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Abstract

The bacteria of the genus Streptomyces are the most valuable source of natural products of industrial and medical importance. A
recent explosion of Streptomyces genome sequence data has revealed the enormous genetic potential of new biologically active
compounds, although many of them are silent under laboratory conditions. Efficient and stable manipulation of the genome is
necessary to induce their production. Comprehensive studies in the past have led to a large and versatile collection of molecular
biology tools for gene manipulation of Strepfomyces, including various replicative plasmids. However, biotechnological appli-
cations of these bacteria require stable genome alterations/mutations. To accomplish such stable genome editing, two major
strategies for streptomycetes have been developed: (1) integration into the chromosome through Att/Int site-specific integration
systems based on Streptomyces actinophages (PC31, ®PBT1, VWB, TG1, SV1, R4, @Joe, 111/6) or pSAM?2 integrative plasmid;
(2) integration by homologous recombination using suicidal non-replicating vectors. The present review is an attempt to provide
a comprehensive summary of both approaches for stable genomic engineering and to outline recent advances in these strategies,
such as CRISPR/Cas9, which have successfully manipulated Streptomyces strains to improve their biotechnological properties
and increase production of natural or new gene-manipulated biologically active compounds.
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Introduction

The genus Streptomyces belongs to one of the largest bacterial
phylum Actinobacteria, which are represented by Gram-
positive bacteria with high G + C DNA content. In general,
Streptomyces species are saprophytic soil-dwelling aerobic
filamentous bacteria that play a key role in soil ecology by
effectively hydrolyzing a wide range of polysaccharides (cel-
lulose, chitin, xylan, and agar) and other natural macromole-
cules. This biodegradation efficiency is based on the secretion
of potent enzymes such as cellulases, xylanases, and
chitinases. Streptomycetes undergo a complex process of mor-
phological differentiation, somewhat resembling that of eu-
karyotic fungi. In the presence of water and nutrients, their
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life cycle begins with germination of the spores to form hy-
phae that grow by tip extension and branching to form a veg-
etative substrate mycelium. In response to a variety of signals,
special reproductive aerial hyphae, similarly growing by tip
extension, emerge from the mycelium. Upon cessation of their
growth, the aerial mycelium undergoes septation into
unigenomic prespore compartments, which finally mature into
ovoid spore chains that allow survival and dispersal. This
process of morphological differentiation is accompanied and
associated with the so-called physiological differentiation,
which represents the production of biologically active second-
ary metabolites, many of which have antibacterial, antifungal,
herbicidal, immunosuppresive, antihelminthic, and antitumor
properties. Actinobacteria produce about two-thirds of all
known antibiotics and other biologically active secondary me-
tabolites, most of which are produced by the Streptomyces
genus (Barka et al. 2016; Dyson 2011). However, these bac-
teria with versatile metabolism are also effective suppliers of
many enzymes for biotechnological applications (Spasic et al.
2018). In addition, some Streptomyces strains, such as
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S. lividans, have been used to efficiently secrete heterologous
proteins directly into growth media and are considered valu-
able hosts for the production of heterologous proteins (Anne
et al. 2012; Hamed et al. 2018). So, the bacteria of the genus
Streptomyces are clearly of great importance in the field of
biotechnology and medicine.

Secondary metabolites are synthesized by complex biosyn-
thetic pathways of subsequent chemical reactions, resulting in
a final biologically active product that is specifically exported
outside the cell. Biosynthetic genes of secondary metabolites
are physically clustered together with other genes encoding
regulatory and resistance proteins. This clustering facilitates
cloning of entire gene clusters for secondary metabolites into
various vectors for production in heterologous hosts and ge-
netic manipulations. Previously, most Streptomyces strains
were thought to produce one or only a few different bioactive
secondary metabolites. However, robust genomic sequencing
of Streptomyces strains revealed a wealth of biosynthetic gene
clusters (from 20 to 50) for unknown secondary metabolites.
However, only a small proportion of those metabolites are
produced under laboratory controlled conditions. The remain-
ing “silent” gene clusters represent a pool of novel metabolites
that await “awakening.” Streptomyces strains therefore pos-
sess a great potential for synthesis of new compounds. In order
to awaken these silent clusters or to increase the production of
secondary metabolites, efficient and stable gene manipulation
techniques are required for deleting specific genes/gene clus-
ters or for inserting heterologous genes/gene clusters into
Streptomyces chromosomes (Baltz 2016; Gross 2007; Chen
etal. 2016; Li et al. 2017b). Similarly, heterologous high-level
production of recombinant proteins in streptomycetes requires
stable genetic manipulations of biotechnologically productive
strains (Hamed et al. 2018).

The aim of this review is to summarize approaches for
preparing stable genome alterations/mutations in
Streptomyces species. However, in many cases, they could
also be applied to other actinomycetes. Although a number
ofreviews have already been published on parts of this subject
(Baltz 2012; Deng et al. 2017; Myronovskyi and Luzhetskyy
2013; Siegl and Luzhetskyy 2012), we have described stable
genome alterations/deletions with emphasis on new ap-
proaches, including our recently published effective system
for stable markerless genome alterations (Rezuchova et al.
2018), to create stable Streptomyces strains useful for biotech-
nology applications.

Genetic manipulations of Streptomyces
The enormous biotechnological potential of Streptomyces
strains, as mentioned above, logically provoked great interest

in the genetic manipulations of these bacteria. More than fifty
years of genetic and molecular biology studies in
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Streptomyces have brought a comprehensive and versatile col-
lection of molecular biology tools for the gene manipulations
of these bacteria, many of which are also useful for biotech-
nology applications (Hopwood 2007; Kieser et al. 2000).
Unlike efficient transformation systems in Gram-negative
bacteria such as Escherichia coli, incorporation of DNA into
streptomycetes is difficult due to strong cell wall and restric-
tion modification systems. Nevertheless, several procedures
have been developed to introduce DNA to these bacteria.
The first used is protoplast transformation. This method, orig-
inally developed by Okanishi et al. (1974), was later modified
to enhance the efficiency of transformation by the addition of
polyethylene glycol (Bibb et al. 1978). Although this proce-
dure has been adapted to a variety of Streptomyces species,
this procedure is rather laborious and needs to develop specif-
ic conditions for the formation and regeneration of protoplasts
in various Streptomyces strains (Kieser et al. 2000; Kormanec
etal. 1993). Later, electroporation was developed to introduce
plasmid DNA directly into mycelial fragments of some
Streptomyces species without the need for protoplast prepara-
tion (Pigac and Schrempf 1995). Another and currently the
most widely used strategy is the introduction of DNA into
Streptomyces strains by easy and efficient conjugation from
Escherichia coli. This method allows for the transfer of plas-
mids containing cis-acting origin of transfer oriT of a broad-
host-range IncP-group plasmid RK2 from E. coli donor strains
containing the functions of transfer RP4 (IncP) delivered in
trans into the Streptomyces strains as a recipient. Conjugation
is usually much more effective than protoplast transformation
and is applicable to many Streptomyces strains. In addition, it
allows easy cloning in E. coli and transfer of finished con-
structs transferred to Streptomyces only by mixing the donor
E. coli with spores of the Streptomyces acceptor strain
(Bierman et al. 1992; Mazodier et al. 1989). The main limita-
tion of these methods is that many streptomycetes possess
restriction-modification systems that can drastically reduce
transformation efficiency. In some strains, they can be
circumvented by the use of methylation-deficient . coli hosts
for conjugation and for DNA isolation for transformation, or
by heat treatment of protoplasts prior to transformation. The
frequency of transformation can also be increased by using
single-stranded plasmid DNA. In this regard, conjugation is
more efficient because restriction barriers can be
circumvented by the transfer of single-stranded concatemers
of plasmid DNA during the process (Kieser et al. 2000).
Numerous vector systems are available for genetic manip-
ulation of Streptomyces, including replicative vectors contain-
ing the replication origin of Streptomyces, integrating vectors
that site-specifically integrate into the genome using bacterio-
phage or plasmid integrase systems, and suicidal non-
replicating vectors that can integrate into the Streptomyces
genome by homologous recombination (Kieser et al. 2000).
The replicative vectors used for genetic manipulations in
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streptomycetes were mainly constructed on the basis of four
native Streptomyces plasmids: plJ101, pJV1, pSGS5, and
SCP2. The high-copy number plasmid plJ101 with 8830 bp
from S. lividans ISP5434 occurs at approximately 300 copies
per chromosome (Kieser et al. 1982). It was used for the con-
struction of the most popular non-transmissible replicative
cloning vectors plJ486 and plJ702 (Kieser et al. 2000).
However, the major limitation of these Streptomyces replica-
tive plasmids is that they do not contain E. coli replication
origin. Thus, gene manipulations must be performed in
S. lividans, which is rather complicated. In addition, they
can only be transferred to streptomycetes by laborious proto-
plast transformation. Although several plJ101-E. coli shuttle
plasmid vectors have been constructed, these are structurally
unstable (Kieser et al. 2000; J. Kormanec, unpublished data).
Another high-copy number plasmid pJV1 of 11,143 bp from
S. phaeochromogenes occurs at approximately 150 copies per
chromosome and was also used to construct several
Streptomyces replicative cloning vectors (Bailey et al. 1986).
In addition, it was used to construct stable and versatile
Streptomyces—E. coli shuttle cosmid vector pFD666 (Denis
and Brzezinski 1992). The medium copy number (2050 cop-
ies per chromosome) plasmid pSGS5 of 12,208 bp from
S. ghanaensis 5/1B has temperature-sensitive replication
(stops above 34 °C) and was used to construct temperature-
sensitive plasmid vectors for gene disruptions (Muth et al.
1989). The low-copy number plasmid SCP2 of 31 kb from
S. coelicolor (Bibb et al. 1977) was used to construct several
stable low-copy number vectors (e.g., plJ916, plJ940), includ-
ing stable Streptomyces—E. coli cloning shuttle vectors plJ698
(Kieser et al. 2000), pKC1218, and pOJ446 (Bierman et al.
1992). Based on many years of experience, there are several
most useful antibiotic resistance marker genes used for selec-
tion of the plasmids in Streptomyces. One of the first used is
the thiostrepton resistance tsr gene of S. azureus, but
thiostrepton partially inhibits morphological differentiation
and interferes also with antibiotic production. One of the most
useful resistance markers is the aac(3)IV gene of Klebsiella
pneumoniae, encoding aminoglycoside acetyltransferase
inactivating apramycin, which has the advantage of selecting
plasmids in both E. coli and Streptomyces. The same applies
to the neo gene encoding aminoglycoside phosphotransferase
inactivating neomycin, kanamycin, and gentamicin from the
E. coli transposon TnS and the hyg gene of S. hygroscopicus,
encoding hygromycin phosphotransferase (Kieser et al. 2000).
Detailed genetic manipulation protocols of Streptomyces are
described in Kieser et al. (2000) and Rebets et al. (2017).

