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Abstract 

Type I clustered regularly interspaced short palindromic repeat (CRISPR) systems are widespread in bacteria and archaea. Compared to more 
widely applied t ype II systems, t ype I systems differ in the multi-effector CRISPR-associated complex for antiviral defense needed for crRNA 

processing and target recognition, as well as the processive nature of the hallmark nuclease Cas3. Given the widespread nature of type I systems, 
the processive nature of Cas3 and the recombinogenic overhangs created by Cas3, we hypothesized that CASCADE-Cas3 would be uniquely 
positioned to enable efficient genome engineering in streptom y cetes. Here, w e report a new type I based CRISPR genome engineering tool for 
streptom y cetes. T he plasmid system, called pCRISPR-Cas3, utilizes a compact type I-C CRISPR system and enables highly efficient genome 
engineering. pCRISPR-Cas3 outperforms pCRISPR-Cas9 and facilitates targeted and random siz ed deletions. Furthermore, w e demonstrate 
its ability to effectiv ely perf orm substitutions of large genomic regions such as biosynthetic gene clusters. Without additional modifications, 
pCRISPR-Cas3 enabled genome engineering in se v eral Streptom y ces species at high efficiencies. 
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treptomycetes and other filamentous actinomycetes repre-
ent some of the most gifted producers of complex specialized
etabolites, with a wide diversity of applications in medicine,

ndustry , and agriculture. Most importantly , many of the com-
only used antibiotics are produced by members of the genus

treptomyces [ 1 ] . Many of these specialized metabolites play
mportant ecological roles for the producer strains, e.g. to fend
ff competition for nutrients, communication, or to coordi-
ate complex symbiotic relationships [ 2 ]. Due to the complex
ole specialized metabolites play in the natural environment,
he expression of the corresponding biosynthetic gene clus-
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ters (BGCs) is tightly regulated, and natural elicitors often re-
main unknown. Therefore, a majority of BGCs are not read-
ily expressed under standard laboratory conditions, hinder-
ing the identification of the encoded specialized metabolites.
While classical chemical screening has resulted in the identi-
fication and characterization of high numbers of readily ex-
pressed BGCs, the advent of cheap whole genome sequenc-
ing has revealed a large untapped potential of silent BGCs,
encoding the biosynthetic information for yet unknown spe-
cialized metabolites [ 3 , 4 ]. 

To overcome these limitations and to advance the explo-
ration of the vast biosynthetic potential of streptomycetes,
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several methods have been developed to activate the expres-
sion of silent BGCs. Expression of silent BGCs in a heterolo-
gous host represents one of the commonly used approaches
[ 5 , 6 ]. Since many actinomycetes are not (yet) genetically
tractable, expression of BGCs cloned from isolated genomic
DNA allows the study of BGCs independently of their native
host. Furthermore, using established expression hosts stream-
lines experimental work as standardized methodologies can
be used. Commonly used hosts for expression of heterolo-
gous BGCs include various derivatives of S. coelicolor , S. al-
bidoflavus , S. lividans , S. avermitilis , and S. venezuelae [ 7–15 ].

To increase the success rate of heterologous expression
of BGCs, hosts are usually engineered with focus on three
aspects. First, to aid the identification of compounds in
metabolomics analysis, a simplified metabolic background is
desired. This can be achieved through genome reduction, with
special focus on native, actively expressed BGCs, as well as
those usually silent under laboratory conditions. Second, the
number of integration sites can be increased to facilitate multi-
copy expression of the target BGC and to increase the chances
of successful heterologous expression. Lastly, increasing the
supply of metabolic precursors can also boost production of
a matching BGC. Examples of hosts constructed using these
principles are S. albidoflavus BE4, S. lividans �YA11, or S.
avermitilis SUKA22 [ 7 , 8 , 14 , 16 ]. 

A wide number of tools exist that can be used to achieve the
above-mentioned host engineering [ 17 ]. Classically, genomic
deletions were achieved through Polymerase Chain Reaction
(PCR) targeting, which is based on homologous recombina-
tion and double crossovers [ 18 ]. While this method works
in many Streptomyces strains, it requires the editing site to
be cloned into a cosmid, fosmid, or bacterial artificial chro-
mosome (BAC) and thus is labor and time intensive. Newer
methods usually make use of clustered regularly interspaced
short palindromic repeat (CRISPR) effectors, such as Cas9
or Cas12a. Several CRISPR-Cas9 based tools were developed
for application in streptomycetes and were shown to facili-
tate small to medium sized deletions with good efficiencies.
Common vectors include pCRISPomyces, pCRISPR-Cas9, or
pKCcas9dO [ 19–21 ]. Frequently observed toxicity of Cas9,
especially when strongly expressed, has since led to the de-
velopment of optimized plasmids allowing tighter control of
the expression of Cas9 [ 22 ]. Additionally, tools were devel-
oped utilizing alternative CRISPR-Cas systems. pKCCpf1 was
developed to enable Cas12a (Cpf1) based deletions of one
or two genomic loci, through Cas12a processing of its own
CRISPR RNA (crRNA) array [ 23 ]. Cas12a further recognizes
a T-rich protospacer adjacent motif (P AM) sequence, lower -
ing the potential for off-target effects in the GC-rich strep-
tomycete genome. Recently, a novel type V-F tool based on
the nuclease AsCas12f1 was introduced, promising genome
engineering with lower toxicity while exhibiting high efficien-
cies [ 24 ]. The related AsCas12j-2 nuclease was also recently
utilized in streptomycetes, resulting in higher efficiencies com-
pared to Cas12a in a previously genetically inaccessible strain
[ 25 ]. Furthermore, base editing was developed for single and
multiplexed inactivation of genes of interest through introduc-
tion of premature stop codons [ 26 , 27 ]. While this method
has many benefits, the targeted genes remain present in the
genome, and off-targets are more tolerated as no double-
strand breaks (DSBs) are introduced into the genome. 

Type I CRISPR systems are among the most widespread
CRISPR systems. The signature effector of type I systems is
the nuclease Cas3, which requires the assembly of a ribonu- 
cleoprotein CRISPR-associated complex for antiviral defense 
(C ASC ADE), usually formed by Cas8, Cas7, Cas5, and the 
crRNA, to bind and cut the DNA [ 28 ]. Hence, C ASC ADE- 
Cas3 is a multi-effector type I CRISPR system that differs 
significantly from single effector type II CRISPR systems like 
Cas9. The most widely studied type I systems are type I-E, of 
which the Esc heric hia coli system has been extensively studied 

[ 29 , 30 ]. Type I and II CRISPR systems not only differ in their
overall architecture, but also in the mode of action of the sig- 
nature nuclease. While Cas9 acts only as an endonuclease by 
introducing DSBs at the target site, Cas3 has a combined ATP- 
dependent nuclease-translocase activity and starts degrading 
DNA processively from 3 

′ to 5 

′ after cutting [ 31 ]. This re- 
sults in the formation of long 5 

′ overhangs. C ASC ADE-Cas3 

has previously been applied for genome engineering, but the 
large size of the complex has hindered widespread application 

using plasmid-based systems [ 32 , 33 ]. Recently, Csörg ̋o et al.
described a compact type I-C system and its application for 
plasmid-based genome engineering in E. coli , Pseudomonas 
syringae and Klebsiella pneumoniae [ 34 ]. The described sys- 
tem requires only four genes ( cas3 , cas5 , cas8 , and cas7 ) to in-
troduce efficient genomic deletions of up to half a megabase.
The system recognizes a T-rich 5 

′ -TTC-3 

′ PAM sequence,
making it an attractive system to use in high GC organisms.
Furthermore, it was shown that homology directed repair in 

combination with C ASC ADE-Cas3 introduces genomic mod- 
ifications with higher efficiencies than Cas9, likely due to the 
recombinogenic nature of the single-stranded DNAse (ssD- 
NAse) activity of Cas3. While the potential of genome en- 
gineering of actinomycetes using type I CRISPR systems has 
been discussed before, no tool based on a full type I CRISPR 

has yet been experimentally established [ 35 ]. 
Here, we present a new C ASC ADE-Cas3 based tool for 

streptomycetes, facilitating highly efficient genomic deletions 
and integrations based on a previously published compact 
type I-C CRISPR system. We adapted the system for expres- 
sion in streptomycetes and integrated it into our established 

CRISPR plasmid platform. We demonstrate highly efficient 
deletions of small, mid, and large sized genomic regions, and 

show that pCRISPR-Cas3 works efficiently in several com- 
monly used Streptomyces hosts as well as in a novel isolate.
We also show that pCRISPR-Cas3 can facilitate simultane- 
ous deletions and integrations with superior efficiencies, al- 
lowing streamlined genome engineering in even recalcitrant 
Streptomyces strains. Finally, we demonstrate the application 

of pCRISPR-Cas3 for streamlined genome engineering by con- 
struction of a S. coelicolor expression host. 

