media, both new S. lividans strains
RedStrep 1.9 and 1.10 (Table 2) showed dispersed growth
with a non-pelleting phenotype, as previously described for
the S. lividans 66 matA and matB mutant strains (van Dissel
et al. 2015). Light microscopy clearly confirmed this

Table 2 Properties of the new ]
S. lividans RedStrep strains Strain Genotype

Deleted genes and regions (nt) in S. /ividans TK24
(Acc. No. CP009125)

RedStrep1.6 Aact Ared Acda Amel

RedStrepl.7 Aact Ared Acda Acpk Amel

RedStrepl.9 Aact Ared Acda Amel AmatAB

RedStrepl.10  Aact Ared Acda Acpk Amel AmatAB

SLIV_12925-SLIV_13030  (2961048-2982324)

SLIV_09115-SLIV 09220
SLIV 21445-SLIV 21640
SLIV 24135-SLIV 24185
SLIV_12925-SLIV_13030
SLIV_09115-SLIV_09220
SLIV 21445-SLIV 21640
SLIV_06705-SLIV_06820
SLIV 24135-SLIV 24185
SLIV 12925-SLIV 13030
SLIV 09115-SLIV 09220
SLIV 21445-SLIV 21640
SLIV 24135-SLIV 24185
SLIV 22885-SLIV_22890
SLIV_12925-SLIV_13030
SLIV_09115-SLIV_09220
SLIV 21445-SLIV 21640
SLIV_06705-SLIV_06820
SLIV 24135-SLIV 24185
SLIV 22885-SLIV 22890

(2081768-2113443)
(4739628-4822672)
(5384329-5392251)
(2961048-2982324)
(2081768-2113443)
(4739628-4822672)
(1507516-1565506)
(5384329-5392251)
(2961048-2982324)
(2081768-2113443)
(4739628-4822672)
(5384329-5392251)
(5118262-5121763)
(2961048-2982324)
(2081768-2113443)
(4739628-4822672)
(1507516-1565506)
(5384329-5392251)
(5118262-5121763)

@ Springer



Appl Microbiol Biotechnol (2018) 102:10231-10244

10239

phenotype. While the parent S. /ividans RedStrep 1.6 strain
grew as large pellets with an average diameter of about
150 pum, the pellets of both RedStrep 1.9 and 1.10 were much
smaller and less compact, with a diameter of only about 30 um
(Fig. 4). Biomass measurements, however, showed that they
grew comparably as their corresponding progenitor strains,
S. lividans RedStrep 1.6 and 1.7 (data not shown). The heter-
ologous production of mithramycin A was estimated in both
matAB mutant strains after conjugation with the pMTMF plas-
mid in SM17 production medium, as described previously
(Novakova et al. 2018); average mithramycin A production
in eight pMTMF exconjugants of each strain was similar to
both progenitor RedStrep 1.6 and 1.7 strains conjugated with
the same plasmid (data not shown).

Integration of the secretion fusion ssi-mCherry
into S. lividans TK24

In addition to the deletion of genes in Streptomyces spp., the
PAMRI18A-based system can also be used for the efficient and
stable markerless integration of foreign genes into any neutral
position of the Streptomyces chromosome. Since S. lividans
TK24 is a widely used host for heterologous protein secretion
(Anne et al. 2012), we investigated the ability of this system to
integrate a gene encoding an improved variant of the mono-
meric red fluorescent protein mCherry (Shaner et al. 2004)
under the control of the promoter and secretory signal se-
quence of the subtilisin inhibitor protein (SSI) into the
S. lividans TK24 chromosome. The mCherry protein has been
shown to be secreted in an active form from E. coli and eu-
karyotic cells (Chen et al. 2005; Duellman et al. 2015). The
SSI secretion signal from several Streptomyces strains was
previously used for the efficient secretion of several heterolo-
gous proteins (Lammertyn et al. 1997; Sianidis et al. 2006;
Taguchi et al. 1992), and determining the N-terminal sequence
ofthe exported S. lividans SSI (SLYAPSALVLT) revealed the
cleavage site of the SSI signal sequence (Lammertyn et al.
1997, Strickler et al. 1992).

