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Abstract

Bacteria of the order Actinomycetales are one of the most important sources of bioactive natural products,
which are the source of many drugs. However, many of them still lack efficient genome editing methods,
some strains even cannot be manipulated at all. This restricts systematic metabolic engineering approaches
for boosting known and discovering novel natural products. In order to facilitate the genome editing for
actinomycetes, we developed a CRISPR-Cas9 toolkit with high efficiency for actinomyces genome editing.
This basic toolkit includes a software for spacer (sgRNA) identification, a system for in-frame gene/gene
cluster knockout, a system for gene loss-of-function study, a system for generating a random size deletion
library, and a system for gene knockdown. For the latter, a uracil-specific excision reagent (USER) cloning
technology was adapted to simplify the CRISPR vector construction process. The application of this toolkit
was successfully demonstrated by perturbation of genomes of Streptomyces coelicolor A3(2) and Streptomyces
collinus T€u 365. The CRISPR-Cas9 toolkit and related protocol described here can be widely used for
metabolic engineering of actinomycetes.
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1 Introduction

1.1 Actinomycetes Actinomycetes are Gram-positive bacteria with high GC content
genomes, belonging to the order of Actinomycetales. They are well
known for their ability to produce medically and industrially rele-
vant secondary metabolites (natural products) [1–3], including,
but not limited to antibiotics, herbicides, chemotherapeutics, and
immunosuppressants, such as vancomycin, bialaphos, doxorubicin,
and rapamycin, respectively. However, after being studied over half-
century, it becomes more and more challenging to find novel
secondary metabolites with meaningful properties by traditional
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methods. However, modern genome mining techniques [4–7]
have revealed that those bacteria still possess a huge unexploited
potential to produce secondary metabolites with novel structures
[8]. Unfortunately, in comparison with model organisms like E. coli
and S. cerevisiae, there are only few genetic manipulation tools
available for actinomycetes. In addition, the high GC content
(sometimes>72%) impedes genetic manipulation even if actinomy-
cete DNA is manipulated in other hosts like E. coli. With the help of
the recently developed CRISPR-Cas9 technology, we now have
more tools to address and overcome these challenges for efficient
genetic manipulation of actinomycetes.

1.2 CRISPR-Cas9 Themodules of Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR)/CRISPR-associated (Cas) proteins are present
in most archaea and many bacteria as adaptive immune systems for
defense against foreign DNA [9–11] or RNA [12]. Based on the
number of Cas proteins involved, CRISPR-Cas systems can be
divided into “class 1” and “class 2.” Class 1 systems have multiple
Cas9 proteins, while class 2 systems only need one single Cas
protein, for instance, type II CRISPR system, also known as
CRISPR-Cas9 system [13]. The currently well-studied and widely
used CRISPR-Cas9 system is originally from Streptococcus pyogenes.
The target sequences of the Cas9 endonuclease are defined in the
CRISPR loci containing short repeats separated by “spacer”
sequences that exactly match the sequences of the targeted foreign
genetic element. Introducing double-strand breaks (DSBs) into
these DNAs offers adaptive immunity against foreign genetic ele-
ments [9, 14–17]. In the native CRISPR-Cas9 system, the spacer
sequence of the CRISPR array transcribes to a CRISPR RNA
(crRNA). Subsequently, an associated trans-activating CRISPR
RNA (tracrRNA) hybridizes with the crRNA, forming an RNA
duplex, which is cleaved and further processed by endogenous
RNase III and possibly other, yet unknown nucleases [18]. The
crRNA-tracrRNA duplex, which was later artificially designed as a
chimera named “single guide RNA” (sgRNA) [17], interacts with
Cas9 to form a complex, then scans the foreign genetic elements for
the presence of trinucleotide protospacer adjacent motifs (PAMs).
When this complex finds a PAM that has a 50 sequence (normally
around 20 nt) complementary to the spacer sequence in the
crRNA-tracrRNA duplex, it binds to this position and then triggers
the conformational change of Cas9 to activate the HNH and RuvC
endonuclease domains [19, 20], which causes DNA double-strand
break (DSB). The DNA DSB of a chromosome is lethal, and cells
can only survive if the lesion is repaired. The two major routes for
DNA repair are (1) non-homologous end joining (NHEJ), in
which no editing template is needed, and (2) homology-directed
repair (HDR), in which an editing template for homologous
recombination is needed [21, 22] (Fig. 1).
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Using the feature of introducing DNA DSBs, which then get
repaired by cellular mechanisms such as NHEJ or HDR, allows the
use of CRISPR-Cas9 for genome editing in many different organ-
isms, from E. coli to human cells [23–31]. NHEJ is a complicated
process that involves several proteins. It has been best described in
eukaryotic cells to repair the DNA DSB in an error-prone manner
[32, 33]; however, it is also found in prokaryotes [34, 35]. Inter-
estingly, in S. coelicolor we found that the NHEJ in contrast to other
bacteria, e.g., Mycobacterium tuberculosis [34], is missing a DNA
ligase function. In this strain, the activity of this enzyme can be
partially restored by other yet unknown enzymes, albeit with a
lower efficiency. In S. coelicolor and other streptomycetes lacking
the ligase gene, the native “incomplete” NHEJ repair pathway
usually leads to larger deletions around the site of the DSB. This
phenomenon can be exploited to trigger deletions between the
nearest two essential genes, thus leading to “random size deletion
libraries” [36, 37].