Materials and methods 

Strains and culture conditions 

All work for cloning and plasmid maintenance was performed 

in chemically competent One Shot™ Mach1™ T1 Phage- 
Resistant E. coli cells (ThermoFisher Scientific Inc., U.S.A).
Strains were cultivated on LB agar plates (10 g / l tryptone, 5 

g / l yeast extract, 5 g / l sodium chloride, 15 g / l agar, to 1 l with
MilliQ water) or in liquid 2 × YT medium (16 g / l tryptone, 10 

g / l yeast extract, 5 g / l sodium chloride, to 1 l with MilliQ wa-
ter) and incubated at 37 

◦C. If required, medium was supple- 
mented with the appropriate antibiotics (50 ng / μl apramycin,
50 ng / μl kanamycin, and 25 ng / μl chloramphenicol).
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treptomyces strains were cultivated at 30 

◦C on mannitol
oy flour (MS) plates (20 g / l fat reduced soy flour, 20 g / l
annitol, 20 g / l agar, 10 mM MgCl 2 , to 1 l with tap wa-

er) for spore generation. ISP2 plates (4 g / l yeast extract, 10
 / l malt extract, 4 g / l dextrose, 20 g / l agar, 333 ml tap wa-
er, and 667 ml MilliQ water) were used for clean streaking.
or liquid culture, 350 ml baffled shake flasks containing 50
l of ISP2 (supplemented with the appropriate antibiotics if
eeded) were inoculated from spores. All shake flask culti-
ations were performed in shaking incubators at 30 

◦C and
80 rpm (311DS, Labnet International Inc., U.S.A). For acti-
orhodin production experiments, 24 well plates were used.
ix glass beads were added into each well, and cultivations
ere performed in 3.6 ml of ISP2 medium. Incubations were
erformed at 250 rpm and 30 

◦C. Streptomyces medium was
upplemented with 12.5 ng / μl nalidixic acid and 50 ng / μl
solid medium) or 25 ng / μl (liquid medium) if required. For
lasmid curing, plasmid harboring strains were cultivated at
0 

◦C in non-selective ISP2 liquid medium, streaked on non-
elective MS plates, and picked separately on selective and
on-selective ISP2 plates for identification of plasmid-free
lones. 

loning work 

ll in silico cloning was performed in SnapGene v6.2.1 (Dot-
atics Ltd, U.S.A). Primers were ordered from IDT (Integrated
NA Technologies, U.S.A). The C ASC ADE-Cas3 operon was

ynthesized by GenScript Biotech Corporation and delivered
s a plasmid. PCRs for cloning of high GC Streptomyces
lements were performed using Q5 

® High-Fidelity DNA
olymerase with GC Enhancer (New England BioLabs Inc.,
.S.A). Colony PCRs for crRNA integrations into pCRISPR-
as3 were performed using One Taq 

® 2 × Master Mix with
tandard Buffer Enhancer (New England BioLabs Inc., U.S.A).

Minipreps were performed using NucleoSpin 

® Plas-
id EasyPure kits (Macherey-Nagel, Germany). One per-

ent agarose gels were run at 100 V for 20–30 min using 6 ×
NA Gel Loading Dye and GeneRuler 1 kb DNA Ladder

Thermo Fisher Scientific Inc., U.S.A). Both gel purifications
nd PCR clean-ups were performed using the NucleoSpin 

®

CR and Gel Clean Up kit (Macherey-Nagel, Germany). DNA
oncentrations and purities were measured on a NanoDrop 

TM 

000 (Thermo Fisher Scientific Inc., U.S.A). Restriction di-
estions were performed using Thermo Scientific TM FastDi-
est enzymes. Differing from the manufacturer’s recommen-
ations, the restriction digests were performed at 37 

◦C with
xtended incubation times of 2 h, followed by inactivation
or 10 min at 75 

◦C. 5 U / μl T4 DNA Ligase (Thermo Fisher
cientific Inc., U.S.A) was used for ligations overnight at
oom temperature. Gibson assemblies were performed using
EBuilder ® HiFi DNA Assembly Master Mix (New England
ioLabs Inc., U.S.A) following the manufacturer’s instruc-
ions. Sequence verifications were performed by Sanger se-
uencing using Mix2Seq overnight kits (Eurofins Genomics
ermany GmbH, Germany). 

enome mining & spacer prediction 

rediction of BGCs was performed using antiSMASH 6.0.1
 36 ]. Using the antiSMASH output, spacers for deletions
ere predicted for pCRISPR-Cas9 using CRISPy-web [ 37 ].

pacers for pCRISPR-Cas3 were identified by searching for
 

′ -TTC-N 1 -N 8 -3 

′ sequences within the target region with
no mismatches in the genome. The “find similar DNA se-
quences” function of SnapGene was used to identify poten-
tial off-targets with mismatches. The endogenous CRISPR
system in S. albidoflavus J1074 was identified by searching
CRISPRCasdb [ 38 ]. The presence of predicted CRISPR arrays
and Cas genes was subsequently manually verified in the se-
quenced strain of S. albidoflavus J1074. 

Interspecies conjugations 

Transfer of plasmid DNA into Streptomyces strains was per-
formed through interspecies conjugations. Spores for conju-
gations were prepared as described in [ 39 ]. 

Homemade chemically competent or room temperature
competent [ 40 ] E. coli ET12567 pUZ8002 [ 41 ] cells were
transformed and plated on LB plates supplemented with 50
ng / μl apramycin, 25 ng / μl chloramphenicol, and 50 ng / μl
kanamycin. All transformants were washed off the plate with
4 ml LB medium, and 5 ml LB overnight cultures were inocu-
lated with 50 μl washed cels. Two millilitres of the overnight
cultures were harvested the next day and washed twice at
2000 × g with 1 ml of fresh LB medium. Five hundred mi-
crolitre of resuspended E. coli ET12567 pUZ8002 cells were
then mixed with 500 μl of filtered spore suspension and
spread on MS + 10 mM MgCl 2 plates. The next day, overlays
were performed with 1 ml of ddH 2 O and 5 μl of 50 mg / ml
apramycin. Exconjugants were picked using sterile wooden
toothpicks and transferred to selective ISP2 plates supple-
mented with nalidixic acid. 

Streptom yces colon y PCRs 

For colony PCRs on Streptomyces colonies, pieces of the
colonies were scraped off the plates and transferred to PCR
tubes containing 50 μl of 10% DMSO. The tubes were sealed
and boiled for 10 min at 99 

◦C, transferred to dry ice for 20
min, and then again boiled for 10 min. The entire process was
repeated, and the tubes then spun down to separate the debris
from the supernatant. One microlitre of the supernatant was
used as template for colony PCRs. Streptomyces colony PCRs
were performed using Q5 

® High-Fidelity DNA Polymerase
with GC Enhancer (New England BioLabs Inc., U.S.A). 

Whole genome sequencing & bioinformatic 

analysis 

Genomic DNA was isolated from Streptomyces plates or liq-
uid cultures using the DNeasy PowerLyzer PowerSoil kit (Qi-
agen, Germany). The bead beating was performed using a Tis-
sueLyser LT (Qiagen, Germany) at default settings for 7 min.
Quality control was performed using a NanoDrop 

TM 2000 for
purity and Qubit 4 Fluorometer for concentration measure-
ments (Thermo Fisher Scientific Inc., U.S.A). Genomic DNA
was run on 0.8% agarose gels to assess fragmentation. Illu-
mina sequencing was performed by Novogene Co., Ltd (Be-
jing, China). Libraries were prepared using the NEB Next®
UltraTM DNA Library Prep kit (New England Biolabs, U.S.A)
with a target insert size of 350 nt and six PCR cycles. trimga-
lore ( https:// github.com/ FelixKrueger/ TrimGalore ) and bre-
seq 0.33.2 [ 42 ] were used for read trimming and data analysis
of illumina sequencing data. The following commands were

https://github.com/FelixKrueger/TrimGalore
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used: 

trim _ galore − j 8 − −length 100 − o illumina 

− − paired − −quality 20 − − fastqc − −gzip f ile ( s ) 

breseq − r 
(

full g enetic backg round re f erence .gb 

)

t rimmed _ 1 . fq.gz t rimmed2 . fq.gz − j 12 

Using samtools [ 43 ], the read coverage was extracted from
the the breseq output as follows: 

samto o ls depth − a samp le.b am > sample.coverage 

Oxford Nanopore sequencing was performed as described
by Alvarez-Arevalo et al. [ 44 ], but using the gDNA isolation
method described above. Basecalling was performed using
Guppy (5.0.17 + 99baa5b, client-server API version 7.0.0 or
6.3.8 + d9e0f64, client-server API 13.0.0) applying the high-
accuracy model and excluding reads < 1 kb. 

Minimap2 2.18 [ 45 ] was used to map reads and samtools
was used to extract the reads as follows: 

minimap2 − a re f erence. fa reads. fastq.gz > map p ing.sam 

samto o ls so rt map p ing.sam > map p ing.sam.sort.b am 

samto o ls depth − a map p ing.sam.sort.b am > sample.covera

Mappings were visualized using Artemis [ 46 ]. For plot-
ting, the regions of interest were extracted from the coverage
files and plotted in Prism 9 (GraphPad Software, U.S.A). De
novo assemblies were performed using flye 2.9 [ 47 ]. Assembly
graphs were visualized using bandage 0.8.1 [ 48 ]. 

Sequencing of BAC integration strains was performed using
the rapid barcoding kit SQK-RBK114.96 (Oxford Nanopore
Technologies, U.K.) and sequenced on an R10.4.1 MinION
flowcell (Oxford Nanopore Technologies, U.K.). The data
were basecalled using Guppy (7.3.11 + 0112dde09) applying
the super-accuracy model. Reads were mapped as described in
the previous section. All reads that mapped successfully to the
BAC sequence were mapped against S. coelicolor CW6 E2 to
determine insertion sites and copy number by manual inspec-
tion. Results were confirmed by mapping the reads against an
in silico reference of S. coelicolor CW6::act. 

Cell dry weight measurements 

The endpoint cell dry weight was measured during harvest-
ing of cultures. Two millilitre tubes were dried overnight at
60 

◦C. For each strain, three replicates were measured, and in-
dividual tubes were weighed and numbered. Two millilitres of
cell culture was added, spun down at 21 000 × g , and washed
with ddH 2 O. After removing all supernatant, the tubes were
then dried overnight at 60 

◦C and measured the next day on a
Sartorius Qunitix scale (1 mg). 

Actinorhodin measurements 

For actinorhodin quantification, 2 ml of the shake flask cul-
tures was harvested by centrifugation for 10 min at 21 000 ×
g . The supernatant was transferred to a new tube, and 100
μl was transferred to F-bottom, clear, 96 well microplates
(Greiner Bio-One International GmbH, Austria). 50 μl of 3 M
NaOH was added to each well and carefully mixed by pipet-
ting. The samples were then measured in a BioTek EPOCH2
microplate reader (Agilent Technologies, Inc.) at 640 nm. 
Computational scripts 

The spacer identification Jupyter Notebook was written in 

Python 3.8.16 and uses pandas (v. 1.5.3), Biopython (v.1.81),
and the Python regular expressions module. The note- 
book is available on GitHub ( https:// github.com/ NBChub/ 
Type1 _ Protospacers ). 