S. lividans RedStrep 1.6

Fig. 4 Liquid-culture morphology of the progenitor strain S. /ividans
RedStrep 1.6, and the matAB mutant strains S. /ividans RedStrep 1.9
and 1.10. Strains were grown for 48 h at 30 °C and 250 rpm in 50-ml

S. lividans RedStrep 1.9

In order to insert the ssi-mCherry fusion into the chromo-
some of S. lividans TK24, 2-kb DNA regions upstream and
downstream of the S. lividans TK24 ssi gene (SLIV_34120)
were PCR-amplified, fused with the mCherry gene through an
Nhel site inserted downstream of the ssi cleavage site and
cloned into pAMRI18A. The resulting plasmid, pAMRI18A-
secA2AM (Fig. 5a), was conjugated into S. /ividans TK24. As
above, a single blue apramycin- and kanamycin-resistant col-
ony was selected for sporulation twice on solid Bennet medi-
um, and ten randomly selected white, apramycin- and
kanamycin-sensitive colonies were subsequently analysed by
PCR using the primer combination 34120up + 34120down
from the SLIV 34120 flanking region. Seven of the analysed
clones contained a 575-bp amplified DNA fragment corre-
sponding to the wild-type ssi allele and three clones lacked
this DNA fragment (Fig. 5b). In order to confirm correct inte-
gration, a Southern blot hybridization analysis was performed
with chromosomal DNA from these three colonies using the
SLIV_34120-flanking probe. All three positive clones
contained the correctly inserted ssi-mCherry fusion (Fig. 5c¢),
indicating about 30% efficiency for the correct double
CTOSSOVEr.

All three positive S. lividans ssi-mCherry strains (clones 3,
5 and 10) were phenotypically similar in growth and sporula-
tion to S. lividans TK24 (data not shown). The intracellular
and extracellular (exported) levels of mCherry from these
three strains as well as the wild-type S. lividans TK24 strain
were fluorescently measured. The control S. /ividans TK24
strain had only low background fluorescence in both intracel-
lular and extracellular fractions, but in all three S. lividans ssi-
mCherry strains, the main part of the mCherry activity was
exported (Fig. 6a). SDS-PAGE analysis of the medium (Fig.
6b) revealed a band of about 28 kDa, which is similar to the
theoretical molecular weight of mCherry from the second ami-
no acid (26,591). A previous report showed that the fluores-
cence of mCherry measured at the optimal wavelengths
(590 nm/646 nm) is directly proportional to the amount of
protein present, even after fusion to other proteins
(Duellman et al. 2015). We therefore prepared a similar

S. lividans RedStrep 1.10

SM17 medium in 250-ml Erlenmayer flasks and analysed under a Leica
DMi phase-contrast microscope. The scale bar represents 200 pm

@ Springer



10240 Appl Microbiol Biotechnol (2018) 102:10231-10244
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calibration curve using our purified mCherry protein under
our measurement conditions and found that the relation
remained linear up to 22.4 mg of mCherry (Fig. 6c, d).
Based on this calibration curve, the estimated amount of se-
creted mCherry was 30 mg/l of growth medium.

from S. aureofaciens CCM3239 (Novakova et al. 2010), for
creating an efficient markerless system for the easy deletion
from or insertion of genes into Streptomyces chromosomes,
based on an easy distinction between blue single-crossover
colonies and white double-crossover (or wild-type revertant)
colonies. The utility of this system, based on the Streptomyces
non-replicative plasmid pAMR18A, was demonstrated by the
easy and efficient deletion of the 22 genes of the actinorhodin
biosynthetic gene cluster act in S. lividans TK24. In this case,

Discussion

In this paper, we demonstrate the utility of the bpsA gene,
encoding the blue pigment indigoidine biosynthetic enzyme

@ Springer
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Fig.5 a Scheme of the markerless ssi-mCherry secretory fusion insertion
in S. lividans TK24 using the pAMR 18 A-secA2 AM plasmid, which con-
tains 2-kb DNA regions upstream and downstream of the SLIV 34120
(ssi) gene fused with the mCherry gene through an inserted Nhel site
downstream of the ssi cleavage site and cloned into pAMRI18A (details
in the materials and methods section). The nucleotide sequence of the
SLIV 34120 (ssi) signal sequence region and the ssi-mCherry fusion
through the inserted Nhel site are shown above the map. The inferred
protein products are given in the single-letter amino acid code above the
second position of each codon. The mCherry gene is inserted from the
second codon (VSKGEE). The vertical arrow indicates the cleavage site
of the secreted protein (Lammertyn et al. 1997; Strickler et al. 1992).
Thick arrows denote the direction and size of genes. Gene labelling is
based on the genomic sequence of S. lividans TK24 (GenBank Acc. No.
CP009124). The red arrow represents the mCherry gene and the green
arrow the position of the ssi gene. The thin bent green arrow denotes the
position of the ssi promoter. The thin red arrows below the map represent
the positions of the primers 34120up and 34120down used for the PCR
verification of the markerless insertion of the ssi-mCherry fusion. The
black bars below the maps represent the probe used for Southern blot
hybridization analysis. The relevant restriction sites are indicated. b
PCR analysis of ten selected white clones for the markerless ssi-
mCherry secretory fusion insertion using the primers 34120up and
34120down (Table 1). ¢ Southern blot hybridization analysis of chromo-
somal DNA from three positive clones. One microgram of DNA from the
indicated clone was digested with the restriction enzymes indicated, sep-
arated by electrophoresis in 0.8% (w/v) agarose gel and transferred on
Hybond N (Amersham) as described in Ausubel et al. (1995).
Hybridization followed the standard DIG protocol (Roche, Mannheim,
Germany) using DIG-labelled probes. A Lambda DNA-Bs7EII digest was
used as the size standard