Streptomyces stable genome alterations/mutations
A major drawback of the Streptomyces replicative plasmids is

that their host range is usually restricted to native
Streptomyces strains and their closest relatives. In addition,

they need a permanent antibiotic selection for stable mainte-
nance in streptomycetes (Kieser et al. 2000). This complicates
their use in biotechnology applications. Despite these disad-
vantages, several replicative plasmids have been successfully
used, especially for their high-copy number, for overproduc-
tion of many biotechnologically relevant heterologous pro-
teins in streptomycetes (Anne et al. 2012). However, these
stability and selection problems can be overcome by using
two other types of vectors: (i) integrating vectors containing
a DNA segment encoding attachment/integration functions
(Att/Int) for site-specific integration into specific sites of the
Streptomyces genome (an a#tB site for specific integrase), (ii)
suicidal non-replicating vectors that integrate into any neutral
genome region by homologous recombination. In addition,
the non-replicating vectors can also be used for stable deletion
of genes or whole gene clusters. The main advantage of these
vectors is their stability, especially in the introduction of large
DNA fragments covering whole gene clusters for secondary
metabolites that range from several kb to more than 100 kb.
They can be used to awaken “silent” gene clusters for new
secondary metabolites, by deleting cluster-situated negative
regulatory genes or by inserting strong promoters upstream
of cluster-situated positive regulatory genes. They may also
facilitate the heterologous production of new “silent” biolog-
ically active secondary metabolites or allow increased yields
of natural compounds originally produced in low amount in
their natural hosts. In addition, they can also functionally de-
cipher huge metagenome data related to gene clusters for new
secondary metabolites found by genome mining. Since anti-
biotic production could also be limited by the availability of
precursors, the deletion of relevant biosynthetic genes or their
genetically manipulated overexpression could also help in this
regard (Bachmann et al. 2014; Baltz 2016; Bekiesch et al.
2016; Huo et al. 2019; Li et al. 2017b; Nah et al. 2017).
Similarly, they have great potential for stable heterologous
high-level production of recombinant proteins in streptomy-
cetes (Hamed et al. 2018). Another advantage of these two
types of vectors is that they are bifunctional and facilitate the
engineering of genes/gene clusters in E. coli, followed by
conjugation to streptomycetes. Both types of vectors, their
advantages, their disadvantages, and their use in several appli-
cations are described in the following part of the paper.

Att/Int site-specific integrative vectors

To date, at least eight site-specific integration systems have
been characterized and used to construct integration vectors
in streptomycetes. Most of them are based on various actino-
mycete temperate bacteriophages (actinophages) identified in
Streptomyces species, including $C31 (Lomovskaya et al.
1972, 1980), #BT1 (Gregory et al. 2003), VWB (Van
Mellaert et al. 1998), TG1 (Morita et al. 2009), SVI (Fayed
et al. 2014), R4 (Chater and Carter 1979), ®Joe (Fogg et al.
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2017), and ¢1/6 (Farkasovska and Godany 2012). Another is
based on the natural integrative plasmid pSAM2 found in
S. ambofaciens (Boccard et al. 1989; Kuhstoss et al. 1989).
Temperate bacteriophages (and integration vectors prepared
using their functional elements) are integrated into the host
chromosome at a specific site by a recombination process that
requires specialized attachment sites, a##P in the phage (or in
the integration vector) and a##B in the host chromosome. Both
have 40 to 50 bp in size with different inverted repeat se-
quences flanking the 2- to 12-bp complementary core sequence
that includes the recombination crossover point. This single
DNA crossover between these two attachment sites is catalyzed
by phage-encoded integrase and generates two junction sites,
attL and attR, consisting of hybrid a#P and a#tB sequences
(Fig. 1). There are two evolutionary distinct families of site-
specific recombinases distinguishable by sequence similarity
and mechanism of action that contain a specific catalytic amino
acid residue: tyrosine and serine recombinases (Fogg et al.
2014). Interestingly, actinophage integrases belong to both
families. The natural integration plasmid pSAM?2 has a similar
recombination system but with a 26-bp-long a#B site and a
large 360-bp attP site (Raynal et al. 2002). Most of these
integrases are unidirectional and no additional factors are need-
ed for the integration process. Since the excision reaction in
which attl and a#tR are recombined to regenerate aftB and
attP can occur only in the presence of recombination direction-
ality factor (RDF) or Xis, integration vectors containing only
the attP site together with the respective integrase gene remain

stably integrated (Khaleel et al. 2011). Therefore, these bacte-
riophage (or pSAM2-based) attachment/integration (Att/Int)
systems (the a#tP site together with the respective integrase
gene) are widely used to develop various integration vectors
for stable genetic engineering in Streptomyces. Some of these
Att/Int systems have already been reviewed (Baltz 2012;
Myronovskyi and Luzhetskyy 2013). The following sections
briefly describe individual Att/Int systems and their use for
stable Streptomyces gene manipulations and update new infor-
mation for these systems.

OC31 Att/Int system Integration plasmids derived from bacte-
riophage @C31, isolated from S. coelicolor (Lomovskaya
et al. 1972, 1980), represent the most common integration
vectors used in Streptomyces. As mentioned above, only the
attP and int gene encoding serine family recombinase are
essential for unidirectional site-specific integration. #C31-
based vectors integrate into the a#B site (Table 1) located in
the pirin-like gene (SCO3798 in S. coelicolor) encoding a
pirin homolog that is highly conserved in prokaryotes and
eukaryotes. However, after a deletion of the main a#B site,
the vectors can also integrate with dramatically reduced effi-
cacy into pseudo-a#tB sites (Baltz 2012; Combes et al. 2002).

The att/int PC31 locus was used to construct several con-
venient Att/Int integration vectors for use in a broad range of
Streptomyces species. One of the first developed and widely
used were the conjugative integration plasmid pSET152 and
the cosmid vectors pOJ436 and pOJ444, each containing an

aac(3)IV

l

— - - - = — — —m—p

attL int gene cluster

Fig. 1 Scheme of site-specific integration of the integration plasmid con-
taining the biosynthetic gene cluster (pink arrows as an example) into the
Streptomyces chromosome. int, integrase gene (dark blue arrow); oriT,
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aac(3)1V oriT ori aftR

Streptomyces chromosome

origin of conjugal transfer; aac(3)IV, the apramycin resistance marker
gene used for selection as an example (green arrow)
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Table 1 Individual aarB sites for the Att/Int systems and their positions in the S. coelicolor A3(2) genome (acc. no. AL645882)

Att/Int system  Sequence (5" to 3') Target gene Position Reference

PC31 CGGTGCGGGTGCCAGGGCGTGCCCTT SCO3798 4,178,697-4,178,747 Combes et al. 2002
GGGCTCCCCGGGCGCGTACTCCACC

PBTI CCAGGTTTTTGACGAAAGTGATCCAG SCO3798 5,279,940-5,279,905 Zhang et al. 2008
ATGATCCAGC

VWB CTCTCCTAAAGCGGGTGTCGCAGGTT tRNAME (AGG)  3,602,638-3,602,682"  Van Mellaert et al. 1998
CGAATCCTGCCGGGGGCAC

TG1 GATCAGCTCCGCGGGCAAGACCTTCT SCO3658 4,037,399-4,037,444*  Morita et al. 2009
CCTTCACGGGGTGGAAGGTC

R4 AGTTGCCCATGACCATGCCGAAGCAG SCO6196 6,806,607-6,806,558"  Miura et al. 2011
TGGTAGAAGGGCACCGGCAGACAC

Svi CATCAGGGCGGTCAGGCCGTAGATGT SCO4383 4,800,588-4,800,537 Fayed et al. 2014
GGAAGAACGGCAGCACGGCGAGGACG

PJoe ATCTGGATGTGGGTGTCCATCTGCGG SC02606 2,827,448-2.827,497"  Fogg et al. 2017
GCAGACGCCGCAGTCGAAGCACGG

ul/6 TCTTGTAAAGCGGGGGTCGTCGGTTC tRNA™ (ACA)  4,646,562-4,646,607"  Farkasovska and Godany 2012
GAACCCGACAGGGGGCTCAG

pSAM2 GCGCGCTTCGTTCGGGACGAAGAGGT tRNAP™® (CCG)  3,963,133-3,963,158 Raynal et al. 1998