A study of S. pyogenes Cas9 nuclease domain revealed that
mutating the HNH and RuvC domains (D10A and H840A)
resulted in a catalytically dead Cas9 (dCas9) variant that does not
have endonuclease activity, but could still form a complex with
sgRNA and efficiently bind to the target DNA [17]. This effect
can be used to sequence-specifically interfere with transcription and
thus control gene expression. In analogy to eukaryotic RNA inter-
ference (RNAi), this system was named as CRISPRi [38].

Fig. 1 CRISPR-Cas9 schematics. CRISPR-Cas9 genome editing working model
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1.3 USER Cloning Construction of CRISPR-Cas9 vectors using ligation-based
approach is still relatively time consuming, and is difficult to be
implemented in high-throughput and automation settings.

Nowadays, PCR-based cloning is a commonly used method for
de novo gene assembly in metabolic engineering [39]. USER
friendly cloning is one of those modern cloning methods, and it
represents an alternative to conventional ligation-based cloning in
that it allows for simultaneous scarless assembly of multiple PCR
products into USER-compatible vectors (Fig. 2). This allows for
easy and versatile vector construction [40]. We introduced USER
friendly cloning to facilitate CRISPR-Cas9 vectors construction, as
well as to meet the demands for further high-throughput and
automated genome editing purposes.

USER assembly relies on the generation of complementary
overhangs in the PCR products and destination vector and can be
divided into three distinct steps. First, genes of interest (GOIs) are
PCR amplified with primers containing between 7 and 12 nucleo-
tides overhangs flanked by uracil bases (dU) [41]. The directional
assembly of the PCR fragments is facilitated through the over-
hangs, which are designed either manually or using an online tool
such as AMUSER 1.0 (at http://www.cbs.dtu.dk/services/
AMUSER/) [42]. In addition, a proofreading DNA polymerase
such as PfuX7 (Norholm, see [43]) or the commercially available
Phusion U Hot Start DNA Polymerase (Thermo Fisher Scientific,
Waltham, US) is required for the recognition of the uracil bases and
incorporation of adenosine residues on the complementary strand;
second, the destination vector is linearized and with that comple-
mentary overhangs generated using a combination of a restriction
and a nicking enzyme. The enzymes required for linearization and
generation of single-stranded overhangs depend on the USER
cassette in the destination vector. Examples of USER cassettes
include the PacI/Nt.BbvCI, AsiSI/Nb.BsmI, and AsiSI/Nb.BtsI
cassettes [44]; in the third step, PCR fragments are assembled in
the linearized vector by means of the USER™ kit (New England
Biolabs) that contains a mixture of the E. coli uracil DNA glycosy-
lase and DNA glycosylase-lyase endonuclease VIII, both of which
recognize and remove uracil bases. Following uracil excision, the
reaction is kept at the melting temperature of the single-stranded
overhangs for several minutes to facilitate the assembly of the PCR
fragments in the destination vector [45].

During the past 2 years, independent laboratories have estab-
lished modular and efficient genetic manipulation tools for strep-
tomycetes based on CRISPR-Cas9. These tools significantly
facilitated the processes of gene/gene cluster deletion, point muta-
genesis, gene replacement, as well as repression of gene transcrip-
tion in Streptomyces [36, 46–48]. In this chapter, we describe
protocols using the toolkit developed in our lab [36, 37] and a
workflow combining of in silico primer design for sgRNA construc-
tion, USER-based cloning, and CRISPRi.
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Fig. 2 USER cloning schematics. Schematic overview of the steps involved in USER assembly of PCR-
generated fragments in a linearized USER-compatible destination vector
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2 Materials

Milli-Q water (18.2 MΩ cm at 25 �C) is used for preparation of all
media and solutions. All kits and reagents are used according to the
manufacturer’s instructions, unless the modifications are indicated.
Diligently follow all waste disposal regulations when disposing
waste materials.

2.1 Strains One Shot® ccdB Survival™ 2 T1R chemically competent cells
(Thermo Fisher Scientific) are used for the construction of the
USER-compatible vectors. Chemically competent E. coli cells,
e.g., NEB5-α (New England Biolabs), and One Shot® Mach1™
T1 Phage-Resistant (Thermo Fisher Scientific) are used for routine
cloning. Non-methylating E. coli ET12567/pUZ8002 [49] is used
for conjugation. Streptomyces coelicolor A3(2), and Streptomyces col-
linus T€u365 are used as example strains in these protocols.

2.2 Plasmids Plasmids pGM1190 [50], pGM1190-Cas9, pCRISPR-Cas9,
pCRISPR-dCas9, pCRISPR-Cas9-ScaligD [36], and pCRISPR-
USER-(d)Cas9 are used in the following protocols. All oligonu-
cleotides and gBlocks are purchased from Integrated DNA Tech-
nologies (IDT).