Using the bpsA gene, we had previously developed an ef-
ficient deletion system for streptomycetes, where deleted
genes were replaced by an antibiotic marker resistance gene,
but a time-consuming procedure was required to remove this
marker gene afterward and left a scar sequence of about 50 bp
(Knirschova et al. 2015; Novakova et al. 2018). At the same
time and independently, a similar blue-white deletion system,
based on the homologous indigoidine biosynthetic gene idgS
from S. lavendulae CGMCC 4.1386, was published by anoth-
er group (Li et al. 2015). Comparing the abilities of both
previous systems based on pAMR4 and the new system based
on pAMRI8A to delete the act cluster, we find that the newer
system takes a month less and leaves no scar in the deleted
region. This new pAMR18A-based system could therefore be
easily and efficiently used for the markerless deletion of genes
and even larger regions in Streptomyces.

Several counterselection gene inactivation systems for
streptomycetes have already been developed (Dubeau et al.
2009; Gust et al. 2003; Kieser et al. 2000; Myronovskyi
et al. 2014), but all have some restrictions, e.g., a requirement
for an ordered cosmid library, specific mutated strains, or an
external substrate supply. Furthermore, removal of the antibi-
otic marker gene in these systems requires the conjugation of
an additional replicative plasmid containing a recombinase
gene essential for removing the marker gene (Fedoryshyn
et al. 2008; Myronovskyi et al. 2014; Siegl and Luzhetskyy

2012). Besides this additional, time-consuming step, it is pos-
sible that some Streptomyces strains may fail to accept these
replicative plasmids. Similar problems may also arise when
using the yeast [I-Scel meganuclease recombination system for
markeless deletion, which also requires the additional conju-
gation of a replicative plasmid with a Streptomyces codon-
optimised /-scel gene (Fernandez-Martinez and Bibb 2014;
Siegl et al. 2010). Likewise, several of the methods reported
previously for efficient Streptomyces deletions using an
optimised CRISPR/Cas gene editing system (Cobb et al.
2015; Huang et al. 2015; Zheng et al. 2015) use additional
replicative plasmids, which, again, may cause similar prob-
lems. In contrast, our new, easy and efficient pAMR18A-
based markerless system does not have any additional specific
requirements. The only restrictions might be its use in actino-
mycetes strains which possess homologues of bpsA. However,
homologues of this gene are rather rare among streptomycetes
(Li et al. 2015). In addition to our bpsA gene, only four other
homologous genes have been reported: the idgS gene in
S. lavendulae CGMCC 4.1386 (Li et al. 2015), the Sc-indC
gene in S. chromofuscus ATCC 49982 (Yu et al. 2013), the
SSHG 00313 gene in S. albus J1074 (Olano et al. 2014) and
the bpsA gene in S. lavendulae ATCC 11924 (Takahashi et al.
2007). In all these cases, the gene was silent under laboratory
conditions, meaning it is unlikely to interfere with the blue-
white screening.

Using this new pAMR18A-based markerless deletion sys-
tem, we were also able to delete the matAB operon
(SLIV_ 22885, SLIV_22890), encoding two putative polysac-
charide synthases, with similar efficiency (40%) in two select-
ed S. lividans RedStrep strains which had previously been
prepared by the deletion of interfering secondary metabolite
gene clusters (S. /ividans RedStrep 1.6 and 1.7), which had
dramatically increased their heterologous production of
mithramycin A (Novakova et al. 2018). This deletion should
improve the biotechnological properties of the RedStrep
strains, since matAB deletion in S. lividans 66 affected myce-
lial aggregation, giving the resulting mutant a highly dispersed
growth phenotype with non-pelleting small and open mycelia
together with an increased overproduction of heterologously
expressed genes (van Dissel et al. 2015). Our new S. lividans
RedStrep 1.9 and 1.10 strains with markerless deletions of
matAB had likewise had a dispersed growth phenotype, but
this deletion did not further increase mithramycin A produc-
tion. These new mutated RedStrep strains may nevertheless
have biotechnological potential as hosts for the heterologous
overproduction of biotechnologically relevant proteins with-
out interference from the coloured antibiotics actinorhodin
and undecylprodigiosin.