*Central conserved part of the a#B site is shown; * contains mismatches

RK2 replicon oriT for easy conjugal transfer from E. coli to
Streptomyces species (Bierman et al. 1992). Both plasmid and
cosmid vectors have a cloning capacity of about 15 and 45 kb,
respectively. Many #C31-based Att/Int cosmid libraries from
various Streptomyces strains have been successfully construct-
ed using these cosmid vectors or derivatives thereof to clone
biosynthetic gene clusters (e.g., for daptomycin, nikkomycin,
moenomycin A, chlorobiocin, novobiocin, coumermycin Al,
caprazamycins) and to express them in heterologous
Streptomyces strains (Myronovskyi and Luzhetskyy 2013).
However, the size of many gene clusters for bioactive second-
ary metabolites is too large (greater than 100 kb) to fit within
the cloning capacity of these cosmid vectors. To solve this
problem, two @C31-based Att/Int vectors were constructed:
bacterial artificial chromosome (BAC) vector pStreptoBAC V
based on E. coli F factor and pEASAV 13 vector derived from
P1 artificial chromosome (PAC). Both can carry DNA inserts
of 100-300 kb. Both contain the RK2 oriT replicon for con-
jugal transfer from E. coli to Streptomyces and have been
successfully used to construct libraries from various
Streptomyces strains and for subsequent heterologous expres-
sion of biosynthetic gene clusters for daptomycin, iso-
migrastatin, roseoflavin, FK506, salinomycin,
anthracinomycin, chaxamycin, symocyclinone, azalomycin,
and vancoresmycin (Tocchetti et al. 2018). Another system
for cloning large gene clusters is represented by the ¢C31-
based Att/Int integration vector pTARa. It utilizes a useful
transformation-associated recombination (TAR) system of
the yeast Saccharomyces cerevisiae for cloning and
reassembling overlapping DNA fragments to combine the
whole biosynthetic gene clusters (Kim et al. 2010). This sys-
tem has recently been used for cloning and efficient heterolo-
gous expression of the metagenomic biosynthetic gene cluster

for new calcium-dependent antibiotic malacidins, which acts
against multidrug-resistant Gram-positive pathogens (Hover
et al. 2018). Two other TAR-based #C31 Att/Int integration
vectors, pCAPO1 and pCAPO3, have also been successfully
used for cloning and heterologous expression of biosynthetic
gene clusters for antibiotics marinopyrrole, taromycin A,
enterocin, nataxozole, ammosamides A—C, thiolactomycin,
and tiotetroamide (Tocchetti et al. 2018).

The insertion of Att/Int integrative vectors into the $C31
attB site of several Streptomyces strains has been shown to be
neutral in most cases in terms of individual secondary metab-
olite production. However, the insertion of large inserts sig-
nificantly reduced this production. Similarly, insertion of the
tylF gene encoding a macrocin 0-methyltransferase into
S. fradiue using #C3 1-based Att/Int vectors to increase tylosin
production resulted in its decreased yield (Baltz 1998). The
reported reductions in antibiotic synthesis could be due to
insertional mutagenesis into a pirin-like gene. Indeed, a recent
report revealed that a significant decrease in spiramycin pro-
duction following insertion inactivation of the pirin-like pirA
gene using the #C31 Att/Int system-based vector in
S. ambofaciens ATCC 23877 was due to the marked effects
of this pirA inactivation on central carbon and energy metab-
olism, high sensitivity to oxidative damage, and repression of
production of polyketide antibiotics. PirA has been shown to
be a novel redox-sensitive negative modulator of very long-
chain acyl-CoA dehydrogenase that catalyzes the first com-
mitted step of the beta-oxidation pathway. Most of these ef-
fects could therefore be traced to the inability of the pirA-
defective strain to modulate beta-oxidation pathway, leading
to an unbalanced supply of precursors for polyketide biosyn-
thesis (Tala et al. 2018). These results suggest that although
insertion into the PhiC31 a#B site may in many cases be
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almost neutral, sufficient for some applications, insertional
inactivation of pirA homologs may have substantial metabolic
defects that may not be adequate for the construction of pro-
ducing strains.

OBT1 Att/Int system A suitable alternative to the $C31-Att/Int
system are vectors derived from $BT1 phage that is related to
®C31 (Gregory et al. 2003). Despite extensive similarities
between the genomes of both phages, their aztP/int loci are
poorly conserved, although #BT1 integrase also belongs to
the serine recombinase family. #BT1 integrates into a differ-
ent attachment site than @C31 (Table 1). The ®BT1 a#B site is
located within the SCO4848 gene encoding a conserved inte-
gral membrane protein in the genome of S. coelicolor or its
ortholog in other streptomycetes (Gregory et al. 2003; Zhang
et al. 2008). Three integration plasmids, pRT801, pRT802,
and pMS82, were constructed with different resistance marker
genes (for apramycin, kanamycin, and hygromycin, respec-
tively), all containing oriT for E. coli-Streptomyces conjuga-
tion. These ®PBT1 Att/Int integrative vectors have been shown
to have a wide host range and are fully compatible with those
based on the C31 Att/Int system (Gregory et al. 2003).

The #BT1 Att/Int system was also used to construct the
conjugative BAC vector pSBAC which was used to clone the
90-kb meridamycin gene cluster and its ermEp *-driven heter-
ologous expression in S. /ividans (Liu et al. 2009). This BAC
vector was also successfully used for cloning and efficient
heterologous expression of two other large gene clusters for
tautomycetin and pikromycin (Tocchetti et al. 2018). In addi-
tion, it has been modified for cloning and heterologous ex-
pression of whole gene cluster for calcium-dependent
lipopetide antibiotic A54145 (Alexander et al. 2010).

Although #BT1 Att/Int-derived vectors have good stability
and broad utility in Streptomyces (Baltz 2012), there are minor
drawbacks using this system. The integration process between
®BT1 attP and a#B is very efficient, but was not completely
unidirectional as the one for #C31. It can also partially act as
excisionase. A low but significant frequency of excision re-
combination between aftL and attR was observed in the pres-
ence of the PBT1 integrase alone (Zhang et al. 2008). Initially,
the insertion of ®BT1 Att/Int integrative vectors was thought
to be neutral for Streptomyces strains (Gregory et al. 2003).
However, later work showed that disruption of SCO4848 in
S. coelicolor caused a delay in spore germination. This dis-
ruption affected the expression of SCO4849, which is
cotranscribed with SCO4848 and also encoded a putative
transmembrane protein. The detected phenotype was
complemented with SCO4849. To overcome the problem,
four plasmids were generated, pNG1, pNG2, pNG3, and
pNG4, which modified the ®BT1 pMS82 integrative vector
to restore SCO4849 expression. They all produced a neutral
phenotype when integrated into Streptomyces (Gonzalez-
Quinonez et al. 2016).
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VWB Att/Int system Another alternative to ¢C31 integration
system are the vectors based on phage VWB identified in
S. venezuelae. In contrast to both previous Att/Int systems,
the VWB integrase belongs to the tyrosine recombinase fam-
ily and the VWB a#1B site is located in the putative tRNA™®
(AGGQG) gene conserved in Streptomyces species (Table 1).
Phage integration restores the gene at the a#tL site, but lacks
the CCA terminus, typical of prokaryotic tRNAs. However,
most Streptomyces tRNA terminals also do not have this ter-
minal CCA. Using the VWB Att/Int system, the integrative
plasmid pKT02 was constructed but lacked the oriT origin of
conjugation transfer. It has been successfully introduced into
strains of S. lividans and S. venezuelae by protoplast transfor-
mation, but with less efficacy than the #C31-derived integra-
tion vectors (Van Mellaert et al. 1998). To improve the prop-
erties of this vector, its variant pSOK804 containing oriT was
constructed. It is integrated into single site in S. noursei with
an efficiency of approximately 2 orders of magnitude greater
than pSET152 (Sekurova et al. 2004).

The VWB Att/Int system was used to construct the
conjugative TAR vectors pCLY10 and pCLY11 based on
pl5a and F-factor replicons, respectively, for cloning large
gene clusters of secondary metabolites. The vectors were suc-
cessfully used to assemble a grecocycline biosynthetic gene
cluster from Streptomyces sp. Acta 1362 and its heterologous
expression in S. albus J1074 (Bilyk et al. 2016). Recently, we
used the pCLY 10 vector for cloning and efficient heterologous
expression of the biosynthetic gene cluster for antitumor poly-
ketide mithramycin A in engineered S. /ividans RedStrep
strains. The yield of mithramycin A was up to 3 g/L of medi-
um, which is sixfold higher than the amount of the
overproducing mutant strain for production of mitramycin
A, S. argillaceus (Novakova et al. 2018).