2.3 Media All components for media preparation are purchased from Sigma-
Aldrich, unless indicated otherwise.

SOC medium (20 g/L Tryptone, 5 g/L Yeast extract, 4.8 g/L
MgSO4, 3.603 g/L Dextrose, 0.5 g/L NaCl, 0.186 g/L KCl), LB
medium (10 g/L Tryptone, 5 g/L Yeast extract, 5 g/L NaCl,
20 g/L Agar is added for solidification), ISP2 medium (Yeast
extract 4 g/L, Malt extract 10 g/L, Dextrose 4 g/L, 20 g/L
Agar is added for solidification), and Soya Flour Mannitol agar
(MS, or SFM, or Cullum agar) (20 g/L Mannitol, 20 g/L Soya
flour with low fat (W. Schoenenberger GmbH & Co.), 20 g/L
Agar) supplemented with 10 mM MgCl2. Appropriate antibiotics
are added to the media when needed. Their working concentra-
tions are: apramycin, 50 μg/mL; nalidixic acid, 50 μg/mL; thios-
trepton, 1 μg/mL; kanamycin, 25 μg/mL; and chloramphenicol,
25 μg/mL.

2.4 Reagents

and Kits

Phusion Hot Start II DNA Polymerase (2 U/μL), DreamTaq
Green PCR Master Mix (2�), PCR Master Mix (2�), PfuX7
DNA polymerase [43], Phusion U Hot Start DNA Polymerase
(2 U/μL), T4 DNA Ligase (1 U/μL), GeneJET Plasmid Miniprep
Kit, CloneJET PCR Cloning Kit, GeneJET PCR Purification Kit,
and all restriction enzymes are purchased from Thermo Fisher
Scientific; USER™ Enzyme, and Gibson Assembly® Cloning Kit
are purchased from New England Biolabs. Blood & Cell Culture
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DNA Kit is from Qiagen. NucleoSpin® Gel Clean-up kit is from
Macherey-Nagel.

2.5 Equipment NanoDrop 2000 (Thermo Scientific) is used to measure DNA
concentrations, and Concentrator plus (Eppendorf) is used for
concentrating DNA solutions.

3 Methods

All the procedures are carried out at room temperature unless other-
wise specified, allDNAs are elutedbynuclease-freewater (pH8). The
annealing temperature (Ta) is calculated with the Thermo Fisher
Scientific Tm calculator: http://www.thermofisher.com/dk/en/
home/brands/thermo-scientific/molecular-biology/molecular-
biology-learning-center/molecular-biology-resource-library/
thermo-scientific-web-tools/tm-calculator.html.

The plasmids within our CRISPR-Cas9 toolkit are based on
one single temperature sensitive vector pGM1190, which is a deri-
vate of the replicon pSG5 [50]. All necessary elements are
integrated into one single construct, where Cas9/dCas9 is under
control of the thiostrepton inducible tipA promoter, while the
sgRNA is driven by a constitutive ermE* promoter. The editing
template, NHEJ missing component(s), and other element(s) can
be inserted via the singular StuI site of the vector [36] (seeNote 1).

3.1 Identification of

Suitable 20 nt Spacers

with CRISPy-Web

For successful CRISPR/Cas9 experiments it is essential to define
good 20 nt spacer sequences within the desired target region of the
genome. One prerequisite for these 20 nt spacers is that they match
the 20 nt upstream of a PAM close to the desired target. In
addition, it is important to avoid off-target effects: If the same or
a very similar 20 nt spacer sequence is found close to a PAM
elsewhere on the genome, Cas9 will introduce a DSB there as
well. To reduce the probability of unwanted side effects even fur-
ther, spacers that match many other spacers with a mismatch of one
or two bases should be avoided.

For this reason, it is recommended to use computational tools
to design the guide RNAs. While many programs exist for design-
ing sgRNAs for model organisms, only few tools can be used with
user-supplied genomes [51]. The CRISPy-web tool [52] assists
researchers in this task by identifying appropriate 20 nt spacer
regions for sgRNAs in any user-supplied microbial genome
sequence. CRISPy-web is available at http://crispy.
secondarymetabolites.org/.

1. To run CRISPy-web for a genome region of interest, a
GenBank-formatted file can be uploaded by clicking the
“Browse” button and selecting the appropriate file on the
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start page of CRISPy-web. Alternatively, CRISPy-web sup-
ports directly using the results from the antiSMASH secondary
metabolite biosynthetic gene cluster mining platform [4, 5], by
simply selecting “Get sequences from antiSMASH” and
providing the antiSMASH job id that is included in the anti-
SMASH result email. The search is started by clicking the
“Start” button.

2. Once the sequence has been uploaded, the user has to select a
target region to scan for suitable spacers. The region selection
page gives a short summary of the uploaded genome and a
search field below the summary can be used to specify the
target region.

Regions can be selected by entering a range of nucleotide
coordinates (like 12,345–67,890), a gene name, or a locus tag
from the annotated genome.

The search field will autocomplete for gene and cluster name
as well as locus tags. If the data were directly transferred from
antiSMASH and secondary metabolite biosynthetic gene clus-
ter has been identified, these are also shown in a summary table
below the search field.

A help screen for the syntax is displayed by clicking on
“Usage hints.”

3. Once a target region is selected, a click on the “Find targets”
button starts the actual scan for spacers. Depending on the size
of the selected region and the overall genome size, this process
usually takes between few—for small—to around 15 min for
large genomes.

4. Once the scan has completed, the user will be presented with a
page showing an overview of the scanned region. In this over-
view, genes are displayed as gray arrows and potential 20 nt
spacers are indicated as red boxes. It is possible to zoom in to a
specific gene by clicking the gene arrow and selecting “Show
results for this gene only” from the pop-up.

5. Potential spacers are displayed sorted by the number of identi-
cal off-target hits, the number of off-target hits allowing for
one or twomismatches, and the location on the genome.When
hovering over the table, the currently active spacer is high-
lighted in the visualization, and vice versa.