Results 

Distribution of type I CRISPR systems in 

streptomycetes 

Type I CRISPR systems are widespread in bacteria and ar- 
chaea. However, only a few systems from Streptomyces have 
been characterized and described in detail so far [ 49 ]. To in- 
vestigate the distribution of type I CRISPR systems versus type 
II CRISPR systems in streptomycetes, we performed BLAST 

searches against 2401 high quality publicly available Strep- 
tomyces genomes. The amino acid sequence of Cas9 from 

Streptococcus pyogenes and of Cas3 of the type I-E CRISPR 

system of S. albidoflavus (previously albus ) J1074 were used 

as queries, as these are the hallmark nucleases from the two 

CRISPR types. Type I CRISPR systems appear to be more 
widespread in Streptomyces compared to type II CRISPR 

systems. Only two hits were obtained for Spy Cas9, while 
Salb Cas3 returned almost 1400 hits (Fig. 1 ). Of these, over 
100 had a sequence similarity > 50% ( Supplementary Table 
S1 ). Cas3 acts as a nuclease-translocase with a N-terminal HD 

phosphohydrolase and C-terminal helicase domain [ 50 ]. To 

obtain a more granular view of the distribution of type I sys- 
tems in streptomycetes, and to reduce the number of false pos- 
itive hits due to similarities to helicases, we performed another 
search with cblaster. This enabled the search for clustered ho- 
mologous sequences [ 51 ]. Using the C ASC ADE from S. albid- 
oflavus J1074 as input, we identified 472 strains carrying the 
entire C ASC ADE, comprising of cas3 , cas8 , cas11 , cas7 , cas5 ,
and cas6 ( Supplementary Table S2 ) . 

Given the high abundance of type I CRISPR systems in 

streptomycetes, we wanted to investigate whether these sys- 
tems might be intrinsically better suited for genome engineer- 
ing due to lower potential toxicity in comparison to type II 
systems. This could be attributed to the low GC PAM of 
type I CRISPR systems, which minimizes the number of po- 
tential endogenous target sites in case of acquisition of self- 
targeting spacers [ 52 ]. Furthermore, even in the event of self- 
targeting, the single stranded recombinogenic overhangs pro- 
duced by Cas3 may allow easier repair of the DSB, increasing 
the chances for homology directed repair using microhomolo- 
gies or larger homologous sequences. 

Construction of pCRISPR-Cas3, a plasmid based 

compact CASCADE-Cas3 system 

The previously characterized and utilized type I-C CRISPR 

system from Pseudomonas aeruginosa consists of only four 
genes, cas3 , cas5 , cas8 , and cas7, totaling 5.6 kb [ 34 ]. This
allows plasmid-based expression of the system and use across 
various species. All four genes are arranged in an operon and 

can hence be expressed from a single promoter. Given the 
differences in both codon usage and GC content, the pre- 
viously published operon was codon optimized and synthe- 
sized. For codon optimization, the S. coelicolor codon us- 
age table was used, as such optimized constructs have previ- 
ously been successfully expressed in a wide variety of different 

https://github.com/NBChub/Type1_Protospacers
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
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Figure 1. pCRISPR-Cas3 enables streamlined genome engineering of streptom y cetes. ( A ) Distribution of type I and type II CRISPR systems in 
streptom y cetes and the number of PAM sites identified in selected streptom y cetes f or both sy stems. Sp y cas9 and cas3 from S. albidofla vus w ere used 
as references. The BLAST search was run on all high quality publicly available Streptomyces genomes ( n = 2401). Type I CRISPR systems appear to be 
much wider distributed than type II CRISPR systems in streptomycetes. However, only 108 hits with a sequence similarity abo v e 50% were identified. 
An order of magnitude fe w er PAM sites were identified in three selected streptomycetes for the CASCADE-Cas3 PAM compared to the NGG Cas9 
PAM, highlighting the much lo w er number of potential off-target sites. ( B ) Plasmid map of pCRISPR-Cas3. The plasmid is based on the pSG5 replicon 
and carries the codon optimized type I-C minimal CASCADE under control of the inducible tipA promoter. All elements of the backbone are highlighted in 
gra y. T he crRNA is cloned between to repeats in the c hromosomal RNA (cRNA) casset te, whic h is controlled by the constitutive ermE* promoter. Repair 
templates are cloned into the multiple cloning site (MCS) on the backbone of the plasmid. ( C ) The second repeat has a modified sequence to prevent 
recombination between the two repeats. The CASCADE complex comprised of Cas5, Cas8, and Cas7 units binds the target sequence and recruits 
Cas3. Cas3 has a 3 ′ –5 ′ helicase nuclease activity, resulting in directionally biased deletions. ( D ) cRNAs are cloned between two repeats, posing some 
challenges due to sequence homologies. Since type IIS restriction enzymes cannot be used in high GC Streptom y ces plasmids, a PCR and Gibson 
Assembly based cloning approach was established, allowing cloning of cRNAs with high efficiencies. ( E ) pCRISPR-Cas3 can be used for targeted 
deletions of large genomic regions, or for substitutions of such with a specified cargo. It can also be used for random sized deletion experiments. 
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treptomycetes [ 39 ]. The upstream region of each cas gene
as designed with a canonical ribosome binding site (RBS) se-
uence (GGAGG or GGAGC). The 5.6 kb fragment was sub-
equently synthesized and delivered as a cloned plasmid. For
xpression in streptomycetes, our established CRISPR plat-
orm based on the pSG5 replicon was used (Fig. 1 B). The
as9 cassette from pCRISPR-Cas9 was removed by diges-

ion with NdeI and HindIII and replaced by the synthesized
 ASC ADE-Cas3 operon using Gibson Assembly. The Cas9
RNA expression cassette was then replaced by a double-
tranded DNA fragment containing the Cas3 repeats follow-
ng digestion of the plasmid with NcoI and SnaBI and subse-
uent Gibson Assembly. The second repeat was modified as
escribed by Csörg ̋o et al. to prevent recombination events
etween the two repeats (Fig 1 C). The resulting plasmid was
amed pCRISPR-Cas3 in accordance with our previous plas-
id nomenclature. Expression of C ASC ADE-Cas3 is con-

rolled by the thiostrepton inducible tipA promoter. As with
CRISPR-Cas9 and CRISPR-BEST, the basal expression level
f the tipA promoter is usually sufficient to achieve success-
ul editing in most streptomycetes. While homologues of tipA
re widespread in streptomycetes, to allow expression from
he tipA promoter in strains lacking it, tipA might need to be
oexpressed from the backbone. 
Given the repetitive nature of the Cas3 CRISPR repeats
(Fig. 1 C), cloning spacer sequences in between these proved
to be very challenging. Attempts to clone spacer sequences
using ssDNA oligo bridging by digestion of pCRISPR-Cas3
with NcoI (cutting between the two repeats) failed repeat-
edly. Given that common type IIS restriction enzymes such
as BsaI and BstBI, commonly used for such cloning sce-
narios, cannot be used in high GC plasmids due to their
omnipresent recognition sequences, further complicated this
cloning challenge. To achieve efficient cloning of user de-
fined spacer sequences between the CRISPR repeats, we had
to design an alternative cloning strategy (Fig. 1 D). Using
two fixed primers binding up and downstream from the
spacer integration site, two PCRs are set up using primers
binding each of the repeats and carrying the desired 34 nt
spacer sequence in the overhangs. Digestion of pCRISPR-
Cas3 with BstBI and NdeI removes the region of the plas-
mid containing the spacer integration site, as well as the ori-
gin of replication (Fig. 1 B), ensuring that only correctly as-
sembled plasmids can replicate. Following purification of the
PCR fragments and the backbone, a standard Gibson Assem-
bly is performed. Using this cloning method, we frequently
achieved over 90% cloning efficiencies ( Supplementary 
Fig. S1 ). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
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pCRISPR-Cas3 introduces highly efficient deletions 

with single nucleotide precision in S. coelicolor 

Given the processive nature of Cas3, the primary applications
of interest of pCRISPR-Cas3 are genomic deletions or substi-
tutions (Fig. 1 E). To demonstrate the application of pCRISPR-
Cas3 for genome engineering in streptomycetes, we attempted
to delete the well-characterized 22 kb actinorhodin BGC in
S. coelicolor . Deletion of the actinorhodin BGC leads to a
clear red phenotype in S. coelicolor , resulting from expres-
sion of the undecylprodigiosin BGC and enabling phenotyp-
ical screening for deletion mutants (Fig. 2 A). Three different
spacers were selected, in the middle and towards each edge of
the deletion region, to investigate potential differences in edit-
ing outcomes based on spacer positions relative to the repair
templates (Fig. 2 B). Spacers for pCRISPR-Cas3 were manually
designed based on PAM + seed sequence queries within the
deletion region, followed by genome wide queries using both
the seed and whole length sequences of putative spacers to
identify the most specific candidates. In S. coelicolor , 158 341
5 

′ -TTC-3 

′ PAM sequences were found, averaging one PAM
for every 54.7 bp. In contrast, 1 574 641 5 

′ -NGG-3 

′ PAM se-
quences were found for Cas9, averaging one for every 5.5 bp,
and highlighting the presence of up to an order of magnitude
more potential off-target sites (Fig. 1 A). Two flanking regions
of 1 kb were selected as repair templates and cloned into the
MCS of pCRISPR-Cas3 using restriction cloning as described
in the “Materials and methods” section. To compare editing
outcomes to those achieved with Cas9, the same repair tem-
plates were cloned into pCRISPR-Cas9, and three different
single guide RNAs (sgRNAs) mirroring the positions of the
spacers selected for pCRISPR-Cas3 were designed. In parallel,
all experiments with pCRISPR-Cas3 and pCRISPR-Cas9 were
also performed without repair templates. 