TG1 Att/Int system Another Att/Int system is based on the
bacteriophage TG1 isolated from S. cattleya. Its integrase be-
longs to the serine recombinase family and the TG1 a#B site is
located within the SCO3658 gene encoding conserved amino-
transferase in the S. coelicolor genome or its ortholog in other
streptomycetes (Table 1). Using the TG1 Att/Int system, the
integration plasmid pKU462 was constructed, which also con-
tains oriT for E. coli-Streptomyces conjugation and was suc-
cessfully integrated into S. avermitilis (Morita et al. 2009).
SCO3658 orthologs and TG1 a#B sites have been found in
various Streptomyces strains (Baltz 2012; Morita et al. 2009).
Compatibility with other phage-based integration systems has
been demonstrated by constructing another TG1 Att/Int
conjugative integration plasmid pRF10 that was efficiently
introduced to several Streptomyces strains. Individual parts
of'the erythromycin biosynthetic gene cluster were cloned into
four compatible integration plasmids, including pFF10. The
other three Att/Int integration systems were derived from
®C31, #BTI1, and SVI1. All four integration plasmids with
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individual parts of the erythromycin biosynthetic gene cluster
were integrated into two heterologous host strains,
S. coelicolor and S. lividans, and robust production of various
erythromycin intermediates was achieved. This multiplex in-
tegrative approach has provided a useful platform for polyke-
tide synthase enzyme engineering for combinatorial biosyn-
thesis of novel compounds (Fayed et al. 2015).

R4 Att/Int system This system is based on a broad-host-range
R4 bacteriophage isolated from soil on S. albus J1074 (Chater
and Carter 1979). Its unidirectional integrase belongs to the
serine recombinase family and its a#B site is located within
the SCO6196 gene encoding the acyl-CoA synthetase homo-
log in S. coelicolor or its ortholog in other Streptomyces spe-
cies (Table 1) (Baltz 2012; Matsuura et al. 1996; Miura et al.
2011). Despite its well-characterized nature, the R4 Att/Int
system has not been widely used in Streptomyces integration
systems, although it has been successfully used to integrate
into E. coli, cyanobacteria, and human cells (Miura et al. 2011,
2014; Olivares et al. 2001). However, the R4 Att/Int system
has recently been used to construct the conjugative integration
vector pLR4 and efficiently integrated into three Streptomyces
strains. This vector was a part of five compatible integration
systems (derived from ¢C31, #BT1, R4, SV1, and TG1) for
the multiplex site-specific genome engineering system for sin-
gle-step, multi-locus integration of biosynthetic gene clusters
for bioactive secondary metabolites into streptomycetes (Li
et al. 2019).

SV1 Att/Int system This system is based on bacteriophage
SV1 isolated from S. venezuelae. Its unidirectional integrase
belongs to the serine recombinase family and its a#B site is
located within the SCO4383 gene encoding a 4-
coumarate:CoA ligase homolog in S. coelicolor or its ortholog
in other Streptomyces species (Table 1). The SV1 Att/Int sys-
tem was used to construct a conjugal pBF3 vector that inte-
grates efficiently into several Streptomyces species; however,
it does not integrate into its native host, S. venezuelae (Fayed
et al. 2014). As described above, the SV1 Att/Int-derived
pBF3 plasmid was successfully used together with other three
compatible Att/Int integration systems (derived from #C31,
®BTI, and TG1) for cloning and heterologous expression of
individual parts of the erythromycin gene cluster (Fayed et al.
2015). Similarly, the SV1 Att/Int system was also used to
construct the conjugative integration vector pLSV1 as part
of the five compatible integration systems (#C31, ¢BT1,
R4, SV1, TG1 Att/Int-derived) for the multiplex site-specific
genome engineering system (Li et al. 2019).

OJoe Att/Int system This system is based on recently de-
scribed bacteriophage ®Joe isolated from soil on
S. coelicolor (Fogg et al. 2017). Its integrase belongs to the
serine recombinase family. The ®Joe Att/Int system was used

to construct the conjugal vector pPCMF92, which integrated
with very low potency into S. coelicolor and S. lividans, but
with dramatically higher potency in S. venezuelae (160-fold
greater than S. coelicolor and 1600-fold greater than
S. lividans). This difference was solved after examining the
attB integration site for the ®Joe Att/Int system. Two integra-
tion sites were identified in S. coelicolor, separated by a mo-
bile genetic element containing SCO2603, encoding putative
serine integrase with 68% identity to Joe integrase. Plasmid
integration was ineffective because the ancestral optimal a#B
site is occupied by the SCO2603 encoding element. These two
integration sites in S. coelicolor were called attLsc and attRsc
to reflect the origin of the sites containing the mobile element.
However, a single attB site (Table 1), very similar to the
reconstituted attB site from two halves attLsc and attRsc,
was identified in S. venezuelae. Bioinformatic analysis
showed that the a#B site for ®Joe integrase is located at the
end of the conserved SCO2606 gene in S. coelicolor (or
SVEN 2383 in S. venezuelae) encoding the predicted B12
binding domain-containing radical S-adenosylmethionine
protein. In several Streptomyces species, this site was occu-
pied, similarly to S. coelicolor, by a mobile element that dif-
fers in gene content and size. Unlike previous serine phage
integrases, ®@Joe integrase showed significant excision in the
absence of its RDF. This bidirectional property of this system
could be applied in several new ways in genome engineering
(Fogg et al. 2017).

u1/6 Att/Int system The last phage-derived Att/Int system
under investigation is based on the bacteriophage 141/6 isolat-
ed from S. aureofaciens. Its integrase belongs to family of
tyrosine recombinases. The 111/6 attB site is located at the
3’-end of the tRNAT'™ (ACA) gene conserved in
Streptomyces species, but the tRNA gene was completely re-
stored after phage-integration (Table 1). The ;41/6 Att/Int sys-
tem was used to construct the pCTint integration vector, but
lacked the oriT origin of conjugal transfer. The plasmid was
effectively integrated into three Streptomyces strains
(Farkasovska and Godany 2012).

pSAM2 Att/Int system The last characterized Att/Int system is
based on the 11-kb natural integration plasmid pSAM?2 iden-
tified in S. ambofaciens and able to site-specifically integrate
into the genome of various Streptomyces species (Boccard
et al. 1989; Kuhstoss et al. 1989). Its integrase belongs to
the tyrosine recombinase family and is encoded by the int
gene translationally coupled with the upstream xis gene
encoding excisionase. Both constitute an operon (Sezonov
et al. 1998). The pSAM?2 at#B site is located at the 3"-end of
the tRNA"™ (CCG) gene conserved in Streptomyces species
and the tRNA gene was restored upon integration. Both the
attP and attB regions share an identical 58-bp segment, but the
minimum a#tB site length is 26 bp (Table 1). Interestingly, a
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relatively large 360-bp attP site is required for integration
(Raynal et al. 1998, 2002). The pSAM2 Att/Int system was
used to construct two vectors, the integration plasmid pKC824
and the cosmid pKC767, both of which lacked oriT for con-
jugation. Both vectors were able to integrate into various
Streptomyces strains, but their integration efficiency was sig-
nificantly lower (60-fold and 600-fold) than their #C31 Att/
Int-derived counterparts (Kuhstoss et al. 1991). Another
pPM927 conjugative vector, based on the pSAM2 Att/Int sys-
tem, was efficiently and stably integrated into one site in
S. lividans (Smokvina et al. 1990). Its successful integration
has been reported in several other Streptomyces species
(Myronovskyi and Luzhetskyy 2013), indicating its broad
host specificity and use for stable site-specific integration in
Streptomyces. For example, the pPSAM2 Att/Int-derived vector
was successfully used to introduce the gene cluster fkbG-K for
the methoxymalonyl-ACP biosynthetic pathways into
S. fradiae to dramatically increase (more than 1 g/1) heterolo-
gous production of macrolide polyketide midecamycin
(encoded by the mdm gene cluster), compared with
S. fradiae with the mdm gene cluster integrated using the
®C31-based Att/Int system (Rodriguez et al. 2004).

As described above, these Att/Int systems have found
widespread use in gene manipulations in streptomycetes
and, in particular, in the stable integration of biosynthetic gene
clusters for many biologically active secondary metabolites
into heterologous hosts. Many vectors based on these integra-
tion systems have been prepared and successfully used for
efficient heterologous expression of various bacterial biosyn-
thetic pathways producing new biologically active natural
products or known products with increased yield compared
with the original hosts. More than 100 different biologically
active agents, including 21 completely new compounds, pre-
pared by this approach are summarized in a recent review
article (Huo et al. (2019). The great advantage of these Att/
Int systems, particularly in connection with the conjugative
oriT origin, is high efficiency of their integration into the chro-
mosome of Streptomyces strains (Baltz 2012). Another useful
feature of these integration systems is that each has a unique
attB site located at a different position in the particular
Streptomyces genome. These Att/Int systems with their a#B
sites in the S. coelicolor genome are shown in Table 1.
Another great advantage of the Att/Int integration vectors is
that they can be multiplexed without interference during re-
combination or conjugation and without loss of stability.
Thus, more copies of a gene cluster or more genetic elements
can be stably inserted into individual a#B sites (Fayed et al.
2015; Gregory et al. 2003; Li et al. 2019).