6. Clicking on a table row adds the corresponding spacer to the
download basket, a second click deselects the spacer again. The
basket icon on the upper right of the screen displays the num-
ber of selected spacers.

7. Clicking the download basket icon takes the user to the down-
load page. Here, a summary of the selected spacers is shown,
and it is possible to download the selection as a comma-
separated table that can be opened from a spreadsheet applica-
tion or text editor.
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3.2 Generation of a

Random Size Deletion

Library in

Actinomycetes Using

pCRISPR-Cas9 with

Native NHEJ (See

Note 2)

1. Digest the pCRISPR-Cas9 with Fast Digest NcoI and SnaBI or
Eco105I restriction enzyme (Thermo Fisher Scientific, Wal-
tham, US, Waltham, US). To prepare a stock of vector, a
100 μL reaction is used. Mix 5 μg (up to 10 μg) plasmid,
10 μL 10� Fast Digest Buffer, 5 μL of each of the Fast Digest
restriction enzymes, and nuclease-free Milli-Q water to
100 μL. Incubate at 37 �C for 60 min. The digested plasmid
is purified by GeneJET PCR Purification Kit (seeNote 3). Then
use NanoDrop 2000 to measure the concentration, and then
Concentrator plus for concentrating the DNA solution when
needed. The NcoI and SnaBI double-digested pCRISPR-Cas9
backbone solution can be stored in small aliquots at�20 �C for
up to 6 months for multiple usages.

2. Identify spacers for functional sgRNA cassettes using CRISPy-
web tool as described in Subheading 3.1; for each gene of
interest, pick two spacers with minimal off-target effects.

3. Design primers for functional sgRNA cassette amplification,
the forward primer can be designed as sgRNA-F:
50-CATGCCATGGN20GTTTTAGAGCTAGAAATAGC-30

(N20 represents the 20 nt spacer sequence);
the reverse primer stays the same as sgRNA-R:
50-ACGCCTACGTAAAAAAAGCACCGACTCGGTGCC-30.
The restriction enzyme sites are underlined.

4. PCR is used to amplify the functional sgRNA cassette from
pCRISPR-Cas9. 50 μL PCR reaction is used. Mix 20 ng (up to
100 ng) plasmid DNA, 10 μL 5� HF Buffer, 1 μL 10 mM
dNTP mix, 0.5 μM of designed primers, 1.5 μL DMSO, 1 U
Phusion Hot Start II DNA Polymerase, and nuclease-free
Milli-Q water to 50 μL on ice, flip the PCR tubes by fingers,
spin down the mixture. The PCR conditions are 98 �C for 30 s;
35 cycles of 98 �C for 10 s; Ta (up to 72 �C, calculated by
Thermo Fisher Scientific Tm calculator from both primers) for
30 s; 72 �C for 10 s (1 kb/15–30 s); and finally 72 �C for
10 min, afterward keep at 4 �C.

5. Analyze the PCR products using 2% agarose gel on 1� TAE
running buffer, the positive PCR product is purified by
GeneJET PCR Purification Kit. Then use NanoDrop 2000 to
measure the concentration, and Concentrator plus for concen-
trating the DNA solution when needed.

6. The purified PCR products are double digested by Fast Digest
NcoI and SnaBI restriction enzymes, with the same condition
of the plasmid double digestion.

7. Mix 100 ng of the double-digested pCRISPR-Cas9 backbone
from step 1, fivefold of double-digested functional sgRNA
cassette PCR product (from step 6), 1 μL 10� T4 Buffer,
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and 1 U T4 DNA ligase in a total of 10 μL reaction volume,
then incubate at 25 �C for 60 min.

8. Transform 50 μL of One Shot® Mach1™ T1 Phage-Resistant
competent E. coli cells with 10 μL the ligation mixture, heat
shock at 42 �C for 70 s, recover the cells in 300 μL SOC
medium at 37 �C, 200 rpm for 1 h. Plate 200 μL of the
recovered cells on selective LB agar plates with 50 μg/mL
apramycin, and incubate at 37 �C overnight (around 16 h).

9. On the next day, pick 3–5 colonies into 0.5 mL selective LB
liquid medium with 50 μg/mL apramycin in 1.5 mL Eppen-
dorf tubes, incubate at 37 �C, 200 rpm for 4 h. 1 μL of each
culture is used as a template for colony PCR validation of the
ligation in step 7.

10. The colony PCR is carried out in a 20 μL reaction using Taq-
based DNA polymerase. Mix 1 μL of the culture from step
8 (20 ng of non-digested pCRISPR-Cas9 as a negative con-
trol), 10 μL of the PCR Master Mix (2�), 0.5 μM of the
primers (sgRNA check-F: 50-AATTGTACGCGGTCGAT
CTT-30 and sgRNA check-R: 50-TACGTAAAAAAAGCACCG
AC-30), and nuclease-free Milli-Q water to 20 μL on ice, flip
the PCR tubes by fingers, spin down the mixture. Colony PCR
conditions are 94 �C for 4 min; 35 cycles of 94 �C for 30 s;
50 �C for 30 s; 72 �C for 20 s (1 kb/1 min); and finally 72 �C
for 10 min, then keep at 4 �C.

