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Abstract The current diminishing returns in finding useful
antibiotics and the occurrence of drug-resistant bacteria call
for the need to find new antibiotics. Moreover, the whole
genome sequencing revealed that the biosynthetic potential
of Streptomyces, which has produced the highest numbers of
approved and clinical-trial drugs, has been greatly
underestimated. Considering the known gene editing toolkits
were arduous and inefficient, novel and efficient gene editing
system are desirable. Here, we developed an engineered
CRISPR/Cas9 (clustered regularly interspaced short palin-
dromic repeat/CRISPR-associated protein) combined with
the counterselection system CodA(sm), the D314A mutant
of cytosine deaminase, to rapidly and effectively edit
Streptomyces genomes. In-frame deletion of the actinorhodin
polyketide chain length factor gene actI-ORF2 was created in
Streptomyces coelicolor M145 as an illustration. This
CRISPR/Cas9-CodA(sm) combined system strikingly in-
creased the frequency of unmarked mutants and shortened
the time required to generate them. We foresee the system
becoming a routine laboratory technique for genome editing
to exploit the great biosynthetic potential of Streptomyces and
perhaps for other medically and economically important
actinomycetes.
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Introduction

Actinomycetes are ubiquitous high GC Gram-positive bacte-
ria, renowned for the production of many beneficial secondary
metabolites including antibiotics, herbicides, antifungal, and
anticancer agents (Hopwood 2007; Baltz 2008). Streptomyces
is a genus of actinomyces that undergoes morphological dif-
ferentiations from substrate mycelia to aerial hyphae and
chains of spores (Chater 1993). Streptomycetes account for
nearly 80 % of bioactive natural products derived from acti-
nomycetes (Berdy 2005). However, the occurrence of
multidrug-resistant pathogens and the diminishing returns in
finding useful antibiotics create an urgent need to discover
new antibiotics (Campo et al. 2002; Oliynyk et al. 2003).
Whole genome sequencing of streptomycetes revealed that a
large number of cryptic or orphan antibiotic biosynthetic path-
ways are silent under laboratory conditions. To activate silent
antibiotic biosynthesis gene clusters and for the genetic ma-
nipulation of Streptomyces genes and gene clusters in general,
novel and efficient gene editing tools are highly desired.
Compared to genetic model organisms like Bacillus subtilis
or Escherichia coli, the number of biotechnological methods
available in Streptomyces is limited. Conventional gene
editing in Streptomyces is usually based on homologous re-
combination (HR) using suicide or unstable replicative vec-
tors (Smithies 2001). The necessary amount of screening for
the desired mutant depends on the frequency of HR and on the
efficiency of plasmid clearance. Usually, hundreds of colonies
need to be screened for the presence of the correct genetic
change and the loss of the delivery plasmid, making it an
arduous and time-consuming process. PCR targeting

@ Springer


http://dx.doi.org/10.1007/s00253-015-6931-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-015-6931-4&domain=pdf

10576

Appl Microbiol Biotechnol (2015) 99:10575-10585

introduced by Gust et al. (2003) was a great improvement, but
it requires suitable cosmid clones, and it leaves a scar se-
quence in the chromosome. Site-specific recombination sys-
tems such as Cre/Dre recombinase are alternative powerful
tools for high-throughput site-specific recombination resulting
in efficient gene deletion. But they leave a recombinase target
site in the chromosome, preventing the successive deletion of
other genes (Herrmann et al. 2012). The homing endonuclease
[-Scel has been applied to construct unmarked mutations in
Streptomyces: the homing endonuclease recognition site is
inserted at the target locus and cleaved by I-Scel. The
double-strand DNA break (DSB) stimulates homologous re-
combination at both DNA ends. This uses a multistep process
and requires screening rather than selection of the desired
mutant strains (Siegl et al. 2010).

The clustered regularly interspaced short palindromic re-
peat (CRISPR)/CRISPR-associated protein (Cas) system is a
prokaryotic adaptive immune mechanism against invading vi-
ruses and plasmids (Bhaya et al. 2011; Deveau et al. 2010;
Horvath and Barrangou 2010; Makarova et al. 2011). The type
II CRISPR/Cas9 system from Streptococcus pyogenes
showed that the Cas9 endonuclease could be guided by a
single-strand guide RNA (sgRNA) to make double-strand
DNA breaks at chosen target DNA sequences. The sgRNA,
consists of an exchangeable 20 nt guide sequence that matches
the target DNA and an invariant scaffold that binds to Cas9.
The only requirement for the 20 nt guide sequence is that it
must be adjacent to a PAM (Protospacer Adjacent Motif)
(Jinek et al. 2012). For bacteria to multiply, the DSB must
be repaired by rejoining the DNA ends. In the absence of
homologous template DNA, this can be achieved by activat-
ing the non-homologous end joining (NHEJ) pathway. If ho-
mologous template DNA is available, the ends can be joined
efficiently by homologous double-crossover recombination.
Engineered changes in the donor template can result in precise
genome modifications. To specifically target a specific DNA
sequence, only the 20 nt guide part of the sgRNA needs to be
changed. This cost-efficient, simple, and rapid technique has
been applied for precise, targeted genome modification of
mammalian (Chen et al. 2013; Cong et al. 2013; Niu et al.
2014; Qi et al. 2013), zebrafish (Hwang et al. 2013),
Plasmodium (Ghorbal et al. 2014), Drosophila (Ren et al.
2013), rice (Shan et al. 2013), and Streptomyces (Cobb et al.
(2014), Huang et al. (2015) and Tong et al. (2015)) DNA.
CRISPR and cas homologous genes were found in several
actinomycete species, but no cleavage activity was detected
(Guo et al. 2011).