Despite all the benefits of these Att/Int systems, they also
have some limitations. As mentioned above, some results sug-
gested that insertion into the a#B site may result in a substan-
tial reduction of secondary metabolite production (Baltz 1998;
Tala et al. 2018). Although Att/Int-derived vectors have good
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stability and broad applicability in Streptomyces, not all
Streptomyces strains contain aftB integration sites for these
vectors (Baltz 2012; Myronovskyi and Luzhetskyy 2013).
For example, our model strain S. lavendulae subsp.
lavendulae CCM 3239 (Busche et al. 2018) can only efficient-
ly integrate #C31 and pSAM2 Att/Int-derived integrative
plasmids (Novakova et al. 2011; J. Kormanec, unpublished
results). However, an artificial a#tB site could be inserted into
such strains to allow efficient integration, as demonstrated in
several cases (Li et al. 2017a, 2019; Manderscheid et al.
2016). The other disadvantage of these systems is that they
integrate the entire integration plasmid with the E. coli repli-
con, the integrase gene and the resistance marker gene (Fig.
1). It is a significant biotechnological obstacle, as biotechno-
logical production strains should avoid the antibiotic resis-
tance genes. Similarly, the expression of the integrase gene
and the E. coli plasmid replication gene can affect the stability
of the constructs. In fact, the instability of several Att/Int sys-
tems has been reported in several Streptomyces strains (Baltz
2012; Fayed et al. 2014; Myronovskyi and Luzhetskyy 2013;
Siegl et al. 2010; Siegl and Luzhetskyy 2012). We also previ-
ously found that an E. coli origin of replication caused dra-
matic instability after integration in some Streptomyces chro-
mosomes (Kormanec et al. 1993). Although the utility of these
Att/Int systems is evident for many gene manipulations and
applications in streptomycetes, this integration method may
not be suitable for the construction of stable biotechnological
production strains. These problems can be overcome by an-
other method of stable integration into the Streptomyces chro-
mosomes by homologous recombination, as will be described
in the following section of this article.

Genome editing toolkit based on homologous
recombination

Homologous recombination (HR) is a highly conserved pro-
cess common to both prokaryotic and eukaryotic cells, which
is essential to maintain genome stability and plays an impor-
tant role in genome evolution. It is also an effective mecha-
nism of DNA repair necessary for cell survival when DNA
suffers from various types of damage, including double-strand
breaks. The HR process requires energy and assistance from
conserved mediator and recombinase proteins and involves
aligning similar DNA sequences to form mobile forks be-
tween four DNA strands called Holliday junctions, and ulti-
mately complete exchange of two complementary strands
(Costes and Lambert 2013; Wright et al. 2018).

HR-based methodology is a powerful tool for stable ge-
nome engineering, including deletion, replacement, and inser-
tion of genomic sequences. HR gene modifications in
Streptomyces are usually based on suicidal non-replicating
vectors that carry DNA fragments surrounding the target
gene(s) to be deleted with the antibiotic resistance marker
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gene. Such a mutant allele on the vector is used to replace the
chromosomal copy of the target gene(s) via two crossovers, on
both sides of the antibiotic resistance marker gene, resulting in
a stable mutation. These two crossovers may occur simulta-
neously, resulting in the replacement of the target gene(s) with
the antibiotic resistance marker gene, or may occur sequen-
tially via a single crossover intermediate in which the entire
vector is integrated into the chromosome through one of the
homologous regions. The vectors therefore also carry a
counterselectable marker (a second different antibiotic resis-
tance marker gene). The final replacement of the desired
gene(s) in the Streptomyces chromosome is accomplished by
a double crossover event, usually after two rounds of sporu-
lation, by selecting only for the antibiotic resistance marker
inserted into the target gene(s) prior to spore plating for the
individual colonies. The double crossover is subsequently
identified by replica plating to select a loss of the
counterselectable marker (second antibiotic resistance marker
gene). However, these techniques are time consuming and
require screening of thousands of clones by replica plating
(Kieser et al. 2000) (Fig. 2).

Unlike the site-specific Att/Int-based integrations, HR is
much less effective and depends on the size of crossover
homologous regions. Generally, the lower limit is about
500 bp, but for some strains, much larger (several kb) homol-
ogous DNA fragments are needed (Kieser et al. 2000). To
increase the efficacy of HR, a PCR-targeted system
(REDIRECT) has been developed for efficient gene dele-
tions in Streptomyces. The strategy used p-Red-mediated
recombination in E. coli (Datsenko and Wanner 2000) be-
tween PCR-amplified antibiotic resistance cassette flanked
by 39-nt homologous arms and the large Streptomyces DNA
(about40kb) on cosmid where the target gene(s) are replaced
with this cassette. The amplified cassette contains the origin
of transfer oriT for E. coli—Streptomyces conjugation and is
flanked by yeast Flp recombinase target sequences FRT for
the removal of the antibiotic resistance marker gene. Such a
mutated cosmid is subsequently used to be introduced into
Streptomyces to replace the target gene(s) with the cassette.
Due to the large homologous DNA fragments flanking the
cassette, the recombination process between the cosmid and
Streptomyces chromosome is more effective (Gust et al.
2003). In addition to gene deletions, this REDIRECT system
has also been successfully used for insertions into the
Streptomyces genome, such as the insertion of a strong
ermEp* promoter upstream a “silent” gene cluster for a sec-
ondary metabolite allowing its activation (Novakova et al.
2011; Zheng et al. 2007). However, this system requires an
ordered cosmid library that may be a hindrance to
Streptomyces strains that have not been genetically well
characterized, and also does not overwhelm the screening
of large number colonies by replica plating to distinguish
between single and double crossover.

In order to avoid these laborious and time-consuming
steps, several gene inactivation systems with positive selec-
tion of double crossovers have been developed. One of these
is a system based on the g/kA counterselectable gene
encoding glucose kinase which confers a sensitivity to the
glucose analog 2-deoxyglucose. Thus, after selection on
plates containing this toxic compound, only double cross-
overs lacking g/kA can grow. However, this system requires
a Streptomyces strain that carries a glkA deletion to allow
counterselection of glkA in the vector. If the glkA mutation
interferes with further analysis, the final gene disruption can
always be crossed into a glkA™ genetic background (van
Wezel and Bibb 1996). The second counterselectable gene
used for positive selection of double crossovers is rpsL,
which encodes S12 ribosomal protein. It confers streptomy-
cin sensitivity in selected spontaneous streptomycin-
resistant Streptomyeces strain. The rpsL gene was cloned into
aplasmid vector containing a Streptomyces pSG5-based tem-
perature-sensitive replication origin and a temperature shift
from 29 to 39 °C was used to select double crossovers.
However, this system also requires a mutated Streptomyces
strain thatcarries arpsL mutation to allow counterselection of
rpsL” on the vector (Hosted and Baltz 1997). Another
counterselectable system utilizes the synthetic codA gene
encoding cytosine deaminase. CodA enzyme converts 5-
fluorocytosine into a highly toxic 5-fluorouracyl. After se-
lection in 5-fluorocytosine-containing plates, only double
crossovers lacking codA can grow (Dubeau et al. 2009). The
use of a suitable chromogenic selectable marker gene to dis-
tinguish between single crossover and double crossover mu-
tants by producing colonies of different colors could simplify
the procedure and significantly reduce selection time. The
first such gene was gusA encoding (3-glucuronidase that is
absent in Streptomyces strains. The GusA enzyme hydro-
lyzes a wide variety of 3-glucuronides, including commer-
cially available chromogenic substrate 5-bromo-4-chloro-3-
indolyl-3-D-glucuronide, which is converted to blue prod-
ucts. This system enables to distinguish between blue single
crossover and white double crossover clones. It has been suc-
cessfully used for deletion of several secondary metabolite
gene clusters in S. albus. However, the disadvantage of this
system is the relatively high cost of this substrate
(Myronovskyi et al. 2014). Thus, all the above
counterselectable systems require either mutated
Streptomyces host strains or external supply of substrates.
Therefore, we have developed anovel efficient gene deletion
system based on the positive selection of double crossovers
using a counterselectable bpsA gene from S. aureofaciens
CCM 3239, which encodes a protein for the synthesis of blue
pigment indigoidine. The suicidal non-replicative deletion
plasmid pAMR4 contains the apramycin resistance marker
gene with oriT for easy E. coli-Streptomyces conjugation.
The resistance marker gene was flanked by yeast Flp
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Fig. 2 Scheme of deletion of a target gene (green arrow) with a
conventional inactivation system using a suicidal non-replicating plas-
mid. UP, upstream homology arm; DOWN, downstream homology

recombinase target sequences FRT for removal of the antibi-
otic resistance marker gene. In addition, this apramycin re-
sistance marker cassette was flanked by two polylinkers with
severaluniquesites forrare restriction enzymes in streptomy-
cetes to clone two homologous regions for crossovers. The
plasmid contains an additional counterselectable kanamycin
resistance gene which also directs the expression of the hpsA
gene (Knirschova et al. 2015). After conjugation of the re-
combinant plasmid containing the two PCR-amplified DNA
fragments with the homologous regions flanking the gene(s)
tobedeleted into the Streptomyces strain, blue colonies (pres-
ence of blue-pigmented indigoidine produced by BpsA) and
the uncoloured colonies (absence of BpsA) allow easy detec-
tion of single and double crossover recombination, respec-
tively (Fig. 3). The system was successfully tested by the
deletion of the 21.2 kb act gene cluster responsible for the
biosynthesis of polyketide antibiotic actinorhodin in
S. lividans TK24 (Knirschova et al. 2015). A similar blue-
white deletion system was independently developed using
the homologous indigoidine biosynthetic idgS gene from
S. lavendulae CGMCC 4.1386 (Lietal. 2015).
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arm; aac(3)IV, the apramycin resistance marker gene used to replace the
target gene as an example (red arrow); neo, the Tn5 counterselectable
kanamycin resistance marker gene as an example (dark blue arrow)