Stark differences were observed between the different edit-
ing configurations. pCRISPR-Cas9 without repair templates
failed to produce the distinct red phenotype, and with the
sgRNA located in the right side of the deletion region, only
a handful of viable exconjugants were obtained on selec-
tive medium (Fig. 2 A). Given that the pCRISPR-Cas9 plas-
mid without ScaLigD was used, higher host toxicity was ex-
pected. As shown previously, co-expression of ScaLigD can
greatly enhance non-homologous end joining and reduce the
toxicity in S. coelicolor [ 20 ] . pCRISPR-Cas3 without repair
templates resulted in greatly varying outcomes, depending on
the used spacer. Both spacers close to the edges of the dele-
tion region appeared to result in high host toxicity. However,
both clones obtained using the right spacer had a weak red
phenotype. pCRISPR-Cas3 without repair templates and the
spacer in the middle of the deletion region did not result in
observable loss in viability, but also did not produce a clear
red phenotype. Clear deletion phenotypes were obtained with
pCRISPR-Cas9 with repair templates and the sgRNA target
located in the middle of the deletion region. However, with
the other two sgRNAs, either no clear deletion phenotypes or
only a small number of viable exconjugants were obtained,
which did not have the desired phenotype. The observed tox-
icities of pCRISPR-Cas9 might be predominantly spacer spe-
cific. However, recent studies have shown that binding to off-
target sites might be much more extensive, stabilized by as
little as a few nucleotides of homology [ 53 ]. Using pCRISPR-
Cas3 together with repair templates, clear deletion phenotypes
were obtained for all spacers. With spacer targets located to-
wards the edges of the deletion region, clear deletion pheno-
types were obtained for all picked exconjugants. Only 5 out 
of 12 exconjugants showed the expected phenotype when the 
spacer target was located in the middle of the deletion region,
with the remaining seven having a grayish phenotype. Interest- 
ingly, these results appeared to be opposite to pCRISPR-Cas9,
which performed best with the spacer target located in the 
middle of the deletion region. 

Phenotypical screening revealed an apparent superiority 
of pCRISPR-Cas3 compared to pCRISPR-Cas9, as all three 
spacer configurations resulted in the expected deletion phe- 
notype with high efficiencies. However, given the complex 

lifecycle and regulatory networks of streptomycetes, pheno- 
typic assays can be misleading. For example, the greyish 

colonies, observed for pCRISPR-Cas3 with repair templates 
and the spacer located in the middle of the deletion region,
appeared to turn slightly red at the edges of the colonies, hint- 
ing at potentially delayed onset of undecylprodigiosin pro- 
duction compared to the other colonies. Therefore, to ver- 
ify the observations from the first experiment, and to obtain 

more precise and reliable efficiencies for pCRISPR-Cas9 and 

pCRISPR-Cas3, the experiments with spacers and repair tem- 
plates were repeated. This time, conjugations were performed 

at larger scales to obtain more viable clones for pCRISPR- 
Cas9 with the spacer targeting the right flank of the dele- 
tion region. The deletion efficiencies were analyzed by per- 
forming colony PCRs on the targeted region with a primer 
binding inside of the repair template, and one binding outside 
of the repair template in the neighboring genomic sequence 
( Supplementary Fig. S2 ). For pCRISPR-Cas9, average deletion 

efficiencies of 60% were obtained. These varied greatly de- 
pending on which spacer was used. For pCRISPR-Cas3, an 

average efficiency of 94% was obtained (Fig. 2 C). The ob- 
tained efficiencies for pCRISPR-Cas3 were consistently high 

for all spacers, suggesting a lower dependency on the spacer 
sequence and location to achieve efficient deletions. 

To verify the PCR results, Illumina based whole genome 
sequencing was performed for one colony of each configu- 
ration (Fig. 2 B). Random sized deletions were observed for 
both pCRISPR-Cas9 and pCRISPR-Cas3 when no repair tem- 
plate was provided. For pCRISPR-Cas3, the observed random 

sized deletions were 5.5 and 22 kb in size, and for pCRISPR- 
Cas9 11.9 kb. No random sized deletions were observed for 
pCRISPR-Cas3 with the spacer targeting the middle of the 
deletion region, and none for pCRISPR-Cas9 when the sgR- 
NAs targeting the edges of the deletion region were used. Se- 
quencing of repair template containing configurations showed 

that pCRISPR-Cas3 successfully introduced the designed mu- 
tations with single nucleotide precision for all tested configu- 
rations (Fig. 2 D). For pCRISPR-Cas9, only the configuration 

using the sgRNA targeting the middle of the deletion region 

resulted in successful deletion of the designed region. 
As pCRISPR-Cas3 was able to introduce the designed dele- 

tions with robust efficiencies and single nucleotide precision,
we next investigated whether pCRISPR-Cas3 could be used to 

install targeted deletions in other Streptomyces species. 

Genomic deletions were achieved using 

pCRISPR-Cas3 in S. venezuelae , S. 
albidoflavus , and Streptomyces sp. NBC01270 

Given the successful demonstration in S. coelicolor , we next 
attempted to install targeted deletions in other strains of in- 
terest. Therefore, we selected S. venezuelae (ATCC 10712) , an 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
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Figure 2. pCRISPR-Cas3 introduces genomic deletions with higher efficiencies than pCRISPR-Cas9. ( A ) Plate pictures of S. coelicolor mutants harboring 
pCRISPR-Cas9 or pCRISPR-Cas3 with spacers targeting the actinorhodin BGC in three different locations, and with or without repair templates. 
pCRISPR-Cas3 displa y ed higher to xicity without repair templates but resulted in more e x conjugants o v erall and more with the desired red phenotype 
once repair templates were provided. ( B ) Representation of sequencing results of selected colonies, both for pCRISPR-Cas3 and pCRISPR-Cas9 with 
and without repair templates. Both pCRISPR-Cas3 and pCRISPR-Cas9 introduced random sized deletions without repair templates. With repair 
templates, precise deletions were observed for both pCRISPR-Cas3 and pCRISPR-Cas9. The spacers 1 for Cas9 and CASCADE-Cas3 targeted the left 
flank of the BGC, spacers 2 the middle, and spacers 3 the right flank. ( C ) Efficiencies for actinorhodin deletions with pCRISPR-Cas9 and pCRISPR-Cas3. 
For pCRISPR-Cas3, the efficiencies were consistently high ( > 80%), while with pCRISPR-Cas9 the observed efficiencies were highly sgRNA dependent. 
Circles correspond to data for spacers 1, triangles for spacers 2, and rectangles for spacers 3. ( D ) Read alignments for the junction site of the two 
homologous flanks. A HindIII site was integrated, demonstrating that the DSB was repaired using the repair templates cloned into pCRISPR-Cas3 using 
HindIII. Shown in panel (C) are the means ± standard deviations of three deletion experiments targeting the actinorhodin region with three different 
spacers. 
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merging production host and model species, S. albidoflavus
1074, a well-established host for expression of heterologous
GCs, and Streptomyces sp. NBC1270, an isolate from the
BC strain collection closely related to S. albidoflavus J1074.
or all experiments, repair templates of 1 kb were used flank-

ng the target region, and deletions were attempted with two
ifferent spacer sequences (Fig. 3 ). 
In S. venezuelae ATCC 10712, region 22 predicted by an-

iSMASH 6.0.1 was selected as a target for demonstration,
iven its large size of 122 kb and the high density of putative
GCs. Both repair template and spacer combinations intro-
uced the desired deletion with high efficiencies, with 9 out
f 12 and 10 out of 12 exconjugants carrying the designed
utation, respectively (Fig. 3 A). The PCR based screening re-

ults ( Supplementary Fig. S5 ) were further verified by whole
enome sequencing, showing a clearly defined deletion as in-
icated by the drop in coverage of region 22. Importantly,
pacers 1 and 2 targeted different strands, demonstrating that
ighly efficient deletion can be installed independently of the
pacer target strand. 
S. albidoflavus J1074 and S. sp. NBC1270 are closely re-
lated and share the majority of BGCs as predicted by anti-
SMASH 6.0.1. In S. albidoflavus J1074 and Streptomyces sp.
NBC1270, we targeted the 32.4 kb fluostatin-like lanthipep-
tide BGC, which is shared between the two strains. Using the
same plasmids in both strains, precise deletions were obtained
with both spacers at high efficiencies. In S. albidoflavus J1074,
based on PCR screening, 87% and 81% of screened colonies
carried the desired deletion when targeted with spacers 1 and
2, respectively (Fig. 3 B and Supplementary Fig. S5 ). In S. sp.
NBC1270, 100% of all colonies resulted in bands indicating
successful deletion of the BGC (Fig. 3 C). To verify these PCR
based results, we sequenced PCR-positive colonies using Ox-
ford Nanopore sequencing. Mapping of the reads against the
respective reference genome verified precise deletions in both
S. albidoflavus J1074 and S. sp. NBC1270. 