CodA(sm), the D314A mutant of cytosine deaminase
(CodA), converts 5-fluorocytosine (SFC) supplemented in
culture into 5-fluorouracil (5FU), a highly toxic compound.
Dubeau et al. (2009) developed codA(sm) as a valuable
counterselection marker for Streptomyces and other
actinobacteria.
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In this study, we demonstrated the efficient, precisely
targeted in-frame deletion of a Streptomyces coelicolor
M145 gene involved in the production of the polyketide anti-
biotic actinorhodin. A convenient Streptomyces delivery plas-
mid was constructed that expresses S. pyogenes Cas9, a target-
specific sgRNA, and codA(sm) which confers SFC sensitivity
and thus allows selection of strains that have lost the delivery
plasmid. In addition, the delivery plasmid also contains
engineered sequences that are homologous to both sides of
the target sequence. After conjugative transfer to
Streptomyces, the sgRNA directed Cas9 endonuclease creates
a double-strand break at the target site. The DNA ends are then
rejoined by homologous recombination with the cloned ho-
mologous plasmid sequences, creating the desired unmarked
chromosomal mutation. Mutant strains that have lost the de-
livery plasmid are then selected using SFC.

Materials and methods
Bacterial strains, culture conditions, and reagents

Escherichia coli DH10B was used as cloning host. E. coli
ET12567/pUZ8002 was used for intergeneric conjugation be-
tween E. coli and Streptomyces. S. coelicolor M145 was
grown at 28 °C on SFM agar medium (20 g soy flour, 20 g
mannitol, 20 g agar per liter) for sporulation or in tryptone
soya broth with yeast extract (TSBY) liquid medium (30 g
tryptone soya broth powder, 10 g yeast extract, 103 g sucrose
per liter) for growth of mycelium and isolation of total DNA.
SFM with addition of 10 mM MgCl, was used for intergeneric
conjugation between E. coli and Streptomyces. E. coli strains
were maintained in 2x YT medium (16 g typtone, 10 g yeast
extract, 5 g sodium chloride per liter) at 37 °C with the appro-
priate antibiotic selection (25 pg/mL apramycin, 100 pg/mL
ampicillin, 25 pg/mL chloramphenicol, and 25 pg/mL kana-
mycin). For Streptomyces, nalidixic acid (25 pg/mL) and
apramycin (25 pg/mL) were used in SFM or TSBY. RS agar
plates (103 g sucrose, 0.25 g K,SO,, 10.12 g MgCl,-6H,0,
10 g glucose, 0.1 g casamino acids, 2 mL trace element solu-
tion, 5 g yeast extract, 5.73 g TES buffer, 22 g agar per liter)
supplemented by 10 mL KH,PO, (0.5 %), 4 mL CaCl,2H,0
(5 M), 15 mL L-proline (20 %), and 7 mL NaOH (1 N) were
used for actinorhodin production.

Restriction endonucleases, T4 polynucleotide kinase, and
Phusion High-Fidelity Master Mix with GC-buffer were pur-
chased from NEB. Aarl, FastAP, and T4 DNA ligase were
purchased from Fermentas. DIG DNA labeling and detection
kits were purchased from Roche. RNAprep pure bacteria kit
was purchased from TIANGEN, RNase-free DNase I and
RevertAid First Strand cDNA Synthesis Kit were purchased
from Thermo Scientific. 5-fluorocytosine (SFC) was pur-
chased from Adamas. Oligonucleotide primer synthesis and
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DNA sequencing of PCR products were performed by either
GenScript or Tsingke.