Marker-free genome editing tools

However, all these gene deletion strategies lead to the replace-
ment of the target gene(s) with a selectable antibiotic resis-
tance marker gene that may have a polar effect on the expres-
sion of downstream genes. In addition, multiple gene dele-
tions in the same Streptomyces strain are restricted to a limited
number of antibiotic resistance marker genes. Therefore, sev-
eral strategies were introduced to remove this resistance mark-
er gene. In the REDIRECT PCR-targeting method, the Flp/
FRT recombination system is used as an assistant tool to re-
move resistance markers. First, a temperature-sensitive repli-
cation plasmid pCP20 containing the thermoinducible Flp
recombinase gene is introduced into E. coli, which contains
the cosmid with the replaced target gene(s) by the antibiotic
resistance marker gene cassette flanked by FRT sites.
Expression of the FLP recombinase removes the central part
of the FRT-flanked disruption cassette from the disrupted gene
leaving an 81-bp “scar” sequence that contains a single FRT
site. Subsequently, the resulting cosmid containing the
markerless deletion is introduced into the S. coelicolor mutant
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Fig. 3 Scheme of deletion of a target gene (green arrow) with the gene
deletion system based on the positive selection of double crossovers using
the counterselectable bpsA gene that encodes a protein for the synthesis of
blue pigment indigoidine (Knirschova et al. 2015). The suicidal non-
replicating plasmid pAMR4 contains two homologous arms surrounding
the gene (UP and DOWN) to be deleted, the promoterless indigoidine
biosynthetic gene (bpsA) and the Tn5 kanamycin resistance marker gene
(neo) directing bpsA expression. The yellow box indicates the cassette
which contains the aac3(IV) apramycin resistance marker gene, the oriT’

carrying the marked deletion in the target gene. Replacement
of the marked deletion in the Streptomyces chromosome with
the markerless deletion in the cosmid is screened by replica
plating for the loss of antibiotic resistance marker gene and the
counterselectable antibiotic resistance marker gene (kanamy-
cin resistance in the case of SuperCos 1 cosmid) (Gust et al.
2003). The drawback of this REDIRECT system is that Flp/
FRT recombination must be performed in E. coli and the se-
lection procedure in Streptomyces with unmarked cosmid,
which is a very laborious and time-consuming process. To

origin of conjugal transfer and is flanked by yeast Flp recombinase target
sequences FRT (Gust et al. 2003). To remove the antibiotic resistance
marker gene, a plasmid pUWLFLP containing the Flp recombinase gene
(Fedoryshyn et al. 2008a) was introduced into the double crossover mu-
tant. A solid Bennet medium plate with colonies after two rounds of non-
selective sporulation is shown to distinguish between double-crossover
Apr® clones (white colonies) and single-crossover Apr® clones (blue
colonies)

overcome these limitations, two Streptomyces replicative plas-
mids, pUWLFLP and pALFLP, were constructed with
plJ101-based and the temperature-sensitive pGS5-based
replicons, respectively. Both contain a synthetic gene
encoding Flp recombinase with GC content optimized for
expression in Streptomyces under the control of a strong
ermEp* promoter and the origin of transfer ori7. After conju-
gation of these replicative plasmids, the apramycin resistance
marker gene flanked by FRT sites was removed from
Streptomyces chromosome with 40% efficiency (Fedoryshyn
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et al. 2008a) (Fig. 3). The other two site-specific recombina-
tion systems, Cre/loxP from the phage P1 and Dre/rox from
the phage D6, were also successfully used to remove the re-
sistance marker gene in a similar manner using plJ101-based
or pSG5-based Streptomyces replicative plasmids
pUWLCRE/pUWLDRE and pNLCRE/pALDRE, respective-
ly. Similarly, they contain synthetic genes encoding Cre or Dre
recombinases with codon usage optimized for expression in
Streptomyces. After conjugation of these plasmids, the
apramycin resistance marker gene flanked by loxP or rox sites
was removed from Streptomyces chromosome with 100% ef-
ficiency. Because all three site-specific recombination systems
are strictly specific to their target sites, they could be used
sequentially in multiple mutations in a single Streptomyces
strain (Fedoryshyn et al. 2008b; Hermann et al. 2012).

All three site-specific recombination systems described
above have one limitation, they cannot be used iteratively
because they leave an active recognition site in the
Streptomyces genome. However, the stable manipulation of
Streptomyces genomes requires the manipulation of dozens
of loci that can improve their biotechnological properties,
e.g., in the preparation of minimal Streptomyces genomes
for efficient chassis for the discovery and overproduction of
natural product or for the integration of multiple genes (Liu
et al. 2018). Thus, there is a need for a site-specific recombi-
nation system that can be iteratively used for such multiple
genome editing purposes. Such a system, called iterative
marker-free excision system (IMES), has been developed. It
uses @C31 integrase and its mutated att sites B-CC and P-GG.
These mutated sites are derivatives of the $C31 a#tB and attP
sites by substituting the central core TT dinucleotide with CC
and GG. IMES can be used to effectively remove antibiotic
resistance marker gene flanked by inversely oriented B-CC
and P-GG. The resulting RR site, which evolves as a result
of'the deletion, is the joining product of the right arms of B-CC
and P-GG and is unable to recombine with P-GG and B-CC.
Several cassettes carrying synthetic genes of the apramycin,
spectinomycin, or hygromycin resistance markers, flanked by
the P-GG and B-CC sites, have been generated for this strat-
egy. They were efficiently excised from the Streptomyces
chromosome containing the replaced target genes by expres-
sion of the #C31 integrase from the plJ101-based
Streptomyces replicative pUWLint31 plasmid. Thus, IMES
can be used for multiple genomic engineering without the risk
of unwanted DNA recombination (Myronovskyi et al. 2014).
IMES has recently been used for the successful deletion of all
15 secondary metabolite gene clusters from S. albus J1074
chromosome, resulting in a cluster-free S. albus Dell4 chassis
strain that was subsequently used to improve heterologous
expression of several secondary metabolite gene clusters
(Myronovskyi et al. 2018).

Using this INES strategy, we have modified our previous
effective deletion system based on the positive double
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crossovers selection with the bpsA gene responsible for the
blue pigment indigoidine production. To reduce unwanted
recombination in successive multi-step genomic deletions,
new non-replicative plasmid vectors, pAMR12 and pSPR12,
were prepared by replacing the apramycin resistance marker
gene in pAMR4 with synthetic apramycin and spectinomycin
resistance genes, respectively. Both cassettes were flanked by
recombination sites P-GG and G-CC for ¢C31 recombinase
and contain the conjugation origin oriT of transfer. Similarly,
the two new cassettes were flanked by two polylinkers with
several unique sites for rare restriction enzymes in streptomy-
cetes to clone two homologous regions for crossovers. Using
this new modified system, we prepared a collection of
S. lividans RedStrep strains with sequentially deleted gene
clusters for five interfering secondary metabolites: act for
actinorhodin, red for undecylprodigiosin, cdc for calcium-
dependent antibiotic, cpk for coelimycin, mel for brown pig-
ment melanin. In addition, the hrdD gene for the stationary
phase sigma factor and the schAR genes for the y-
butyrolactone system were deleted. In these strains, we dem-
onstrated a dramatic increase in the heterologous production
of the antitumoral polyketide mitramycin A, encoded by the
mtm gene cluster (up to 3 g/L medium), compared with
S. lividans TK24 with the mtm gene cluster integrated using
the VWB-based Att/Int system. It demonstrated the biotech-
nological impact of S. /ividans RedStrep strains on heterolo-
gous production of biologically active substances (Novakova
et al. 2018).

All the markerless systems described above have one dis-
advantage. In order to remove the antibiotic resistance marker
gene, the site-specific recombinase gene must be delivered to
the Streptomyces strain in the replicative plasmid (plJ101-
based or temperature sensitive pGMS5-based). In addition to
this additional time-consuming step, it is also possible that
some Streptomyces strains may not accept these replicative
plasmids. Although plJ101 derivatives have a wide host range
within the genus Streptomyces, only 13 out of the 18 strains
have been successfully transformed (Kieser et al. 1982).
Similarly, we were unable to introduce these plJ101 derivative
plasmids into our model S. lavendulae subsp. lavendulae
CCM 3239 (Busche et al. 2018; Kormanec et al. 1993). In
addition, the scar sequence left after removal of the resistance
marker gene contains an integration site (e.g., an 81-bp FRT
site for Flp recombinase) with a longer inverted repeat that can
affect adjacent genes. To simplify the markerless deletions and
to reduce the time needed, we prepared a new efficient
markerless deletion system based on the positive selection
for double crossovers with the blue pigment indigoidine
bpsA gene. A new suicidal non-replicative plasmid vector
PAMRIS containing a large polylinker with many unique re-
striction sites flanked by the apramycin and kanamycin resis-
tance genes (used for single crossover selection) and the hpsA
gene for double crossover selection were created. To delete the
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target gene(s), two PCR-amplified DNA fragments from its
flanking regions can be cloned into the large polylinker of
PAMRIS8A, leaving just one restriction site between them.
Since pAMRI18A does not have the replication origin of
Streptomyces, it will be integrated into the Streptomyces ge-
nome by HR of one of the cloned Streptomyces DNA frag-
ments. After two rounds of non-selective sporulation, it is
possible to readily select double crossover mutant or wild-
type reverse colonies based on colony color (blue or white)
and then examined by PCR to distinguish between these two
events (Fig. 4). This system was successfully tested by the
deletion of the 21.2-kb act gene cluster for polyketide antibi-
otic actinorhodin in S. /ividans TK24 with 30% efficacy (3 out
of 10 selected white colonies contained correctly deleted act)
or by effective deletion of the matAB operon for mycelial
aggregation in selected S. lividans RedStrep strains with
40% efticiency. In addition, the system was used 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 (with 30% efficacy),
resulting in efficient secretion of mCherry into the culture
medium. Thus, this markerless system can also be used to
stably insert foreign genes or gene clusters into any neutral
position of the Streptomyces chromosome (Rezuchova et al.
2018).