11. Analyze the PCR products using 4% agarose gel (see Note 4)
on 1� TAE running buffer. Randomly pick two positive clones
of each construct for 10 mL overnight culture using selective
LB liquid medium with 50 μg/mL apramycin, at 37 �C.

12. On the next day, isolate the plasmids from the 10 mL culture of
step 10, and confirm the results by Sanger sequencing using
primer sgRNA check-F.

13. Transform ET12567/pUZ8002 competent E. coli cell with
100 ng of the validated plasmid using the same protocol as in
step 8. Plate 100 μL of the recovered cells on selective LB
agar plates with 50 μg/mL apramycin, 50 μg/mL kanamycin,
and 25 μg/mL chloramphenicol, and incubate at 37 �C for
around 24 h.

14. Randomly pick one clone (known as the donor strain for
conjugation) from the selective LB plate of step 12, inoculate
it into 10 mL of the same selective LB liquid medium, incubate
at 37 �C overnight (around 24 h).

15. Wash the above culture twice with 10 mL LB liquid medium
without antibiotics supplementation and then suspend the cell
pellet with 1 mL (1/10 volume of the culture) LB liquid
medium.
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16. Mix 100 μL ET12567/pUZ8002 culture from step 15 with
50 μL S. coelicolor A3(2) spores (see Note 5), and plate the
mixture onto Cullum agar plates, inoculate the plates at 30 �C
overnight (around 16 h).

17. On the next day, overlay the conjugation plates with 1 mL of
sterilized Milli-Q water containing 1 mg nalidixic acid and
1 mg apramycin.

18. Incubate the plates at 30 �C for 3–5 days to let the exconju-
gants grow.

19. Pick customized number of exconjugants (the library size) and
re-streak them onto ISP2 plates with 1 μg/mL thiostrepton,
50 μg/mL apramycin, and 50 μg/mL nalidixic acid for
5–7 days (see Note 6).

20. Inoculate the step 19 strain into 20 mL non-antibiotic ISP2
liquid medium and incubate at 30 �C, 180 rpm for 3–5 days.

21. Isolate genomic DNA of the strains from step 20 using Blood
& Cell Culture DNA Kit.

22. The isolated genomic DNA can be used to analyze the random
size deletion library.

3.3 Highly Efficient

Gene Loss-of-Function

Studies in

Actinomycetes

Using pCRISPR-Cas9-

ScaligD (See Note 7)

Steps of 1–18 are identical to Subheading 3.2, except the backbone
plasmid is pCRISPR-Cas9-ScaligD instead of pCRISPR-Cas9. The
protocol diverges at step 19, when exconjugants can be seen from
the conjugation plates.

19. Pick 10–20 exconjugants and re-streak them onto ISP2 plates
with 1 μg/mL thiostrepton, 50 μg/mL apramycin, and 50 μg/
mL nalidixic acid for 5–7 days.

20. Scratch some mycelia of the clones from step 19 using a sterile
toothpick into 10 μL pure DMSO (Sigma-Aldrich, St. Louis,
US) in PCR tubes. Shake tubes vigorously for 10 min at
100 �C in a shaking heating block, vortex vigorously for
another 1 min at room temperature, spin down the pellet at
top speed for 10 s. Then 2 μL of the supernatant is used as a
PCR template in a 50 μL reaction in step 22.

21. Design primers for amplifying an approximately 500 bp frag-
ment, around the expected DSB site of mutation.

22. Mix 2 μL supernatant from step 20, 10 μL 5�GC Buffer, 1 μL
10 mM dNTP mix, 0.5 μM of designed primers from step 21,
1 U Phusion Hot Start II DNA Polymerase and nuclease-free
Milli-Q water to 50 μL on ice, flip the PCR tubes by fingers,
spin down the mixture. The PCR conditions are 98 �C for 30 s;
35 cycles of 98 �C for 10 s; Ta (up to 72 �C, is calculated by
Thermo Fisher Scientific Tm calculator from both the primers)
for 30 s; 72 �C for 10 s (1 kb/15–30 s); and finally 72 �C for
10 min, 4 �C forever.
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23. Subclone the PCR products of step 22 into pJET1.2/blunt
vector from CloneJET PCR Cloning Kit, use pJET1.2 For-
ward Sequencing Primer from the kit for Sanger sequencing.

24. The desired mutations from step 23 can be used for gene loss-
of-function study.

3.4 Generation of In-

Frame Gene/Gene

Cluster Deletions or

Replacements in

Actinomycetes Using

pCRISPR-Cas9 with

Homologous

Recombination

Templates

As the homologous recombination is widely used for gene deletion
and replacement in many organisms including Streptomyces [53].
We provide an editing template within the same plasmid,
pCRISPR-Cas9 for HDR of the DSB caused by Cas9, to achieve
scar-less genome editing.

Almost all the steps are the same as Subheading 3.2 (steps
1–11 are exactly the same). The main different steps of this proto-
col are homologous recombination templates design and cloning.

12. Digest the pCRISPR-Cas9 that carries the designed spacer (the
plasmid from step 11 of Subheading 3.3) with Fast Digest StuI
or Eco147I restriction enzyme. A 100 μL reaction volume is
used. Mix 5 μg (up to 10 μg) plasmid, 10 μL 10� Fast Digest
Buffer, and 5 μL of Fast Digest StuI restriction enzyme. Then
incubate at 37 �C for 30 min. The linearized plasmid is purified
by GeneJET PCR Purification Kit. Then use NanoDrop 2000
to measure the concentration and Concentrator plus for con-
centrating the DNA solution when needed.