Plasmids constructions

scas9, the Streptomyces codon-optimized version of cas9
flanked by Nhel and Sacl restriction sites, was synthesized
by GenScript and provided on pUCS57-Simple. The
4107 bp Nhel-Sacl fragment was inserted into pYH7
(Sun et al. 2009; Sun et al. 2006), replacing most
aac(3)IV coding sequence between Nhel and Sacl, under
the control of the promoter of aac(3)IV using the same
restriction sites. Then, the thiostrepton resistance gene fsr
on pYH?7 was replaced with the apramycin resistance gene
aac(3)IV, yielding the plasmid pWHU2650 which can be
selected both in E. coli and Streptomyces using apramycin.
Two basic templates of sgRNA(+48) and sgRNA(+85)
cloning cassette (4arl) (Fig. S1), flanked by Xbal and
Spel restriction sites, were synthesized by GenScript and
again provided on pUC57-Simple. The two sgRNA clon-
ing cassettes were inserted at Xbal of pWHU2650 to give
pWHU2651 and pWHU2652, respectively. The 20 nt
S. coelicolor M145 actl-ORF?2 target sequence was iden-
tified using CasOT, an online genome-wide searching tool
for potential Cas9/sgRNA off-target (Xiao et al. 2014).
The 20 nt guide sequence was synthesized as overlapping
oligonucleotides for insertion between the two Aarl cut
sites on the basic template of the two sgRNA cloning
cassettes to give pWHU2654 (sgRNA2(+48)) and
pWHU2655 (sgRNA2(+85)), respectively. The c. 2 kb
UHA and DHA sequences were amplified from genomic
DNA of S. coelicolor M145, cloned into pUC18, then cut
out and cloned together into the above plasmids containing
the scas9 and sgRNA expression cassettes to obtain the
actl-ORF2-specific deletion plasmids pWHU2656,
pWHU2657, and pWHU2658. codA(sm) and Pneo were
amplified from pMG303M (Dubeau et al. 2009) and
inserted at Xbal into pWHU2658, yielding pWHU2659.
As Aarl site exists in codA(sm), for future convenient plas-
mid construction during target gene deletion, codA(sm)
with Prneo was cloned into backbone by Xbal after the
two Aarl sites on pWHU2652 being replaced by Bael rec-
ognition site which is used for embedding the gene-
specific 20 nt guide sequence, yielding pWHU2653. All
oligonucleotide primers and plasmids are in
Supplementary materials, Tables S1 and S2, respectively.

CRISPR/Cas9 cleavage activity

To test the efficacy of CRISPR/Cas9 expressed by the syn-
thetic gene scas9 and sgRNA, pWHU2650, pWHU2655,
pWHU2656, and pWHU2658 were introduced into
S. coelicolor M145 by conjugation (Kieser et al. 2000).

E. coli ET12567/pUZ8002 containing the above plasmids
were incubated to ODgg of 0.4-0.6. For each plasmid, the
same volume of E. coli ET12567/pUZ8002 and S. coelicolor
M145 spores were used for conjugation. Exconjugants grown
after overlaying with apramycin and nalidixic acid were
counted.

Screening for in-frame deletion mutant using
CRISPR/Cas9 system

Independent apramycin-resistant exconjugants were patched
on SFM agar, again containing apramycin and nalidixic acid,
and grown at 28 °C for 2 or 3 days. Genomic DNA was
extracted from mycelium grown on the plate and amplified
by PCR using primers actl-ORF2-Pl/actl-ORF2-P3 and actl-
ORF2-P2/actl-ORF2-P4, respectively. To obtain plasmid-free
progeny, mycelium from the patches was streaked on non-
selective SFM agar plate, followed by replica plating to
SFM agar plate with and without apramycin. Genomic DNA
of single apramycin-sensitive colonies was extracted and am-
plified by PCR using primers actl-ORF2-CK1/actl-ORF2-
CK2.

Screening for in-frame deletion mutants using
CRISPR/Cas9-CodA(sm) combined system

Following conjugation, single exconjugants were picked and
streaked on SFM agar containing 800 pg/mL SFC and grown
in the dark at 28 °C for 3 or 4 days. The SFC® colonies were
then replicated to SFM with and without apramycin to con-
firm plasmid loss. Genomic DNA of apramycin-sensitive sin-
gle colonies was extracted, followed by PCR amplification
using primers actl-ORF2-CK1/actl-ORF2-CK2. Mutants ver-
ified by PCR amplification were inoculated into TSBY medi-
um for high-quality genomic DNA isolation, followed by
Southern blot analysis.

Selection of the sgRNA guide sequence and assessment
of potential off-target activity

Identification of potential sgRNA 20 nt guide sequences in the
Streptomyces chromosome was carried out using CasOT
(Xiao etal. 2014). The program outputs all the available target
sequences in the genomic region that is to be deleted and
possible secondary target sequences in the entire genome re-
lated to each of the available target sequences. One of the
available target sequences was then selected on the basis that
it had the lowest chance of targeting undesirable secondary
target sequences. The eight most likely secondary target sites
were PCR amplified from Aactl-ORF2 mutants as 550—
850 bp fragments and sequenced using the amplification
primers. Sequence alignment with the wild-type genome
was performed using the Basic Local Alignment Search
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Tool in the National Center for Biotechnology Information
(NCBI-BLAST).