We further attempted to delete a dense accumulation of
three BGCs for production of antimycin, candicidin, and flavi-
olin located at the far terminal chromosomal end in both S.
albidoflavus J1074 and S. sp. NBC1270. Given the total size

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
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A

B

C

Figure 3. Installation of highly efficient deletions in S. venezuelae ( A ), S. albidoflavus J1074 ( B ), and Streptomyces sp. NBC1270 ( C ). In S. venezuelae , 
antiSMASH region 22 (122 kb) was deleted, encoding a dense accumulation of BGCs. In S. albidoflavus J1074 and S. sp. NBC1270, the 27 kb 
fluostatin-like BGC encoded by region 10 was deleted. In all strains, deletions were achieved with high efficiencies, ranging from 75% to 100% of all 
screened colonies. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of 318 kb, this large region was also interesting to investi-
gate the possibility of large single step deletions. Following
several failed attempts to obtain PCR bands indicating suc-
cessful introduction of the designed chromosomal deletion,
some of the colonies for which no PCR bands were obtained
were sequenced using Oxford Nanopore sequencing. In both
S. albidoflavus J1074 and S. sp. NBC1270, targeting of the
far chromosomal end resulted in unspecific deletions ∼380
and 140 kb in size, respectively. In S. albidoflavus J1074, this
resulted in deletion of antiSMASH regions 19–23. Targeting
of the same region with pCRISPR-Cas9 also resulted in ex-
tended deletions, suggesting that this was a general problem
resulting from introduction of DSBs at the ends of the chro-
mosomal arms [ 54 ]. Interestingly, targeting the same region in
S. sp. NCB1270 using pCRISPR-Cas9 resulted in loss of the 
entire chromosomal end, as no reads mapped against the ter- 
minally inverted repeats ( Supplementary Fig. S3 ). A big spike 
in coverage was observed just at the end of the deletion re- 
gion, suggesting that this 33 kb sequence stretch was repli- 
cated around 12 times to prevent continuous degradation of 
the chromosomal end. De novo assembly of the genome and 

subsequent visualization of the assembly graph further con- 
firmed this hypothesis ( Supplementary Fig. S4 ). Both strains 
did not display any obvious growth defects on plates, and all 
desired BGCs were deleted in S. albidoflavus J1074, despite 
the unspecific nature of the deletion. 

These results clearly demonstrate how pCRISPR-Cas3 can 

be used to introduce both random sized deletions and precise 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
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eletions in several important Streptomyces species. Our re-
ults further highlight that pCRISPR-Cas3 can enable efficient
enome engineering even in non-model Streptomyces species.

imultaneous deletions and integrations can be 

chieved through modification of the repair 
emplates 

ost sophisticated engineered Streptomyces hosts have a re-
uced metabolic background, achieved through deletion of
eadily expressed BGCs, and added integration sites for mul-
icopy integrations or site directed targeted integrations with
ifferent integrases [ 7 , 14 , 55 ]. Consequently, we wanted to
emonstrate how pCRISPR-Cas3 could be used to simultane-
usly delete genomic regions, and install additional integra-
ion sites. The Streptomyces bacteriophage PhiC31 integrase
s a well-established system for integration of heterologous se-
uences in various Streptomyces species [ 56 , 57 ] (Fig. 4 A). The
onsensus PhiC31 attachment site ( attB ) from S. coelicolor
 58 ] was chosen as cargo and cloned in between the two repair
emplate flanks. As a proof of concept, we modified plasmid
129, previously used to delete the actinorhodin BGC in S.
oelicolor, to carry the attB site between the two homologous
epair template arms. The obtained sequencing reads mapped
erfectly against the in silico modified reference sequence (Fig.
 B). 

as3-based genome engineering enables rapid 

ost construction in S. coelicolor 

otivated by these results, we wanted to expand on this
pproach and demonstrate how pCRISPR-Cas3 can enable
treamlined genome engineering of Streptomyces hosts. S.
oelicolor has previously been engineered as a host for het-
rologous expression of BGCs, and a number of derivatives
ere constructed in the process [ 59 ]. The most widely used
nes, S. coelicolor M1152 and M1154 are both quadrupli-
ate deletion strains ( Δact Δred Δcpk Δcda ) with varying ad-
itional mutations. To demonstrate how pCRISPR-Cas3 can
e used for streamlined genome engineering experiments, we
ttempted to perform simultaneous genome reduction exper-
ments and integrations of additional attB sites. It was previ-
usly shown that the integration site of BGCs can have great
ffects on product titers, and that integrations in the chromo-
omal arms, where the BGC density is bigger, generally result
n higher titers [ 60 ]. Therefore, integration of heterologous
GCs into attB sites, which substituted native BGCs is likely

o result in desirable production phenotypes. 
Based on the S. coelicolor M145 �act:: attB strain, from

ere on referred to as S. coelicolor CW1, several rounds
f pCRISPR-Cas3 mediated genome engineering experiments
ere performed (Fig. 4 C). Given the processive nature of the
as3 nuclease, we utilized a combination of targeted and semi-

argeted deletions. As observed in S. albidoflavus J1074 and
. sp. NBC1270, Cas3 can install deletions extending beyond
he target region if larger or instable regions are targeted. We
xploited this ability to not just delete single BGCs, but to also
arget larger regions with a high density of BGCs. The selected
hromosomal regions contained antiSMASH regions 1–3 and
1–24, and encode several well characterized BGCs, including
hose for isorenieratene, hopene, and arsono-polyketide. Tar-
eting of regions 1–3 using p245 (supplementary information,
lasmids and primers) resulted in a deletion larger than in-
ended, similar to what was observed in S. albidoflavus J1074
and S. sp . NBC1270 (Fig. 4 D). Nonetheless, the deleted region
was substituted by an additional attB site, suggesting that the
repair templates must have been used during the recombina-
tion event. The resulting strain with four deleted BGCs and
two additional attB sites was named S. coelicolor CW4 and
used as the basis for the next round of genome engineering.
Using plasmid p253, the undecylprodigiosin BGC was deleted
and substituted by a third additional attB site. The deletion
was very precise and varied only by a few nucleotides from the
in silico designed deletion, again highlighting how pCRISPR-
Cas3 can be used for both highly precise as well as semi-
targeted random sized deletions. The new strain was named S.
coelicolor CW5 and used for the final round of genome engi-
neering, targeting regions 21–23 with plasmid p246. The re-
sulting deletion was smaller in size than designed and resulted
in only the deletion of region 21. Additionally, no attB site was
integrated, suggesting that this deletion was fully unspecific.
The final strain, named S. coelicolor CW6 was reduced by 6
BGCs and carries a total of four attB sites, three of which were
integrated using pCRISPR-Cas3 (Fig. 4 E). In total, the genome
was reduced by around 450 kb, corresponding to a genome
reduction of ∼5%. In addition to the pCRISPR-Cas3 induced
deletions, we observed several putative transposition events.
These were relatively stable across all sequenced strains, in-
dicating that the majority of these came already from the
parental S. coelicolor M145 strain ( Supplementary Table S3 ).

To test the constructed S. coelicolor CW strains, we intro-
duced the actinorhodin BGC encoded on an integrative plas-
mid via conjugation into all strains. S. coelicolor CW1 was
used as the base strain, and S. coelicolor CW5 and S. coeli-
color CW6 as final strains. For S. coelicolor CW6, two clones
were tested. In addition to S. coelicolor CW6 E2, in which the
deletion size in region 21 was 76.7 kb, we also tested S. coeli-
color CW6 C, where the deletion was only 35 kb in size (Fig.
4 D). After conjugation, four biological replicates were selected
of each strain and cultivated in ISP2 medium supplemented
with apramycin for one week in 24 well plate as described in
the “Materials and methods” section. The actinorhodin pro-
duction was measured in the supernatant at 640 nm and nor-
malized with the cell dry weight of the respective culture. S.
coelicolor CW5 and CW6 strains all produced significantly
more actinorhodin compared to the base strain S. coelicolor
CW1 (Fig. 4 E). For S. coelicolor CW5, the specific product
yield rose from 2956 Abs. 640nm 

/ mg ml −1 CDW to 10974
Abs. 640nm 

/ mg ml −1 CDW, an increase of 271%. For S. coeli-
color CW6 C, the specific production was 9713 Abs. 640nm 

/ mg
ml −1 CDW, corresponding to an increase of 228% compared
to S. coelicolor CW1. Finally, for S. coelicolor CW6 E2, a spe-
cific actinorhodin production of 11480 Abs. 640nm 

/ mg ml −1

CDW was measured, an increase of 288% over S. coelicolor
CW1. All hosts also produced actinorhodin on plates, high-
lighting robust expression independent of cultivation method
(Fig. 4 F). These results highlight how the streamlined deletion
of BGCs and integration of additional attB sites can be used
to construct potential new expression hosts. 

Analysis of BAC integration frequency and genome 

stability 

To analyze the number of integrations as well as the impact
of multiple integrations on genome stability, an additional
set of experiments was performed using strain S. coelicolor
CW6 E2 with the actinorhodin BGC reintegrated. Spores were

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
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Figure 4. Simultaneous deletions and integrations enable streamlined genome engineering. ( A ) The PhiC31 Streptomyces integrase integrates cargo 
DNA into target attB sites. The consensus attB site from S. coelicolor is 51 bp long and features a central TT sequence where the cargo is integrated. ( B ) 
Substitution of the entire actinorhodin BGC with an additional attB site. The attB site was cloned between the repair templates. Coverage plots of 
mappings of ONT data against the wild type and the in silico generated substitution strain re v eal precise genome engineering. ( C ) pCRISPR-Cas3 was 
used for construction of a S. coelicolor expression host using both targeted and semi-targeted deletions and substitutions. ( D ) Oxford Nanopore 
sequencing results for all deletions based on minimap2 mappings to the reference genome. ( E ) The final strains S. coelicolor CW5 and CW6 both 
displa y ed > 200% increase in actinorhodin production compared to the base strain S. coelicolor CW1 upon integration of an actinorhodin BGC BAC. ( F ) 
Phenotypes of S. coelicolor CW6 C and E2 without and with actinorhodin integrations. Shown in panel (E) are the means ± standard deviations of four 
biological replicates. Significance was tested using unpaired two tailed t -tests, where ** P < .01, *** P < .001, and **** P < .0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

used to inoculate precultures in apramycin supplemented ISP2
medium. After 5 days, non-selective main cultures were inoc-
ulated from the preculture, and samples were taken after 48 h.
Genomic DNA was isolated from spores and the 48 h samples
of two biological replicates. Whole genome sequencing using
Oxford Nanopore revealed BAC integrations into the native
phiC31 attB site, as well as the �act:: attB and �RED:: attB
loci in S. coelicolor CW6::act. Comparison of the spore data
with the endpoint data showed that the integrations were sta-
ble across all conditions and were not lost during cultiva-
tion in non-selective medium ( Supplementary Table S4 ). In-
tegrations into the �BGC1-3:: attB locus were not observed,
potentially due to genomic instabilities caused by integra-
tions in such proximity to the chromosomal terminus. Inte-
grations of multiple copies of the actinorhodin BGC also ap-
peared to have no major influence on genomic stability. The
only observed unintended modifications were transposition
events, which were observed already in previous versions of
the strain and are therefore unrelated to the BAC integrations
( Supplementary Table S3 ). 
Automated identification and filtering of 
compatible spacer sequences 