13. Design primers for amplifying ~1 kb of both 50 and 30 frag-
ments of the target gene (gene cluster), with 20 nt overhang at
the end of both the fragments for later Gibson Assembly.

14. PCR amplify around 1 kb homologous recombination tem-
plates from genomic DNA of the WT strain. The 50 μL PCR
reaction is used. Mix 150 ng (up to 500 ng) genomic DNA,
10 μL 5� GC Buffer, 1 μL 10 mM dNTP mix, 0.5 μM of
designed primers, 1.5 μL DMSO, 1 U Phusion Hot Start II
DNA Polymerase, and nuclease-free Milli-Q water to 50 μL on
ice, flip the PCR tubes by fingers, spin down the mixture. The
PCR conditions are 98 �C for 30 s; 35 cycles of 98 �C for 10 s;
Ta (up to 72 �C, is calculated by Thermo Fisher Scientific
Tm calculator from both the primers) for 30 s; 72 �C for 30 s
(1 kb/15–30 s); and finally 72 �C for 10 min, then keep
at 4 �C.

15. A 3-fragment Gibson assembly of 10 μL reaction volume is
used to assemble the two homologous recombination tem-
plates into StuI site of pCRISPR-Cas9 with designed spacer.
Mix 100 ng linearized plasmid (backbone), three- to fivefold of
each of the two ~1 kb homologous recombination templates,
5 μL 2� Gibson Master Mix, and nuclease-free Milli-Q water
to 10 μL in a PCR tube on ice. Flip the tube, spin down the
mixture, incubate at 50 �C in a PCR block for 60 min.
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16. Transform 50 μL of One Shot® Mach1™ T1 Phage-Resistant
competent E. coli cells with 10 μL of each assembly reaction.
Apply heat shock at 42 �C for 70 s, recover the cells in 300 μL
SOC medium at 37 �C for 1 h. Plate 200 μL of the recovered
cells on selective LB agar plates with 50 μg/mL apramycin, and
incubate at 37 �C overnight (around 16 h).

17. On the next day, pick 3–5 colonies into 0.5 mL selective LB
liquid medium with 50 μg/mL apramycin in 1.5 mL Eppen-
dorf tubes, incubate at 37 �C, 200 rpm for 4 h for colony PCR
using the designed primers which can cross both homologous
recombination templates to validate the assembly in step 15.

18. The colony PCR is carried out in a 20 μL reaction, the same
protocol as step 9 of Subheading 3.3. Check the PCR products
using 1% agarose gel on 1� TAE running buffer. Randomly
pick two positive clones of each construct for 10 mL overnight
culture. The following steps are the same as steps 11–18.

19. Randomly pick 3–5 exconjugants and restreak them onto ISP2
plates with 1 μg/mL thiostrepton, 50 μg/mL apramycin, and
50 μg/mL nalidixic acid for 5–7 days.

20. Inoculate the step 19 strains into the 20 mL non-antibiotic
ISP2 liquid medium and incubate at 40 �C, 180 rpm for 7 days
to eliminate the CRISPR plasmid (see Note 8).

21. A proper (can be 1000- to 10,000-fold, dependents on the
culture density) diluted fraction of step 20 cultures is plated on
non-antibiotic ISP2 plates to isolate single colonies.

22. Randomly pick 10–20 colonies of each strain from step 21 and
replica plate on ISP2 agar with and without 50 μg/mL apra-
mycin. The clones with restored apramycin sensitivity have
successfully eliminated the temperature-sensitive pCRISPR-
Cas9 plasmid with the homologous recombination templates.

23. Scratch some mycelia of the plasmid-free clones from step 22
using a sterile toothpick into 10 μL pure DMSO in PCR tubes.
Let the tubes shake vigorously for 10 min at 100 �C in a
shaking heating block, vortex vigorously for 1 min at room
temperature, spin down the pellet at top speed for 10 s, 2 μL of
the supernatant is used as the PCR template in a 50 μL reaction
in step 24 (see Note 9).

24. Mix 2 μL supernatant from step 23, 10 μL 5�GC Buffer, 1 μL
10 mM dNTP mix, 0.5 μM of designed primers from step 17,
1 U Phusion Hot Start II DNA Polymerase, and nuclease-free
Milli-Q water to 50 μL on ice, flip the PCR tubes with fingers,
spin down the mixture. The PCR conditions are 98 �C for 30 s;
35 cycles of 98 �C for 10 s; Ta (annealing temperature, up to
72 �C, was calculated by Thermo Fisher Scientific Tm calculator
from the primers) for 30 s; 72 �C for X seconds (depends on
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the amplicon size) (1 kb/15–30 s); and finally 72 �C for
10 min, keep on 4 �C.

25. Subclone the PCR products of step 24 into pJET1.2/blunt
vector from CloneJET PCR Cloning Kit, and use pJET1.2
Forward Sequencing Primer from the kit for Sanger
sequencing.