Analysis of sgRNA and scas9 transcription by RT-PCR

Mycelia of S. coelicolor M145 grown in TSBY medium were
collected. Total RNA was extracted using the RNAprep pure
bacteria kit according to the manufacturer’s protocol. To elim-
inate DNA contamination, the RNA preparations were treated
with RNase-free DNase I. RNA concentration and purity were
determined by measuring OD260/280, and an equal amount
of RNA from each studied strain was used for the RT reaction.
cDNA first-strand synthesis was performed using the
RevertAid First Strand cDNA Synthesis Kit according to the
manufacturer’s instructions. Primers scas9-RTP1/scas9-RTP2
and sgRNA2-RTP1/sgRNA2-RTP2 were used to analyze
scas9 and sgRNA2 transcription in S. coelicolor
M145/pWHU2659 and wild-type strains. RT-PCR reaction
parameters were as follows: 95 °C for 3 min, followed by 30
amplification cycles: denaturation at 95 °C for 30 s, annealing
at 58 °C for 30 s, extension at 72 °C for 30 s. A final extension
at 72 °C for 7 min finished the amplification. 16S rRNA was
used as positive internal control for the RT-PCR assays.
Negative controls to rule out the possibility of DNA contam-
ination were conducted using PCR amplification without prior
RT. Samples of PCR products were separated by 2 % agarose
gel electrophoresis and visualized by staining with ethidium
bromide. The RT-PCR experiments were done in duplicate
using RNA samples from two independent cultures.

Production, isolation, and analysis of actinorhodin

To assess actinorhodin production, each plate containing
20 mL R5 medium was inoculated with plasmid-free progeny
from SFM (800 pg/mL 5FC) and grown at 28 °C for 7 days.
The whole plate culture was treated with 20 mL 1 M KOH and
centrifuged (3000xg for 5 min) (Kieser et al. 2000). The su-
pernatants were then subjected to liquid chromatography-
electrospray ionization-high-resolution mass spectrometry
(LC-ESI-HRMS) analysis. Online LC-ESI-HRMS analysis
was carried out on a Thermo Fisher LTQ Orbitrap XL using
negative-mode electrospray ionization. The LTQ Orbitrap XL
was coupled to a Thermo Accela 600 fitted with a
Phenomenex Luna C18 column (250 x 4.6 mm 5 ) at a flow
rate at 1.0 mL/min. The gradient for separation of
actinorhodin from crude sample was as follows: 0—5 min
95 % H,0 with 0.1 % ammonium hydroxide (A) and 5 %
methanol with 0.1 % ammonium hydroxide (B), 5-20 min
5 % B to 95 % B, 20-23 min 95 % B, 23-25 min 95 % B to
5 % B, 25-30 min 5 % B. The mass spectrometer was set to
full scan (from 200 to 2000 m/z).
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Nucleotide sequence accession number

The nucleotide sequence of Streptomyces codon-optimized
scas9 was deposited into the GeneBank under the accession
number KR 154349.

Results

Transcription of modified CRISPR/Cas9 and sgRNA
genes in Streptomyces

To ensure expression in high GC Streptomyces, the low GC
content S. pyogenes cas9 was codon-optimized to give scas9
(Fig. S2) and put under the control of the aac(3)IV promoter
(Kaster et al. 1983). The strong, constitutive ermE* promoter
(PermE*) was used to initiate transcription of the sgRNA, and
the transcript was terminated by the artificial B1006 termina-
tor (http://parts.igem.org) (Fig. 1a). The Streptomyces
optimized genes on pWHU2659 were introduced into S.
coelicolor M145. RT-PCR using two pairs of specific primers
detected scas9 and sgRNA2 transcripts in S. coelicolor
M145/pWHU2659. The results showed that both scas9 and
sgRNA2 in pWHU2659 were transcribed constitutively in
Streptomyces (Fig. 1d).