Compared with the site-specific integrative Att/Int systems,
HR-based genome editing systems have several advantages.
They are more stable because they leave only the deleted or
inserted gene(s) with a short scar sequence (50 to 80 bp) or a
single restriction site (6 bp) as opposed to the Att/Int systems
that integrate the entire integrative plasmid together with the
E. coli replicon, integrase gene, and the resistance marker
gene. In addition, they can stably integrate foreign DNA into
any neutral chromosome position. However, the main disad-
vantage of HR-based genome editing systems is their low
integration efficiency, depending on the size of the homology
arms. In addition, it differs from Streptomyces strain to strain.
Two systems have been developed to increase HR efficiency.

I-Scel endonuclease-based genome editing system

The first is based on the yeast mitochondrial homing endonu-
clease I-Scel, which specifically recognizes and cleaves the
18-bp DNA sequence TAGGGATAACAGGGTAAT. The ef-
ficacy of HR could be improved by introducing double-strand
DNA breaks (DSBs) into the desired DNA region. In the
presence of a homology template, these breaks can be effec-
tively repaired by HR. This strategy is used in this I-Scel-
based system to perform markerless gene mutations.
Theoretically, the I-Scel recognition sequence appears once
in 70 billion bases of a random sequence, and Streptomyces
genomes analyzed to date are free of [-Scel recognition sites.
To perform a markerless mutation, the mutant gene is cloned

into a suicidal non-replicative plasmid that contains the anti-
biotic resistance marker gene and the I-Scel recognition site.
The plasmid is introduced into the Streptomyces strain and
integrated into the chromosome by HR. Subsequently, the I-
Scel endonuclease gene is expressed in the resulting mutant
upon conjugation with one of the Strepfomyces replicative
plasmids, pALSCE or pUWLHSCE, containing plJ101 or
the temperature sensitive pGSS5 replicons, respectively. Both
contain a synthetic gene encoding I-Scel recombinase using
codons optimized for Streptomyces under the control of a
strong tipAp or ermEp* promoter, respectively. The DSB in-
troduced by I-Scel stimulates intramolecular recombination
between wild-type and mutant gene. Chromosome repair
and viability can only lead to HR between duplicated regions
of the genome, providing selection for a second crossover
event that provides a mixture of both the original and the
mutant gene. They can be easily identified by PCR analysis.
Finally, the replicative plasmids containing the I-Scel endonu-
clease gene are removed from the mutant strain after several
rounds of non-selective sporulation (pbUWLHSCE) or in-
creased temperature (pALSCE). This procedure significantly
increased efficacy of HR leading to markerless mutation and
could be used for various manipulations of genome. In addi-
tion, the marker-free nature of the mutations facilitates the
generation of multiple gene deletions in one genomic back-
ground (Siegl et al. 2010). A similar I-Scel-based system was
used to efficiently delete the red gene cluster for the antibiotic
undecylprodigiosin in S. coelicolor (Fernandez-Martinez and
Bibb 2014). However, as in the previous cases described
above, the use of Streptomyces replicative plasmids to intro-
duce I-Scel expression into Streptomyces is a disadvantage of
the I-Scel endonuclease recombination system, since some
Streptomyces strains may not accept these replicative
plasmids.

CRISPR/Cas-based genome editing systems

Another system to increase HR efficacy in the markerless
genome manipulations in Streptomyces is a CRISPR/Cas-
based genome editing tool that has revolutionized genomic
engineering in almost every organism over the past six years,
including Streptomyces species (Tao et al. 2018; Tong et al.
2018). Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)/Cas (CRISPR-associated proteins) is an
adaptive immune system to defend against exogenous DNA
or RNA. Three different CRISPR/Cas systems have been
identified. Type I and type III require multiple Cas proteins
to induce cleavage of their target DNA. However, type 11
systems require a single Cas9 endonuclease. The best studied
example of type II systems is Streptococcus pyogenes
CRISPR/Cas9, which has allowed its widespread use in ge-
nome editing applications. This system consists of three ele-
ments: Cas9 endonuclease, short crRNA that confers target
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Fig. 4 Scheme of deletion of a target gene (green arrow) using the
markerless gene deletion system with the bpsA indigoidine biosynthetic
gene (Rezuchova et al. 2018). The suicidal non-replicating plasmid
PAMRI8A contains two homologous arms flanking the deleted gene
(UP and DOWN), the promoterless indigoidine biosynthetic gene
(bpsA) and the Tn5 kanamycin resistance marker gene (neo) driving
bpsA expression. The yellow box indicates the cassette which contains

site specificity, and short tractrRNA facilitating crRNA pro-
cessing and recruitment. The crRNA—tracrRNA duplex forms
a complex with Cas9 and scans the target genome for the
presence of PAM (Protospacer adjacent motif 5'-NGG-3’), in
which 5’ sequence is complementary to the spacer sequence in
the crRNA-tractRNA duplex. Once the complex binds this
specific target sequence, Cas9 specifically cleaves DNA
resulting in a lethal DSB. These two small RNAs can be arti-
ficially fused into a single synthetic guide RNA (sgRNA) that
retains full functionality (Fig. 5). The DSB must be repaired
by rejoining the DNA ends. In the absence of a homologous
template DNA, this can be achieved by activation of a non-
homologous end joining (NHEJ) pathway. In the presence of a
homologous template DNA, the ends can be efficiently joined
by HR. In eukaryotes, NHEJ is the dominant pathway for
DSB repair. However, NHEJ does not widely occur in bacte-
ria, including Streptomyces. Therefore, the repair of bacterial
DSB relies mainly on HR (Selle and Barrangou 2015; Tao
et al. 2018; Tong et al. 2018).
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To date, four S. pyogenes-based CRISPR/Cas9 systems
have been developed and applied to rationally edit the
Streptomyces genome, including the following delivery
plasmid vectors: pCRISPomyces-2 (Cobb et al. 2015);
pCRISPR-Cas9 (Tong et al. 2015); pKCcas9dO (Huang
et al. 2015); and pWHU2059 (Zeng et al. 2015). All these
four systems share some common designs and applications.
They use a one-vector strategy that combines the synthetic
S. pyvogenes cas9 gene with optimum codon usage for
Streptomyces and the sgRNA expression cassette, both un-
der the control of the promoters active in these bacteria, and
the homology repair template for HR on a single delivery
plasmid. Systems specifically generates DSB at a target site
using Cas9 under the guidance of a sgRNA harboring a
custom-designed spacer, and then repairs it by HR repair
in the presence of a homology repairing template, resulting
in an accurate markerless deletion of the gene or large gene
cluster with efficacy ranging from 50 to 100% in several
Streptomyces strains. Using these systems, the multiplex
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sequence in the sgRNA to recognize the target sequence (dark blue) in

genome editing has also been achieved by equipping multi-
plex sgRNA cassettes and corresponding homology
repairing templates (Cobb et al. 2015; Huang et al. 2015).
Besides, CRISPR/Cas9 was also used to introduce nucleo-
tide point mutations into the 7psL gene to generate a specific
streptomycin resistant mutation (Huang et al. 2015). The
first three systems are based on the Streptomyces
temperature-sensitive pSGS5 replicon to facilitate multiple

genome is underlined. PAM sequence is in red font. The CRISPR-
associated protein 9 (Cas9 nuclease) is indicated by yellow oval. The
positions of the cleavage of the target DNA strands by Cas9 nuclease
are indicated by red arrows

rounds of editing (Cobb et al. 2015; Tong et al. 2015;
Huang et al. 2015). The latter (p WHU2059), is based on a
segregation-unstable sti” plJ101-derived E. coli—
Streptomyces high-copy number shuttle vector producing
large amounts of single-stranded plasmid DNA and hence
the amount of template DNA. The result was a substantially
higher HR efficiency and target mutant frequency. In addi-
tion, this CRISPR/Cas9 system utilizes the D314 A cytosine

@ Springer



Appl Microbiol Biotechnol (2019) 103:5463-5482

5478

IOAOSSOIO J[qNOP (7 ‘IDJIBW SOUBISISAI JNOIqHUE YV

810 e 3 Suoy,

Y10 qqid pue
ZOUNIBIN-ZOPUBUID, |

{010T e 30 3018

810T 'T& 10 eAOYONZIY

10T e 19 IASAOUOIA]N

600C Te 19 neaqn(y

L661 Z)[eg] pue pAsoH

9661 qqrd pue [9Zop\ ueA

$10T T8 19 TA[SAOUOIAN

spruiseld aaneordar Aq gsvo

JO AIQAT[P ‘S1093J0 105183-1J0 01J109ds-UON

KIoAT[Op

J0)O0A UT A)1s UOnTUS0001 dATROTdoI
Kq [298-] JO [225-] dNpOINUI 0} KIESSIOIN

pasn urens ur Sojowoy

Vsdq 9ATI0® JO 90USSqE ATeSSI0ON

s1eos ‘pruuserd aaneoridar £q oua3 y3gp
o} JO AIQAT[Op ‘Ojensqns ysno) Jo 3s0d YSIH