Given that the majority of existing computational tools do 

not support type I / type I-C CRISPR systems, we developed a 
simple interactive Python script based on Jupyter Notebooks 
for fast identification of potential spacer sequences and eval- 
uation of off-target frequencies. The interactive structure of 
the Jupyter Notebooks allows simple interaction with the dif- 
ferent intermediate and final script outputs. The script uses a 
FASTA file of the genome of interest as an input, and searches 
for PAM sites on both strands within a defined target region.
Spacer sequences adjacent to those PAM sites are then ex- 
tracted and their off-target frequencies calculated. One eval- 
uation considers the entire 34 nt sequence, while the seed 

off-target search considers the PAM and the PAM proxi- 
mal first 8 nt. Hence, seed off-targets are only counted if 
a PAM site is present. The resulting spacers are compiled 

in a pandas dataframe to allow easy filtering. Furthermore,
for each spacer, the primer sequences for Gibson Assembly 
based cloning into pCRISPR-Cas3 are automatically gener- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
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ted. Given that parameters such as PAM sequence, spacer
ength, and seed sequence length can easily be adjusted, this
cript can also be used for identification of spacers for other
ype I CRISPR systems. 

iscussion 

ere, we demonstrate the successful genome engineering of
treptomycetes using a type I CRISPR system. Type I CRISPR
ystems are the most widespread CRISPR systems in bacte-
ia. In Streptomyces , type I CRISPR systems are dominant,
hile type II systems are very rare. We therefore hypothesized

hat Streptomyces might be more amendable to genome engi-
eering facilitated by type I CRISPR systems. The processive
ature of the hallmark nuclease Cas3 results in long recom-
inogenic ssDNA overhangs. Given that Streptomyces have a
igh homologous recombination capability [ 61 ], we hypoth-
sized that type I CRISPR systems are uniquely positioned to
acilitate efficient genome engineering. The system used in this
tudy is a previously characterized minimal type I-C CRISPR
ystem [ 34 ]. 

The system, called pCRISPR-Cas3, is based on our estab-
ished CRISPR platform, using a pSG5 replicon-based plas-
id [ 62 ]. The C ASC ADE is expressed from a single promoter

s a polycistronic operon. Internal RBSs facilitate successful
xpression of all cas genes. The total plasmid size (13 kb) is
imilar to frequently used CRISPR plasmids in Streptomyces ,
uggesting that conjugative transfer and replication in Strepto-
yces should present no problem. To overcome cloning lim-

tations due to the need to clone spacer sequences between
wo CRISPR repeats, which proved to be challenging given
he absence of established type IIS restriction enzymes for high
C contexts, we designed a PCR and Gibson Assembly based

loning workflow. This workflow robustly achieved high effi-
iencies, however limits library-based applications due to the
ifficulties of constructing such with PCR-based approaches.
his represents a desirable improvement for future iterations
f the plasmid system. 
pCRISPR-Cas3 introduced highly efficient deletions of the

ctinorhodin BGC in S. coelicolor . The strong red phenotype
f deletion mutants simplified screening and assessment of ef-
ciencies. The obtained results were verified by PCR and Il-
umina sequencing, showing that C ASC ADE-Cas3 is indeed
ore efficient than Cas9. Previous reports of pCRISPR-Cas9
ased engineering reported higher efficiencies; however, these
ere based on targeted screening of specific phenotypes [ 20 ].
ere, we followed an untargeted screening approach. Interest-

ngly, successful deletions with pCRISPR-Cas3 appeared to be
ess dependent on the selected spacer compared to pCRISPR-
as9. This suggests that the processive nature of the Cas3 nu-
lease might help to force the desired recombinations, and that
as3 results in lower off target induced host toxicity. 
The longer spacer sequence, as well as the AT rich PAM

equence, likely minimize off-target effects, thus reducing off-
arget associated toxicity of pCRISPR-Cas3. Direct toxic-
ty of pCRISPR-Cas3 was only observed when spacers were
sed without repair templates, forcing repair through non-
omologous end joining or microhomologies. Unspecific dele-
ions were only obtained when targeting the highly plastic
hromosomal arms and when targeting large chromosomal re-
ions with many hypothetical and potentially essential genes.
owever, deletions extending beyond the repair templates
ere observed for both pCRISPR-Cas9 and pCRISPR-Cas3
and therefore resulted from targeting the highly instable chro-
mosomal arms. By keeping this and the experimental aim in
mind, pCRISPR-Cas3 can be tailored towards the desired out-
come. 

pCRISPR-Cas3 allowed the introduction of genomic dele-
tions in multiple model and non-model species with high effi-
ciencies. This suggests that pCRISPR-Cas3 can be easily imple-
mented for genome engineering in many Streptomyces species.
Using pCRISPR-Cas3, targeted deletions between 22 and 122
kb were achieved. While smaller deletions, such as of single
genes, were not attempted in this study, given that Cas3 acts as
a single-stranded DNA nuclease and hence leaves one strand
intact, there is no reason why smaller deletions should not
be possible. Finally, simultaneous deletions and integrations
were demonstrated by substitution of entire BGCs with single
PhiC31 attB sites. Through multiple rounds of genome en-
gineering, the hosts S. coelicolor CW5 and CW6 were con-
structed. After BGC integration, S. coelicolor CW5 and CW6
produced significantly more actinorhodin compared to the
base strain S. coelicolor CW1, resulting from the deletion of
competing BGCs, a reduced genome size, as well as multicopy
expression of the BGC. This BGC- attB substitution approach
is likely to enable more streamlined construction of Strepto-
myces production hosts. 

Given that pCRISPR-Cas3 is based on the established
pCRISPR-Cas9 plasmid system, we hypothesize that most
strains in which pCRISPR-Cas9 or CRISPR-BEST were es-
tablished will also be amendable to genome engineering us-
ing pCRISPR -Cas3. Likely, pCRISPR -Cas3 will become a suc-
cessor to pCRISPR-Cas9 for many applications, and enable
highly efficient genome engineering, including targeted dele-
tions, random sized deletions, as well as substitutions, even
in previously difficult to engineer species. By enabling highly
efficient genome engineering in more Streptomyces species,
pCRISPR-Cas3 will likely become a crucial tool for linking
BGCs to compounds, host construction, and genome reduc-
tion studies. 

A c kno wledg ements 

We would like to thank Bálint Csörg ̋o for helpful discus-
sions about the Pseudomonas C ASC ADE-Cas3 system, and
Tue Sparholt Jørgensen for providing feedback and important
input with regards to sequencing data analysis. We would also
like to thank Zhijie Yang for testing the system early on and
providing useful feedback. 

Author Contributions : C.M.W . and T.W . conceived and de-
signed the project. C.M.W , P .G, T.G, and R.S. carried out lab-
oratory experiments. C.M.W. analyzed data. C.M.W. and D.F.
analyzed sequencing data. C.M.W. wrote the manuscript with
input from all authors. 

Christopher M. Whitford (Conceptualization [equal],
Data curation [lead], Formal analysis [lead], Investigation
[lead], Methodology [lead], Software [equal], Validation
[lead], Visualization [lead], Writing—original draft [lead],
Writing—review & editing [equal]), Peter Gockel (Investiga-
tion [supporting], Writing—review & editing [supporting]),
David Faurdal (Investigation [supporting], Software [equal],
Writing—review & editing [supporting]), Tetiana Gren (In-
vestigation [supporting], Supervision [supporting], Writing—
review & editing [supporting]), Renata Sigrist (Investigation
[supporting], Writing—review & editing [supporting]), and
Tilmann Weber (Conceptualization [equal], Funding acquisi-



12 Whitford et al. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tion [lead], Project administration [lead], Resources [lead], Su-
pervision [lead], Writing—review & editing [lead]) 

Supplementary data 

Supplementary data is available at NAR online. 

Conflict of interest 

None declared. 

Funding 

This work was supported by grants of the Novo Nordisk
Foundation. All authors were supported by grant
NNF20CC0035580. C.M.W . and T.W . were further sup-
ported by grant NNF16OC0021746. Funding to pay the
Open Access publication charges for this article was provided
by DTU Biosustain / Novo Nordisk Foundation. 

Data availability 

All whole genome sequencing data is available in the
sequence read archive under BioProject PRJNA966932
( https:// www.ncbi.nlm.nih.gov/ bioproject/ PRJNA966932/ ). 
Additional supplementary information such as plas-
mid, primer lists, and computational scripts are avail-
able at: https:// figshare.com/ s/ e1bfb388df0ae502034e
or doi: 10.11583 / DTU.22786157. All plasmids, in-
cluding pCRISPR-Cas3, are available on Addgene:
https:// www.addgene.org/ Tilmann _ Weber/ . 

References 

1. Katz L, Baltz RH. Natural product discovery: past, present, and 
future. J Ind Microbiol Biotechnol 2016; 43 :155–76. 
https:// doi.org/ 10.1007/ s10295- 015- 1723- 5 

2. Tyc O, Song C, Dickschat JS et al. The ecological role of volatile 
and soluble secondary metabolites produced by soil bacteria. 
Trends Microbiol 2017; 25 :280–92. 
https:// doi.org/ 10.1016/ j.tim.2016.12.002 

3. Bentley SD, Chater KF, Cerdeño-Tárraga A-M et al. Complete 
genome sequence of the model actinomycete 
streptomycescoelicolor A3(2). Nature 2002; 417 :141–7. 
https:// doi.org/ 10.1038/ 417141a 

4. Ikeda H, Ishikawa J, Hanamoto A et al. Complete genome 
sequence and comparative analysis of the industrial 
microorganism streptomycesavermitilis . Nat Biotechnol 
2003; 21 :526–31. https:// doi.org/ 10.1038/ nbt820 

5. Whitford CM, Cruz-Morales P, Keasling JD et al. The 
design-build-test-learn cycle for metabolic engineering of 
streptomycetes. Essays Biochem 2021; 65 :261–75.