The modified CRISPR/Cas9 are probably cleaving
Streptomyces DNA

Cas9 and sgRNA should combine to form a nuclease that
cleaves both strands of the Streptomyces genome at the target
site specified by the 20 nt guide sequence at the 5’ end of the
sgRNA. Chromosome breaks are lethal unless repaired. In the
absence of a homologous sequence spanning the DNA break,
efficient repair by homologous recombination was impossi-
ble. Only the inefficient non-homologous end joining pathway
in Streptomyces was expected to repair a small proportion of
the broken chromosomes (Siegl et al. 2010). Therefore, intro-
ducing pWHU2655 expressing scas9 and sgRNA2(+85)
(sgRNA2 contains the 20 nt guide sequence from actl-
ORF?2; (+85) identifies the longer, more efficient scaffold
(Fig. S1)) was expected to produce fewer apramycin-
resistant Streptomyces colonies than pWHU2650 which
contained scas9 without the sgRNA gene. This was indeed
the case: pWHU2650 without sgRNA produced about 1000
exconjugants compared to seven exconjugants from
pWHU2655 expressing scas9 and sgRNA2(+85) together
(Table 1). PCR and sequence analysis of the seven
exconjugants revealed no changes at or near the sgRNA2
target site, indicating that the target sequence may not have
been cut in these exconjugants because NHEJ would probably
have introduced insertion and/or deletion mutations of vari-
able length at the site of the DSB (Gong et al. 2005).


http://parts.igem.org

Appl Microbiol Biotechnol (2015) 99:10575-10585

10579

a PermE” Terminator

81bp

Scaffold

| e

e

P2 3548bp P4

b P mn;; 3 h
actl-ORF2
M145
CKI .. tewsbp Sk f
1.DSB at 20nt target sequence
2.Double crossover at UHA and DHA
3. Counterselection of plasmid-free progeny
P2 2609bp P4
(o] Pl 2792bp 3
A N N
aacti-orF2 — < HC o >—

CK1 666bp CK2
_’.....4—

Fig. 1 Targeted in-frame deletion of actI-ORF2 in S. coelicolor M145
using the CRISPR/Cas9-CodA(sm) combined system. a Schematic
representation of the ultimate delivery plasmid pWHU2659 featuring
the Streptomyces codon-optimized scas9 encoding nuclease Cas9, actl-
ORF2-specific sgRNA (single-guide RNA), the counterselectable
cytosine deaminase gene codA(sm), and UHA and DHA homologous
arms flanking actl-ORF2. The sgRNA consists of the 20 nt target gene-
specific guide sequence (black) and the invariant scaffold RNA (yellow).
The sgRNA binds to the Cas9 nuclease for target-specific double-strand
DNA cleavage. The angled arrow indicates the PermE* transcriptional
promoter and the stem-loop indicates the artificial B1006 terminator; the
red and orange horizontal arrows indicate the locations of primer pairs
used for detecting scas9 or sgRNA2 transcripts. aac(3)IV apramycin
resistance gene, rep multicopy replicon of Streptomyces plasmid
plJ101, ori origin of replication of E. coli plasmid ColEl, amp
ampicillin resistance gene, oriT origin of transfer of plasmid RK2. b
actl-ORF?2 and flanking ORFs in the genome of wild-type S. coelicolor
M145. The black bar in actl-ORF2 indicates the 20 nt guide sequence at
the 5" end of the sgRNA in pWHU2659. Olive green parallelograms

If the dramatic reduction of the number of exconjugants
from 1000 to seven was caused by DNA cleavage, and
NHE] was, as expected, very inefficient, providing DNA ho-
mologous to the sequences left and right of the target sequence
(UHA and DHA) might result in efficient rejoining of the
DNA ends by homologous recombination (HR). This homol-
ogous DNA should, of course, not itself contain the sequence
matching the 20 bp guide sequence.

To test whether adding homologous DNA could give rise
to HR end joining, we constructed pWHU2656 and
pWHU2658. Both plasmids contained two homologous arms
(2120 and 2035 bp) flanking the target actI-ORF2 gene from
the actinorhodin (acf) biosynthesis gene cluster. The 939 bp
DNA of actl-ORF2, which contains the 20 nt target sequence
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connect the identical UHA and DHA sequences on pWHU2659 and the
M145 chromosome where recombination can take place. ¢ Targeted
mutant after in-frame deletion of actl-ORF?2. Horizontal blue and green
arrows indicate PCR primers used to distinguish wild-type, single
crossover, and double crossover progeny. d Transcripts scas9 and
sgRNA in Streptomyces detected using RT-PCR. PCR amplification of
the cDNA after reverse transcription (+) and PCR amplification of the
RNA without reverse transcription (—) are indicated. Endogenous 16S
rRNA served as an internal control. M 50 bp DNA ladder. e Agarose
gels showing PCR amplification products from independent progeny
before plasmid elimination. The larger fragments correspond to the
wild-type and the smaller ones to the actl-ORF2-deleted strains. Note,
that most progeny obtained using pWHU2656 contain the plasmid
integrated into the chromosome by a single crossover. M 1 kb DNA
ladder, W wild-type. f PCR screening of progeny obtained using the
plasmids pWHU2656 (scas9, UHA+DHA), pWHU2658 (scas9,
sgRNA2, UHA+DHA), and pWHU2659 (scas9, codA(sm), UHA+
DHA) after plasmid elimination. M 1 kb DNA ladder, W wild-type, P
plasmid

of sgRNA2, has been deleted in-frame. End joining by homol-
ogous recombination should therefore generate an act gene
cluster lacking actl-ORF?2 (see Fig. 1b for locations of the
genes and PCR primers; Table 1 gives the genes which are
present on each plasmid). pWHU2658, which contains scas9,
sgRNA2(+85), and act homologous DNA (DHA+UHA) pro-
duced proportionally about tenfold more (6 % instead of
0.7 %) exconjugants than pWHUG655 which lacked DHA+
UHA (Table 1).