26. The desired in-frame deletions can be identified from step 25
(see Note 10).

3.5 pCRISPR-dCas9

for Gene Knockdown in

Actinomycetes

For bacterial CRISPRi application, there are two locations of the
DNA that can be targeted by dCas9:sgRNA complex to suppress
the transcription; the gene coding region, and the region upstream
of the start codon, which often includes the promoter. However,
caused by a yet unknown mechanism, for sgRNAs targeting the
coding region, only those sgRNAs that bind to the non-template
DNA strand have the suppression effect, while no such strand bias is
observed when the sgRNAs are targeting on the 50-UTR [36, 38].
A simple illustration is shown in Fig. 3a, while a detailed example is
in Fig. 3b [36].

The steps are the same as steps 1–19 of Subheading 3.2.
Except the spacer from the coding region of the sgRNAs needs to
target on the non-template DNA strand.

20. The strains from step 19 can be used for gene knock-down
validation, either by measuring the final product or the mRNA
level.

3.6 Introduction of

USER Cassette (See

Notes 11 and 12) into

pCRISPR Serials

Vector for the

Facilitation of the

CRISPR Vector

Construction

The vector pGM1190-Cas9 is used to exemplify the de novo
construction of a USER-compatible vector. In general, the USER
vector contains a USER cassette composed of the ccdB gene-
chloramphenicol resistance marker flanked by a restriction and a
nicking enzyme. For the CRISPR-Cas9 system, thiostrepton and
apramycin resistance markers are included in the vector for positive
selection in actinomyces hosts. Two USER-compatible vectors are
currently available in our lab: the pCRISPR-USER-Cas9 for gene
knockout (in), and the pCRISPR-USER-dCas9 for gene
knockdown.

1. The ccdB-chloramphenicol resistance marker cassette is ampli-
fied from the Gateway® Vector of the “Gateway® Vector Con-
version System with One Shot® ccdB Survival Cells”-kit. For
the PCR, mix 20 μL 5� Phusion® HF Buffer, 2 μL 10 mM
dNTP mix, 1 μM of each primer (50-AAAACGCCGGCGGA
ATGCGTGCGATCGCAG-30 and 50-AAAAGGGCCCGAA
TGCACGCGATCGCTG-30) (see Note 13), 2 U Phusion®

HF DNA Polymerase, and nuclease-free Milli-Q water to
100 μL on ice, flip the PCR tubes by fingers, spin down the
mixture. The PCR conditions are 98 �C for 30 s; 35 cycles of
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98 �C for 10 s; 71 �C for 30 s; 72 �C for 1 min; and finally
72 �C for 10 min, keep on 4 �C.

2. Analyze the PCR product on 1% agarose gel with 1� TAE
running buffer and purify the fragment using a gel cleanup kit.

3. Digest vector pGM1190-Cas9 and the PCR-amplified USER
cassette with MreI and Bse120I. To ensure sufficient yields,
digest up to 10 μg of the destination vector with 5 U of each
enzyme in a total volume of 100 μL. For the PCR-amplified
USER cassette, a 50 μL reaction with up to 3 μg DNA and 2 U
of each enzyme normally is sufficient. The digestions are car-
ried out at 37 �C. It is recommended to run the digestions
overnight.

4. Analyze the digestions on 1% agarose gel with 1� TAE running
buffer and purify the fragments with a gel cleanup kit.

5. For the ligation, mix digested vector and USER cassette in the
ratio 1:3 (see Note 14). Mix 2 μL T4 DNA Ligase Reaction

Fig. 3 Prokaryotic CRISPRi working model. (a) An overview of the prokaryotic CRISPRi working model. (b)
Specific example of CRISPRi, the sgRNA is targeting on (binding to) the nontemplate DNA strand of the coding
region of the SCO5092 gene in S. coelicolor [36]
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Buffer, 1 U T4DNA Ligase, and nuclease-free Milli-Q water in
a total volume of 20 μL. The reaction can be carried out either
at 25 �C for 1 h or 16 �C overnight and should be terminated
by heating at 65 �C for 10 min.

6. Use 10 μL of the ligation mix for transformation of 50 μL One
Shot® ccdB Survival™ 2 T1R chemically competent cells. To
account for variations in transformation efficiency, plate both
100 and 250 μL on pre-warmed selective LB plates with 50 μg/
mL apramycin and 25 μg/mL chloramphenicol.

7. Verify clones by colony PCR and Sanger sequencing with pri-
mers covering the entire USER cassette (see Note 15). For the
colony PCR, use 2 μL 10� DreamTaq buffer, 0.4 μL 10 mM
dNTP mix, 0.1 μM of each primer (see Note 15), 2 μL colony
(dissolved in 20 μL nuclease-freeMilli-Q water), 0.2 UDream-
Taq DNA Polymerase, and nuclease-free Milli-Q water to
20 μL on ice, flip the PCR tubes by fingers, spin down the
mixture. PCR conditions are 95 �C for 3 min; 40 cycles of
95 �C for 30 s; 64 �C for 30 s; 72 �C for 2 min; and finally
72 �C for 5 min, keep on 4 �C. Analyze colony PCRs on 1%
agarose with 1� TAE running buffer. Successful integration of
the USER cassette should result in a PCR product of ~1.9 kb.
Colonies with correct size of PCR product are subjected to
Sanger sequencing. The final vector is named pCRISPR-
USER-Cas9.

8. Linearize between 10 and 15 μg USER-compatible pCRISPR-
USER-Cas9 with 20 U and 10 U Nb.BsmI in a total volume of
50 μL. Add 5 μL of the NEB3.1 or CutSmart® buffer and run
the digestion at 37 �C for 2 h, followed by the inactivation of
the enzymes at 65 �C for 1 h.