6. Myronovskyi M, Luzhetskyy A. Heterologous production of small 
molecules in the optimized: Streptomyces hosts. Nat Prod Rep 
2019; 36 :1281–94. https:// doi.org/ 10.1039/ C9NP00023B 

7. Myronovskyi M, Rosenkränzer B, Nadmid S et al. Generation of a
cluster-free Streptomycesalbus chassis strains for improved 
heterologous expression of secondary metabolite clusters. Metab 
Eng 2018; 49 :316–24. 
https:// doi.org/ 10.1016/ j.ymben.2018.09.004 

8. Komatsu M, Uchiyama T, Omura S et al. Genome-minimized 
streptomyces host for the heterologous expression of secondary 
metabolism. Proc Natl Acad Sci USA 2010; 107 :2646–51. 
https:// doi.org/ 10.1073/ pnas.0914833107 
9. Gomez-Escribano JP, Bibb MJ. Engineering 
Streptomycescoelicolor for heterologous expression of secondary 
metabolite gene clusters. Microb Biotechnol 2011; 4 :207–15.

10. Peng Q, Gao G, Lü J et al. Engineered Streptomyceslividans strains 
for optimal identification and expression of cryptic biosynthetic 
gene clusters. Front Microbiol 2018; 9 :1–15. 
https:// doi.org/ 10.3389/ fmicb.2018.03042 

11. Komatsu M, Komatsu K, Koiwai H et al. Engineered Streptomyces 
avermitilis host for heterologous expression of biosynthetic gene 
cluster for secondary metabolites. ACS Synth Biol 2013; 2 :384–96. 
https:// doi.org/ 10.1021/ sb3001003 

12. Gomez-Escribano JP, Bibb MJ. Heterologous expression of natural 
product biosynthetic gene clusters in Streptomycescoelicolor : from 

genome mining to manipulation of biosynthetic pathways. J Ind 
Microbiol Biotechnol 2014; 41 :425–31. 
https:// doi.org/ 10.1007/ s10295- 013- 1348- 5 

13. Kallifidas D, Jiang G, Ding Y et al. Rational engineering of 
Streptomycesalbus J1074 for the overexpression of secondary 
metabolite gene clusters. Microb Cell Fact 2018; 17 :25. 
https:// doi.org/ 10.1186/ s12934- 018- 0874- 2 

14. Ahmed Y, Rebets Y, Estévez MR et al. Engineering of 
Streptomyceslividans for heterologous expression of secondary 
metabolite gene clusters. Microb Cell Fact 2020; 19 :5. 
https:// doi.org/ 10.1186/ s12934- 020- 1277- 8 

15. Yin S, Li Z, Wang X et al. Heterologous expression of 
oxytetracycline biosynthetic gene cluster in 
Streptomycesvenezuelae WVR2006 to improve production level 
and to alter fermentation process. Appl Microbiol Biotechnol 
2016; 100 :10563–72. https:// doi.org/ 10.1007/ s00253- 016- 7873- 1 

16. Li L, Zheng G, Chen J et al. Multiplexed site-specific genome 
engineering for overproducing bioactive secondary metabolites in 
actinomycetes. Metab Eng 2017; 40 :80–92. 
https:// doi.org/ 10.1016/ j.ymben.2017.01.004 

17. Mitousis L, Thoma Y, Musiol-Kroll EM. An update on molecular 
tools for genetic engineering of actinomycetes—the source of 
important antibiotics and other valuable compounds. Antibiotics 
2020; 9 :494. https:// doi.org/ 10.3390/ antibiotics9080494 

18. Gust B, Challis GL, Fowler K et al. PCR-targeted Streptomyces 
gene replacement identifies a protein domain needed for 
biosynthesis of the sesquiterpene soil odor geosmin. Proc Natl 
Acad Sci USA 2003; 100 :1541–6. 
https:// doi.org/ 10.1073/ pnas.0337542100 

19. Cobb RE, Wang Y, Zhao H. High-efficiency multiplex genome 
editing of Streptomyces species using an engineered CRISPR / Cas 
system. ACS Synth Biol 2015; 4 :723–8. 
https:// doi.org/ 10.1021/ sb500351f

20. Tong Y, Charusanti P, Zhang L et al. CRISPR-Cas9 based 
engineering of actinomycetal genomes. ACS Synth Biol 
2015; 4 :1020–9. https:// doi.org/ 10.1021/ acssynbio.5b00038 

21. Huang H, Zheng G, Jiang W et al. One-step high-efficiency 
CRISPR / Cas9-mediated genome editing in Streptomyces . ABBS 
2015; 47 :231–43. https:// doi.org/ 10.1093/ abbs/ gmv007 

22. Ye S, Enghiad B, Zhao H et al. Fine-tuning the regulation of Cas9 
expression levels for efficient CRISPR-Cas9 mediated 
recombination in Streptomyces . J Ind Microbiol Biotechnol 
2020; 47 :413–23. https:// doi.org/ 10.1007/ s10295- 020- 02277- 5 

23. Li L, Wei K, Zheng G et al. CRISPR-Cpf1-assisted multiplex 
genome editing and transcriptional repression in Streptomyces . 
Appl Environ Microb 2018; 84 :1–18. 
https:// doi.org/ 10.1128/ AEM.00827-18 

24. Hua HM, Xu JF, Huang XS et al. Low-toxicity and high-efficiency 
Streptomyces genome editing tool based on the miniature type V-F 
CRISPR / Cas nuclease AsCas12f1. J Agric Food Chem 

2024; 72 :5358–67. https:// doi.org/ 10.1021/ acs.jafc.3c09101 
25. Tan LL, Heng E, Leong CY et al. Application of Cas12j for 

Streptomyces editing. Biomolecules 2024; 14 :486. 
https:// doi.org/ 10.3390/ biom14040486 

26. Tong Y, Whitford CM, Robertsen HL et al. Highly efficient 
DSB-free base editing for streptomycetes with CRISPR-BEST. Proc 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf214#supplementary-data
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA966932/
https://figshare.com/s/e1bfb388df0ae502034e
https://www.addgene.org/Tilmann_Weber/
https://doi.org/10.1007/s10295-015-1723-5
https://doi.org/10.1016/j.tim.2016.12.002
https://doi.org/10.1038/417141a
https://doi.org/10.1038/nbt820
https://doi.org/10.1039/C9NP00023B
https://doi.org/10.1016/j.ymben.2018.09.004
https://doi.org/10.1073/pnas.0914833107
https://doi.org/10.3389/fmicb.2018.03042
https://doi.org/10.1021/sb3001003
https://doi.org/10.1007/s10295-013-1348-5
https://doi.org/10.1186/s12934-018-0874-2
https://doi.org/10.1186/s12934-020-1277-8
https://doi.org/10.1007/s00253-016-7873-1
https://doi.org/10.1016/j.ymben.2017.01.004
https://doi.org/10.3390/antibiotics9080494
https://doi.org/10.1073/pnas.0337542100
https://doi.org/10.1021/sb500351f
https://doi.org/10.1021/acssynbio.5b00038
https://doi.org/10.1093/abbs/gmv007
https://doi.org/10.1007/s10295-020-02277-5
https://doi.org/10.1128/AEM.00827-18
https://doi.org/10.1021/acs.jafc.3c09101
https://doi.org/10.3390/biom14040486


CASCADE-Cas3 Based Genome Engineering of Streptomycetes 13 

2

2

2

3

3  

3

3
 

3

3

 

3

3  

3  

 

3

4

4
 

4

4  

4

 

 

 

R
©
T
d

Natl Acad Sci USA 2019; 116 :20366–75. 
https:// doi.org/ 10.1073/ pnas.1913493116 

7. Whitford CM, Gren T, Palazzotto E et al. Systems analysis of 
highly multiplexed CRISPR-base editing in streptomycetes. ACS 
Synth Biol 2023; 12 :2353–66. 
https:// doi.org/ 10.1021/ acssynbio.3c00188 

8. Makarova KS, Wolf YI, Iranzo J et al. Evolutionary classification 
of CRISPR–Cas systems: a burst of class 2 and derived variants. 
Nat Rev Micro 2020; 18 :67–83. 
https:// doi.org/ 10.1038/ s41579- 019- 0299- x 

9. Brouns SJJ, Jore MM, Lundgren M et al. Small CRISPR RNAs 
guide antiviral defense in prokaryotes. Science (1979) 
2008; 321 :960–4.