Further analysis in the next section demonstrated that
the complete system in pWHU2658 (scas9, sgRNA,
DHA+UHA) produced a high proportion of double cross-
over gene replacements which are necessary to re-join
DNA ends.
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The modified CRISPR/Cas9 increased the level
of homologous recombination in Streptomyces

To investigate whether CRISPR/Cas9 can be used to increase
the frequency of double crossover HR in Streptomyces, the c.
2 kb sequences UHA and DHA were incorporated in the plas-
mid as shown in Fig. 1a. HR between the UHA and DHA of
the plasmid and the Streptomyces chromosome should result
in the precise 939 bp in-frame deletion of act/-ORF2, which
was not required for the survival of the host strain. To reduce
the influence of spontaneous homologous recombination dur-
ing propagation, apramycin-resistant transconjugants were ex-
amined in the primary apramycin-resistant exconjugants using
PCR (Fig. 1b, c, e). Three plasmids were compared:
pWHU2656 (scas9, UHA+DHA, no sgRNA) produced most-
ly progeny with single crossover plasmid integration into the
Streptomyces chromosome either at UHA or DHA (Fig. le).
This was expected because pYH7-derived plasmids are
segregationally unstable, and integrated copies are replicated
stably as part of the host chromosome (Sun et al. 2009; Sun
etal. 2006). pWHU2657 (scas9, sgRNA2(+48), UHA+DHA)
and pWHU2658 (scas9, sgRNA2(+85), UHA+DHA) pro-
duced predominantly double crossover replacements of the
chromosomal actl-ORF2. pWHU2658 with the longer
sgRNA2(+85) gave a slightly higher percentage of double
crossover progeny than pWHU2657 containing the shorter
sgRNA2(+48) (Table 1). Note, that the two primer pairs could
not amplify sequences from autonomous plasmids which were
probably still present. These data suggested that CRISPR/
Cas?9 significantly increased the level of double crossover ho-
mologous recombination in Streptomyces.

CRISPR/Cas9 combined with CodA(sm) accelerates
the screening process for isolating unmarked progeny
containing the targeted deletion

The process of plasmid removal for obtaining unmarked prog-
eny is inevitably time-consuming with segregationally unsta-
ble plasmid like the pYH?7 derivatives used here, or even non-
replicating (suicide) plasmids, because these vectors readily
recombine with the Streptomyces chromosome via their ho-
mologous sequences. The integrated plasmids are then repli-
cated stably as part of the host chromosome.

To test the rate of plasmid clearance, four exconjugants of
S. coelicolor M145/pWHU2658 (scas9, sgRNA2(+85),
UHA+DHA) were randomly picked and plated for single col-
onies on non-selective medium. Replica plating onto selective
and non-selective medium identified 63 (39 %) apramycin-
sensitive progeny; all were confirmed by PCR to be double
crossover mutants (Fig. 11, lanes 1-19; Table 1). pWHU2656
(scas9, UHA+DHA, without sgRNA) gave 24 out of 160
(15 %) apramycin-sensitive progeny, of which only one was
a double crossover mutant (Table 1; Fig. 1f, lane 17). This

demonstrated the huge advantage of using the CRISPR/
Cas9-targeted DNA cleavage in Streptomyces. Even though
pWHU2658 produced a much higher proportion of the desired
double crossover progeny than pWHU2656, the time required
to isolate such mutants (growing single colonies, replica plat-
ing, growing) remained almost the same. To make double
crossover mutants available more quickly, we constructed
pWHU2659 featuring the SFC counterselectable codA(sm)
(Table 1, Fig. la). Forty apramycin-resistant exconjugants of
S. coelicolor M145/pWHU2659 were picked and streaked
onto SFM plates containing 800 pg/mL SFC (Fig. 2). Of the
135 surviving, independent single colonies, 128 (95 %) were
apramycin sensitive, 127 were verified to be double crossover
mutants (Fig. 1f, lanes 1-19) Table 1), and actinorhodin pro-
duction was lost (Fig. 3c, d). This showed that SFC was ef-
fectively selected for progeny that had lost pWHU2659, mak-
ing the tedious screening for apramycin-resistant colonies
unnecessary.