Besides deletions, this pAMRI18A-based system can also
be used for the stable markerless insertion of heterologous
genes into Streptomyces chromosomes. We tested this possi-
bility with mCherry, a gene for an improved variant of the
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Fig. 6 a Intracellular and
extracellular (export) activity of
mCherry in the wild-type

S. lividans TK24 and three

S. lividans ssi-mCherry strains. (a)
The activity was estimated in

three independent clones and

expressed as fluorescence units 16000
(FU) in 100 pl of TSB medium 14000
and corresponding cell suspen-
sion per 20 mg dry weight. Values
are means of three independent
determinations; error bars show
the standard deviation. b 12.5%
SDS-PAGE gel from 20 pl of the
TSB medium (extracellular se- 4000
creted fraction) from selected
strains grown in TSB medium. ¢
Fluorescence intensity of a serial-
ly diluted, purified His-tagged
mCherry protein. Data are means
of three independent experiments.
They were fit to a linear equation
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monomeric red fluorescent protein (Shaner et al. 2004). Since
S. lividans TK24 is widely used as a host for heterologous
protein secretion (Anne et al. 2012), we tested the insertion
of mCherry under the control of the promoter and efficient
secretory signal sequence of the subtilisin inhibitor protein
(encoded by the ssi gene, SLIV_34120) into the chromosome
of S. lividans TK24. The secretion signal for homologous ssi
genes from several Strepfomyces strains was previously used
for the efficient secretion of several heterologous proteins
(Lammertyn et al. 1997; Sianidis et al. 2006; Taguchi et al.
1992). In addition, the signal peptidase cleavage site in SSI
has been determined in S. /ividans TK24 (Lammertyn et al.
1997; Strickler et al. 1992). The correct integration of the ssi-
mCherry fusion by double-crossover HR into S. lividans
TK24 occurred with 30% efficiency, a level similar to that
for the deletions. All resulting recombinant strains efficiently
secreted active mCherry into the growth medium. Moreover,
SDS-PAGE analysis of the medium revealed a band of about
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28 kDa, which is similar to the theoretical molecular weight of
mCherry from the second amino acid (26,591). This small
difference might be caused by the partially aberrant mobility
of mCherry. Therefore, these results confirm that mCherry is
efficiently secreted from the S. lividans ssi-mCherry strain.
This markerless system can therefore also be used to efficient-
ly insert foreign genes into Streptomyces chromosomes. This
pPAMRI18A-based system may also have a biotechnological
impact, since the most common integration systems, based
on Streptomyces phage and plasmid integrative elements
(Kieser et al. 2000), integrate the whole integrative plasmid
together with an E. coli replicon, integrase gene and a resis-
tance marker gene. It is a significant biotechnological obsta-
cle, as biotechnological production strains should avoid anti-
biotic resistance genes, and expression of the integrase gene
and the E. coli plasmid replication gene may affect stability of
constructs. Although these integrative systems are quite sta-
ble, some loss was still reported (Baltz 2012; Myronovskyi
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and Luzhetskyy 2013; Siegl et al. 2010; Siegl and Luzhetskyy
2012). We previously also found that E. coli origin of replica-
tion caused dramatic instability after integration in some
Streptomyces chromosomes (Kormanec et al. 1993). In com-
parison with the integrative plasmids, our markerless system
based on HR has several advantages:it is more stable and can
integrate foreign DNA into any neutral chromosome position.
This system could also be used to integrate biotechnologically
relevant genes under the control of heterologous strong regu-
latory elements (promoters, RBS, secretory signal sequences).
Since the hpsA homologous gene idgS has previously been
found to be active in other actinomecetes (Li et al. 2015), this
PAMRI18A-based markerless system can reasonably be ex-
pected to also work in other actinomycetes.

In conclusion, we prepared a new efficient blue-white
screening system for markerless deletions and stable integra-
tions in Streptomyces chromosomes based on the plasmid
PAMRISA containing blue pigment indigoidine biosynthetic
gene bpsA. The system was verified by deletion of the
actinorhodin gene cluster from S. lividans TK24 and matA
and matB genes in selected S. lividans RedStrep strains. In
addition, we used this system for the markerless insertion of
the mCherry gene under the control of the subtilisin inhibitor
protein secretory signal sequence into the chromosome of
S. lividans TK24. The resulting recombinant strains efficiently
secreted mCherry into the growth medium.
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