0. Hayes RP, Xiao Y, Ding F et al. Structural basis for promiscuous 
PAM recognition in type I-E cascade from E.coli . Nature 
2016; 530 :499–503. https:// doi.org/ 10.1038/ nature16995 

1. He L, John James M St., Radovcic M et al. Cas3 protein—a review
of a multi-tasking machine. Genes 2020; 11 :208. 
https:// doi.org/ 10.3390/ genes11020208 

2. Morisaka H, Yoshimi K, Okuzaki Y et al. CRISPR-Cas3 induces 
broad and unidirectional genome editing in human cells. Nat 
Commun 2019; 10 :5302. 
https:// doi.org/ 10.1038/ s41467- 019- 13226- x 

3. Dolan AE, Hou Z, Xiao Y et al. Introducing a spectrum of 
long-range genomic deletions in human embryonic stem cells using
type I CRISPR-Cas. Mol Cell 2019; 74 :936–50.e5. 
https:// doi.org/ 10.1016/ j.molcel.2019.03.014 

4. Csörg ̋o B, León LM, Chau-Ly IJ et al. A compact Cascade–Cas3 
system for targeted genome engineering. Nat Methods 
2020; 17 :1183–90. https:// doi.org/ 10.1038/ s41592- 020- 00980- w 

5. Wang S, Zeng X, Jiang Y et al. Unleashing the potential: type I 
CRISPR-Cas systems in actinomycetes for genome editing. Nat 
Prod Rep 2024; 18 1441–55. https:// doi.org/ 10.1039/ d4np00010b

6. Blin K, Shaw S, Kloosterman AM et al. antiSMASH 6.0: 
improving cluster detection and comparison capabilities. Nucleic 
Acids Res 2021; 49 :W29–35. https:// doi.org/ 10.1093/ nar/ gkab335 

7. Blin K, Shaw S, Tong Y et al. Designing sgRNAs for CRISPR-BEST
base editing applications with CRISPy-web 2.0. Synth Syst 
Biotechnol 2020; 5 :99–102. 
https:// doi.org/ 10.1016/ j.synbio.2020.05.005 

8. Pourcel C, Touchon M, Villeriot N et al. CRISPRCasdb a successor
of CRISPRdb containing CRISPR arrays and cas genes from 

complete genome sequences, and tools to download and query lists
of repeats and spacers. Nucleic Acids Res 2019; 48 :D535–44.

9. Tong Y, Whitford CM, Blin K et al. CRISPR–Cas9, CRISPRi and 
CRISPR-BEST-mediated genetic manipulation in streptomycetes. 
Nat Protoc 2020; 15 :2470–502. 
https:// doi.org/ 10.1038/ s41596- 020- 0339- z 

0. Tu Q, Yin J, Fu J et al. Room temperature electrocompetent 
bacterial cells improve DNA transformation and recombineering 
efficiency. Sci Rep 2016; 6 :24648. 
https:// doi.org/ 10.1038/ srep24648 

1. MacNeil DJ, Gewain KM, Ruby CL et al. Analysis of 
Streptomycesavermitilis genes required for avermectin biosynthesis
utilizing a novel integration vector. Gene 1992; 111 :61–8. 
https:// doi.org/ 10.1016/ 0378- 1119(92)90603- M 

2. Deatherage DE, Barrick JE. Identification of mutations in 
laboratory-evolved microbes from next-generation sequencing 
data using breseq. In: Sun L, Shou W(eds.), Engineering and 
Analyzing Multicellular Systems.Methods in Molecular Biology . 
New York, NY :Humana Press, 2014, Vol. 1151 , pp. 165–88.

3. Li H, Handsaker B, Wysoker A et al. The sequence alignment / map
format and SAMtools. Bioinformatics 2009; 25 :2078–9. 
https:// doi.org/ 10.1093/ bioinformatics/ btp352 

4. Alvarez-Arevalo M, Sterndorff EB, Faurdal D et al. Extraction and 
Oxford Nanopore sequencing of genomic DNA from filamentous 
eceived: March 13, 2024. Revised: March 3, 2025. Editorial Decision: March 4, 2025. Accepted: M
The Author(s) 2025. Published by Oxford University Press on behalf of Nucleic Acids Research. 

his is an Open Access article distributed under the terms of the Creative Commons Attribution Lice
istribution, and reproduction in any medium, provided the original work is properly cited. 
actinobacteria. STAR Protoc 2023; 4 :101955. 
https:// doi.org/ 10.1016/ j.xpro.2022.101955 

45. Li H. Minimap2: pairwise alignment for nucleotide sequences. 
Bioinformatics 2018; 34 :3094–100. 
https:// doi.org/ 10.1093/ bioinformatics/ bty191 

46. Carver T, Harris SR, Berriman M et al. Artemis: an integrated 
platform for visualization and analysis of high-throughput 
sequence-based experimental data. Bioinformatics 2012; 28 :464–9.
https:// doi.org/ 10.1093/ bioinformatics/ btr703 

47. Kolmogorov M, Yuan J, Lin Y et al. Assembly of long, error-prone
reads using repeat graphs. Nat Biotechnol 2019; 37 :540–6. 
https:// doi.org/ 10.1038/ s41587- 019- 0072- 8 

48. Wick RR, Schultz MB, Zobel J et al. Bandage: interactive 
visualization of denovo genome assemblies. Bioinformatics 
2015; 31 :3350–2. https:// doi.org/ 10.1093/ bioinformatics/ btv383 

49. Qiu Y, Wang S, Chen Z et al. An active type I-E CRISPR-Cas 
system identified in Streptomycesavermitilis . PLoS One 
2016; 11 :e0149533. https:// doi.org/ 10.1371/ journal.pone.0149533

50. Sinkunas T, Gasiunas G, Fremaux C et al. Cas3 is a 
single-stranded DNA nuclease and ATP-dependent helicase in the 
CRISPR / Cas immune system. EMBO J 2011; 30 :1335–42. 
https:// doi.org/ 10.1038/ emboj.2011.41 

51. Gilchrist CLM, Booth TJ, van Wersch B et al. cblaster: a remote 
search tool for rapid identification and visualization of 
homologous gene clusters. Bioinform Adv 2021; 1 :1–10. 
https:// doi.org/ 10.1093/ bioadv/ vbab016 

52. Wimmer F, Beisel CL. CRISPR-Cas systems and the paradox of 
self-targeting spacers. Front Microbiol 2020; 10 :3078. 
https:// doi.org/ 10.3389/ fmicb.2019.03078 

53. Rostain W, Grebert T, Vyhovskyi D et al. Cas9 off-target binding 
to the promoter of bacterial genes leads to silencing and toxicity. 
Nucleic Acids Res 2023; 51 :3485–96. 
https:// doi.org/ 10.1093/ nar/ gkad170 

54. Hoff G, Bertrand C, Piotrowski E et al. Genome plasticity is 
governed by double strand break DNA repair in Streptomyces . Sci 
Rep 2018; 8 :3485–96. 
https:// doi.org/ 10.1038/ s41598- 018- 23622- w 

55. Li L, Wei K, Liu X et al. aMSGE: advanced multiplex site-specific 
genome engineering with orthogonal modular recombinases in 
actinomycetes. Metab Eng 2019; 52 :153–67. 
https:// doi.org/ 10.1016/ j.ymben.2018.12.001 

56. Thorpe HM, Smith MCM. In vitro site-specific integration of 
bacteriophage DNA catalyzed by a recombinase of the 
resolvase / invertase family. Proc Natl Acad Sci USA 

1998; 95 :5505–10. https:// doi.org/ 10.1073/ pnas.95.10.5505 
57. Myronovskyi M, Luzhetskyy A. Genome engineering in 

actinomycetes using site-specific recombinases. Appl Microbiol 
Biotechnol 2013; 97 :4701–12. 
https:// doi.org/ 10.1007/ s00253- 013- 4866- 1 

58. Combes P, Till R, Bee S et al. The Streptomyces genome contains 
multiple pseudo-attB sites for the C31-encoded site-specific 
recombination system. J Bacteriol 2002; 184 :5746–52. 
https:// doi.org/ 10.1128/ JB.184.20.5746-5752.2002 

59. Gomez-Escribano JP, Bibb MJ. Engineering 
Streptomycescoelicolor for heterologous expression of secondary 
metabolite gene clusters. Microb Biotechnol 2011; 4 :207–15. 
https:// doi.org/ 10.1111/ j.1751-7915.2010.00219.x 

60. Bilyk B, Horbal L, Luzhetskyy A. Chromosomal position effect 
influences the heterologous expression of genes and biosynthetic 
gene clusters in Streptomycesalbus J1074. Microb Cell Fact 
2017; 16 :5. https:// doi.org/ 10.1186/ s12934- 016- 0619- z 

61. Doroghazi JR, Buckley DH. Widespread homologous 
recombination within and between Streptomyces species. ISME J 
2010; 4 :1136–43. https:// doi.org/ 10.1038/ ismej.2010.45 

62. Muth G. The pSG5-based thermosensitive vector family for 
genome editing and gene expression in actinomycetes. Appl 
Microbiol Biotechnol 2018; 102 :9067–80. 

https:// doi.org/ 10.1007/ s00253- 018- 9334- 5 

arch 6, 2025 

nse (https: // creativecommons.org / licenses / by / 4.0 / ), which permits unrestricted reuse, 

https://doi.org/10.1073/pnas.1913493116
https://doi.org/10.1021/acssynbio.3c00188
https://doi.org/10.1038/s41579-019-0299-x
https://doi.org/10.1038/nature16995
https://doi.org/10.3390/genes11020208
https://doi.org/10.1038/s41467-019-13226-x
https://doi.org/10.1016/j.molcel.2019.03.014
https://doi.org/10.1038/s41592-020-00980-w
https://doi.org/10.1039/d4np00010b
https://doi.org/10.1093/nar/gkab335
https://doi.org/10.1016/j.synbio.2020.05.005
https://doi.org/10.1038/s41596-020-0339-z
https://doi.org/10.1038/srep24648
https://doi.org/10.1016/0378-1119(92)90603-M
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1016/j.xpro.2022.101955
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btr703
https://doi.org/10.1038/s41587-019-0072-8
https://doi.org/10.1093/bioinformatics/btv383
https://doi.org/10.1371/journal.pone.0149533
https://doi.org/10.1038/emboj.2011.41
https://doi.org/10.1093/bioadv/vbab016
https://doi.org/10.3389/fmicb.2019.03078
https://doi.org/10.1093/nar/gkad170
https://doi.org/10.1038/s41598-018-23622-w
https://doi.org/10.1016/j.ymben.2018.12.001
https://doi.org/10.1073/pnas.95.10.5505
https://doi.org/10.1007/s00253-013-4866-1
https://doi.org/10.1128/JB.184.20.5746-5752.2002
https://doi.org/10.1111/j.1751-7915.2010.00219.x
https://doi.org/10.1186/s12934-016-0619-z
https://doi.org/10.1038/ismej.2010.45
https://doi.org/10.1007/s00253-018-9334-5

	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Supplementary data
	Conflict of interest
	Funding
	Data availability
	References