To test for possible DNA rearrangements (especially dele-
tions that were expected from NHEJ), genomic DNA from
seven actl-ORF?2 deletion mutants was randomly selected,
digested with 4gel, and the Southern transfer was probed with
labeled 666 bp probe fragment (Fig. 3a). All seven strains
produced the expected 4229 bp positive band, typical for the
precise excision of the actl-ORF?2 sequence without detect-
able rearrangements (Fig. 3b). Using the CRISPR/Cas9-
CodA(sm) combined system, both the plasmid clearance rate
and the ultimate yield of gene deletion mutant were remark-
ably increased and, most usefully, SFC counterselection of
codA(sm) saved several days of the screening process.

Evaluation of potential off-target activity

One concern using CRISPR/Cas9 gene editing systems is the
occurrence of non-specific indels that have been observed in
eukaryotic cells at sites that resemble the 20 nt guide sequence
adjacent to a NGG (PAM) sequence. CRISPR/Cas9 can in-
duce mutations at sites that differ by as many as five nucleo-
tides from the intended target (Fu et al. 2013; Hsu et al. 2013).
To evaluate potential off-target activity of CRISPR/Cas9 in
S. coelicolor M 145, seven actl-ORF?2 deletion mutants were
picked and analyzed for mutations at the eight most likely
secondary target sites identified using the program CasOT
(Table S3). No mutation was found in these potential target
regions, suggesting that off-target mutations were not a prob-
lem for our particular gene replacement. Furthermore, PCR
products using primers actl-ORF2-CK1/CK2 of the seven se-
lected mutants and one wild-type descendant from the
pWHU2659 experiment were sequenced, confirming that no
mutations had occurred at the target site. These results indi-
cated that the CRISPR/Cas9-CodA(sm) system was highly
efficient, specific, and precise.
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Fig. 2 Flowchart of targeted gene deletion in S. coelicolor M 145 using
the CRISPR/Cas9-CodA(sm) combined system. The multicopy delivery
plasmid featuring scas9, actl-ORF2-specific single guide RNA (sgRNA),
codA(sm), and two homologous arms (UHA and DHA) flanking actl-
ORF?2 is transferred from E. coli to S. coelicolor M145 by intergeneric
conjugation, followed by apramycin selection. In the exconjugant, Cas9
guided by the sgRNA causes a double-strand break (DSB) in the target
sequence. Then, homologous recombination crossovers at UHA and

Discussion

In this study, a CRISPR/Cas9-CodA(sm) combined gene
editing system was developed and successfully applied to cre-
ate an in-frame deletion of actl-ORF?2 in the Streptomyces
model strain S. coelicolor M145. Target-specific DSB intro-
duced by CRISPR/Cas9 stimulate homologous recombina-
tion, and two crossovers are required for rejoining the DNA
ends by HR (Choulika et al. 1995; Rouet et al. 1994). Initially,
all the progeny still contained the multicopy delivery plasmid
which is segregationally unstable in Streptomyces even at nor-
mal growth temperature. The delivery plasmid carried the c.
2 kb UHA and DHA chromosomal sequences. These se-
quences readily recombine (single crossover) with their chro-
mosomal counterparts, resulting in plasmid integration and
stable replication as part of the host chromosome. It was
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DHA efficiently rejoins the chromosome ends and creates the desired
chromosomal deletion. After removing apramycin, the host delivery
plasmids are spontaneously lost from the host, and the desired plasmid-
free progeny is selected using SFC which is converted to cytotoxic SFU,
thus killing bacteria expressing CodA(sm) from the plasmid. The
surviving colonies contain the desired chromosomal deletion (grey
dashed arrow with internal X)

therefore very useful to be able to select, rather than screen,
for progeny which has become spontaneously plasmid free.
This was achieved by integrating cytosine deaminase gene
codA(sm) into the delivery plasmid. CodA(sm) converts SFC
to toxic SFU. In our experiments, 95 % of the SFC-resistant
cells had also lost apramycin resistance, the other plasmid
marker, and 99 % of those plasmid-free strains were tested
to be double crossover mutants, indicating that the combined
system was indeed not only useful for selecting plasmid-free
strains but also highly efficient for gene deletion.