QUIS0}A00I0N[J-G 0} JUB)SISAI

urens AIessadau ‘OursojA00Ion[j-G ATessadaN

Quad AV papesul queinuu 7sd4 A1essaodN

INYV pajosul
‘urens _ yy73 & ojul uono[dp Y}

JO 3uISSOI0 POpadU ‘JuEINW 73 ATBSSOOIN

s1eos ‘pruseld

aaneordor £q auoS az7¢ ) Jo AIRAIPRQ

UOTIOSUI/UOLI[IP
SSOIOMIRW ISe) JUSIOIYH

UOIIOSUI/UOLI[IP
SSO[IdIRW JUAIOIJH

IBdS OU ‘UONIdSUI /UOTII[IP

SSO[IIEW ‘JudIdIge ‘opdurg

UOTIO[OP SS[IOIBW ‘JUSIONJH

UONO[Op SSOIOYIEW JUSIONFH

LSRG |

SO

A[oAT)RION pasn

9q UBd UONIISUI/UONIIP
SSO[IONTRW ‘JUSIOFH

UOTIOSUI/UON[P
ssopIasrew ur Junynsar ‘oejdwd) A3ojowoy Sursn YH £q pairedar
aseaponu gse) Aq aouonbas 30516} U S JO UOHBULIO) PISE]-YNYTS

UONIASUI/UONI[AP SSIMIew Ul Sunjnsal YH Aq pasredar
osea[onu [299-] Aq 9ouanbas 1o31e) ur gS(J JO UOHRWIO]

D JO UOnII[s AIYM/AN[q SULLIJUOD dUAT Ysdq 9SeYIUAS
surproSipur juowidid anjq yIm D(J JO UOKI[S QANISO

D JO uona9[as Aiym/an|q SULLIIUOS dUdT
Ysn301100[0S 9ANIS ¢ YIM (T JO UOTOO[OS SANISOJ

[A9BIN0IONJ-G OIX0) 0} AJANISUSS SULLIQJUOD QUOT
VP02 9SBUILIBAP AUISOIAD [PIM D(J JO UONOJ[S dANISO]

uAwoydons 0} ANANISUSS FULLIJUOD U3
7sd. u1)01d TEWOSOQLI ZTS UMM D(J JO UONO[OS SANISO]

9500N[3AX00P-7 91X0} 0} AJANISUSS SULLIQJUOD
ouad ;3 oseury] 9s09n]3 M D JO UONIA[IS SANISO]
oS DO~ DD-g Aq paryue] ous3
NV 2A0WAI A[0ARIN 0} WIOISAS UORUIQUIOIT
oY10ads-aNs DD~ DD-g/SeIBINL Paseq-1£DP

W)SAS
6SeD/AdSTEID

WoJSAS [298-]

uo

-1)09[9SIAIUNOD
vysdg

uo

-1}39[9SI3UN0d
vsnH

uo

-1)09[9SIAIUNOD
vpoD

uo

-1}99[9SI3UN0d
Tsdy

uo

-1)09[ASIAIUNOD
VIO

w)sAs SN

AppAneron SWRISAS

2107 ‘Te 30 UUBWIOY ¢q  Pasn aq jouued ‘sieds ‘spruuse[d aaneorjdor UOTIISUT/UOT)I[OP SONIS X0 ‘JX0] ‘I3 AqQ PISUE[J SUAT JARY SAOUWIAI 0} SWISAS UOTJRUIqUIOIAT
88007 'Te 10 UAYSAIOpa,] £q SouoS 9SeUIqUIOIAT ) JO AIOAIR( SSO[IONIeW YUY UONRUIqUIOdRT OJ109dS-0)IS X0.4/a.4(J ‘X0]/2.4) ‘[ 1/d] ory1oads-ag

SIBdS QU3 AV JO (LOTIIaay)

SurAowaI JUIUNSUOD W) pue UOTIISUI/UOTI[OP saoduorda.ng U1 H Aq PIMO[[0J dUO[O wR)sAs
€00C TR IsSND  snouoqge| ‘AIeIql Prusod paIoplo ATBSSOIIN SSOMISIBW JUITOLH ATIeiqp prarsod e Ul UOHBUIqUIOIAI Payr! paresIe1yDJ

Quag AV papesul D Jo uoneAnoeUl

UOTO9[OS SUTNSUOI-OWIT} s10300A prursefd Juneordor-uou Jursn (UO1OISINUNOD [euonIasur
0002 ‘Te 12 19sary] pue SnoLIoqe| ‘AousIoNJo MO [es1oarun ‘ordung 10J QU0 130 oy} yuawdoe[dar 105 ouo) A3a1ens oudT ARV oML [e21SSBID
QOURIY sogejueApesiq soejueApy sordrourrg SPOUIRIA

so100Aw0)dons ul spoyioul FunIps dWoud3 9[qeIs paseq-yH Jo Arewwns g djqel

pringer

Qs



Appl Microbiol Biotechnol (2019) 103:5463-5482

5479

deaminase mutant CodA(sm), which converts 5-
fluorocytosine to highly toxic 5-fluorouracil, as a
counterselection approach to select delivery plasmid loss
that significantly accelerates the screening process (Zeng
et al. 2015). These studies have facilitated rapid progress
in the modifications of the Streptomyces genome. For ex-
ample, the CRISPR/Cas strategy using the pCRISPomyces-
2 vector was used to efficiently insert strong promoters into
several unknown silent biosynthetic gene clusters to acti-
vate their production in five Streptomyces species, resulting
in the production of unique metabolites (Zhang et al. 2017).
As noted above, cloning of large clusters (> 100 kb) is still
an obstacle to heterologous expression of antibiotic gene
clusters. However, this CRISPR/Cas9 approach in combi-
nation with Gibson assembly and TAR cloning allowed
cloning of such large gene clusters (Jiang et al. 2015;
Wang et al. 2015; Lee et al. 2015). Therefore, the CRISP/
Cas9-based methodology appears to be a very promising
tool for discovering novel bioactive secondary metabolites
in Streptomyces and other Actinobacteria. All other appli-
cations of these CRISPR/Cas systems in the modification of
the Streptomyces genome are described in two recent re-
views (Tao et al. 2018; Tong et al. 2018).

The results of these studies show that CRISPR-Cas9 is
more efficient and faster than other methods for markerless
genome editing in Streptomyces species. However, it has some
bottlenecks. Similarly to previous methods, it also uses
Streptomyces replicative plasmids to deliver the system to
streptomycetes, which may again cause similar replication
problems for these plasmids in some strains, especially those
that are less studied. Another concern with this CRISPR/Cas9
system is the occurrence of non-specific off-target effects that
introduce DSBs in undesired regions of the genome at sites
that resemble the 20-nt guide sequence flanking the NGG
sequence (PAM). In fact, non-specific loss of huge portions
of'the genome has been observed in some Streptomyces strains
after engineering experiments with CRISPR/Cas9. Therefore,
for all CRISPR/Cas9 applications involving DBS generation,
it is recommended to check the integrity of genomes (Tong
et al. 2018).

Conclusion

The bacteria of the genus Streptomyces are excellent sources
for many bioactive compounds with antibacterial, antifungal,
herbicidal, immunosuppresive, antihelminthic, and antitumor
properties. In addition, some Streptomyces strains, such as
S. lividans, are perfect hosts for the effective secretion of het-
erologous biotechnologically and clinically relevant proteins.

These bacteria are therefore of great importance in the field
of biotechnology and medicine (Barka et al. 2016; Dyson
2011). It is now clear that, based on genome analysis, their

potential to produce new biologically active metabolites is
enormous. However, many of them are not produced under
laboratory conditions. Thus, efficient and stable genome ma-
nipulations are necessary to induce their production (Baltz
2016; Chen et al. 2016). Comprehensive studies in the past
have led to an extensive and versatile collection of molecular
biology tools for gene manipulation of Streptomyces, mainly
based on their replicative plasmids, which require sustained
antibiotic selection to maintain them (Kieser et al. 2000).
However, biotechnological applications of these bacteria re-
quire stable genome alterations/mutation.

Two major strategies in the Streptomyces species have been
developed to accomplish such a stable genome modification;
integration into the chromosome through Att/Int site-specific
integration systems based on Streptomyces actinophages or
the integrative plasmid pSAM2, and integration through HR
using suicidal non-replicating vectors. Each strategy has its
advantages and limitations. Although Att/Int site-specific in-
tegration strategy is much more effective than the HR-based
strategy, its biotechnology main concemn is the parallel inte-
gration of the entire delivery vector, including the replication
origin and the antibiotic resistance marker gene. Another lim-
itation is the integration into a single specific a#B site on the
Streptomyces chromosome, which may not be present in some
Streptomyces strains (Baltz 2012; Myronovskyi and
Luzhetskyy 2013). However, both disadvantages can be over-
come by using other genome editing tools (Li et al. 2017a,
2019; Siegl and Luzhetskyy 2012). Therefore, although not so
effective, the HR-based genome editing system is more bene-
ficial for biotechnological applications. Several systems for
effective marker-free HR-based genome modification have
also been developed (Myronovskyi et al. 2014; Rezuchova
et al. 2018). Efficiency issues in HR-based methodology have
been dramatically improved by introducing a revolutionary
DBS-generating CRISPR/Cas9 methodology in accurate and
programmable Streptomyces chromosome positions that HR
can correct, resulting in different editing events (deletions,
insertions). Therefore, this CRISPR/Cas9-based methodology
appears to be a very promising tool for various stable biotech-
nological applications. All the HR-based genome editing sys-
tems are summarized in Table 2.
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