During the development of the CRISPR/Cas9 technique,
the fused sgRNA composed of crRNA- and tracrRNA-
derived sequences connected by an artificial tetraloop was
extended from sgRNA(+48) (48 nt tractrRNA tail) to
sgRNA(+85) (85 nt tracrRNA) tail (Jinek et al. 2012).
Previous studies in mammalian cells showed that sgRNAs
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Fig. 3 Southern blot confirmation and antibiotic production by an act/-
ORF? in-frame deletion mutant. a Schematic representation of in-frame
deletion of actI-ORF2. The horizontal dotted arrows indicate the
expected sizes of wild-type and mutant genomic DNA after digestion
with Agel. The black box labeled probe indicates 666 bp fragment
amplified by primers actl-ORF2-CK1/actl-ORF2-CK2 (Fig. lc). b
Agel-digested genomic DNA of seven independent isolates. Ethidium
bromide-stained agarose gel and Southern hybridization using the

with extended tracrRNA tails dramatically improved the Cas9
cleavage activity in vivo (Hsu et al. 2013). The crystal struc-
ture of Cas9 indicated that the longer tracrRNA tail of the
sgRNA improved the in vivo activity by stabilizing both the
sgRNA and the functional Cas9-sgRNA complex (Hsu et al.
2013; Nishimasu et al. 2014). In this study, pWHU2657 con-
taining the shorter sgRNA2(+48) was already very efficient,
but pWHU2658 with the longer sgRNA2(+85) showed a
slightly higher percentage of double crossover progeny.
Therefore, sgRNA2(+85) was incorporated into the final de-
livery vector pWHU2569.

Homologs of the ku gene, which plays a key role in muta-
genic NHEJ were reported in Streptomyces, but the NHEJ
system of Streptomyces is thought to serve as a major DSB
repair mechanism only during spore germination (Moeller
et al. 2007; Weller et al. 2002; Zhang et al. 2012). In actively
growing culture, HR was the major pathway for DSB repair in
Streptomyces with NHEJ playing a minor role (Siegl et al.
2010). In this study, no mutation indicative of NHEJ action
was observed at potential off-target sites identified by CasOT.
Probably no off-target double-strand cleavage occurred in
S. coelicolor M145. We have shown that the CRISPR/Cas9-
CodA(sm) system can be used to introduce gene knock-outs

Time (min)

labeled 666 bp probe. M 1 kb DNA ladder. ¢ Actinorhodin production
in wild-type and actl-ORF?2 deletion mutant on R5 medium. The blue
color of actinorhodin is visible on the reverse side of the wild-type. The
orange color of mutant is from undecylprodiginin in the absence of
actinorhodin production. d Actinorhodin detected by LC-ESI-HRMS.
Selective ion monitoring was carried out on [M-H] (calculated: m/z
633.12389; observed: m/z 633.12285). No actinorhodin was detected in
the Aactl-ORF2 mutant strain

in the Streptomyces genome with high efficiency. It is expect-
ed that it can be applied equally effectively for generating gene
knock-ins, gene replacements, large fragment deletions, and
other genome editing (Smithies 2001). Our delivery vector
(pWHU2653 with gene-specific UHA+DHA and 20 nt guide
sequences) can probably be used in most Streptomyces strains
and even in some related actinomyces genera because all its
elements, including promoters and terminators of CRISPR/
Cas9, and the plJ101 replicon have been used successfully
in many different strains (Kieser et al. 1982; Schmitt-John
and Engels 1992). The convenient restriction sites on the
“precursor delivery vector” pWHU2653 make it very easy
to build target-specific delivery vectors containing 20 nt guide
sequence, UHA and DHA (Fig. S1). Recently, gene editing in
Streptomyces using an engineered CRISPR/Cas system has
been reported by Cobb et al. (2014), Huang et al. (2015),
and Tong et al. (2015). In all three reports, temperature-
sensitive delivery plasmids derived from pSGS5 (copy number
20-50, Muth et al. 1988) were used. The procedures to edit
single genes using HR were efficient (70 to 100 % by Cobb
et al. (2014), 60 to 100 % by Huang et al. (2015), and nearly
100 % by Tong et al. (2015)), but the elimination of the
temperature-sensitive plasmid is time-consuming and it
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critically depends on the precise temperature control and in-
cubation time (Muth et al. 1988; Muth et al. 1989). By con-
trast, we used a segregationally unstable st~ plJ101-derived
E. coil-Streptomyces shuttle vector with high copy number of
about 50 per chromosome (Kieser et al. 2000) producing large
amounts of single-strand plasmid DNA (Deng et al. 1988),
thus providing ample template DNA for HR. The proportion
of double crossover recombinants immediately after conjuga-
tion was nearly 100 %. SFC selection against CodA(sm) elim-
inated all progeny still containing the delivery plasmid inde-
pendent of whether it was replicating autonomously or inte-
grated by single crossover into the Streptomyces chromosome.

To sum up, in addition to the dramatically high efficiency
of double crossover recombination, this combined system gets
rid of the tedious multistep process to obtain plasmid-free
mutants. The end product is a totally unmarked (no resistance
gene or scar sequence) mutant strain, which allows the gener-
ation of successive gene replacements, always using the same
delivery vector. The deployment of this system will greatly
improve our ability to understand gene function and explore
the huge potential of streptomycetes and probably also some
related actinomycetes.
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