9. Run the 50 μL-reaction directly on 1% agarose gel with 1�
TAE running buffer until a clear separation of the linearized
vector and the ccdB þ chloramphenicol resistance marker cas-
sette (size of 1.7 kb).

10. Purify the vector with a gel cleanup kit (see Note 16).

11. GOIs are amplified using USER-compatible primers specific
for the AsiSI/Nb.BsmI USER cassette. 7 to 12 nucleotides
USER overhangs is sufficient for successful assembly [41]:

50-CGTGCGAU-[GOI_1]-30.
50-CACGCGAU-[GOI_1]-30.

Use 20 ng gBlock DNA, and up to 200 ng genomic DNA
as PCR template. For the PCR, mix 10 μL 5� Phusion GC
Buffer with 1 μL 10 mM dNTP mix, 0.1 μM of each oligonu-
cleotide, 1 U PfuX7 (seeNote 17) or 1 U Phusion UHot Start
DNA Polymerase, and nuclease-free Milli-Q water to 50 μL on
ice, flip the PCR tubes by fingers, spin down the mixture. The
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PCR conditions are 98 �C for 3 min; 40 cycles of 98 �C for
10 s; Ta (up to 72 �C, is calculated by Thermo Fisher Scientific
Tm calculator from both the primers) for 50 s; 72 �C for 10 s
(1 kb/15–30 s); and finally 72 �C for 10 min, keep on 4 �C.

12. Analyze the PCR products on 1% agarose gel with 1� TAE
running buffer and purify the right using a gel cleanup kit (see
Note 18).

13. Mix the linearized USER-compatible vector with PCR frag-
ments in the ratio 1:3 or 1:6. For PCR fragments <1000 bp
use ratio 1:6 and for PCR fragments >1000 bp use ratio 1:3.
Mix 1 μL USER™ enzyme mix and 0.5 μL 10� CutSmart®

buffer with nuclease-free Milli-Q water in a total volume of
10 μL.

14. The USER excision is carried out at 37 �C for 15 min followed
by 15 min at Tm of the USER overhang (if using AMUSER for
USER overhang prediction software tools, then the Tm is
26 �C). Keep the mix at 10 �C for another 10 min to allow
the DNA fragments be assembled into the vector.

15. For transformation, mix all 10 μL USER reaction with 90 μL
NEB5-α competent E. coli cells and incubate the mixture on ice
for 20 min before performing the heat-shock at 42 �C for 45 s.
Incubate the transformation mixture on ice for 2 min followed
by the addition of 250 μL pre-warmed (37 �C) SOC medium
for recovering at 37 �C, 250 rpm for 1 h. Plate 100 and 250 μL
(see Note 19) of the recovered cells on pre-warmed (37 �C)
selective LB plates with appropriate antibiotics (in our case
50 μg/mL apramycin) and incubate at 37 �C overnight
(about 16 h).

16. Perform colony PCR as described in step 7.

4 Notes

1. Before using the CRISPR-Cas9 toolkit in the strain of interest,
please check that the pGM1190-based plasmid can replicate
and that the strain codes for a tipA homologue that is required
to activate the tipA-promoter.

2. This feature can only be used in the host with a defective
NHEJ. The strain of interest needs to be checked first if there
is a defective NHEJ and which component(s) are missing. For
example, S. coelicolor A3(2) does not contain a gene encoding
the ligase LigD.

3. The NcoI and SnaBI double digestion of pCRISPR-Cas9 gen-
erates two fragments, ~11 kb and 90 bp, because 90 bp is too
small to be caught by the GeneJET PCR Purification Kit, we
normally directly use GeneJET PCR Purification Kit to purify
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the ~11 kb backbone, which will give you a higher yield. Of
course, gel purification can be used to recycle the ~11 kb
backbone.

4. Because the differences of successful ligation and self-ligation
or the non-digested pCRISPR-Cas9 plasmid PCR are only
20 bp, which needs a high concentration of agarose gel to
distinguish.

5. The amounts of ET strain and spore are highly case dependent,
in this case, for S. coelocolor A3(2), 108 ET strains and 107–108

spore per plate are sufficient to generate enough exconjugants,
for other actinomyces strains, the conjugation condition needs
to be customized.

6. Because the tipA promoter is leaky, we have observed that in
some cases no induction with thiostrepton is required to pro-
vide sufficient Cas9 in the targeted cells.

7. This system, pCRISPR-Cas9-ScaligD, can only be functional in
the host that is lack of DNA ligase component of NHEJ
pathway.

8. For those actinomycetes that are high temperature sensitive:
To eliminate the CRISPR plasmid, carry out step 20 under
30 �C at least two times and then plate a proper diluted fraction
of the culture on nonselective ISP2 plate to isolate single
colonies. Check for apramycin sensitivity of these clones. If
no candidate shows apramycin sensitivity, additional rounds
of nonselective culture may be applied.

9. If colony PCR did not give you any positive bands, which may
indicate that the colony PCR did not work, the genomic DNA
needs to be isolated for PCR template.

10. If the two homologous recombination templates are outside
the gene cluster, then this system can be used for the deletion
of whole gene clusters/genomic regions. Alternatively, they
can be designed to generate in frame deletions within single
genes or used to introduce additional genes/DNA fragments
at the targeted DNA region.

11. Instead, a simpler USER cassette can be designed in which the
ccdB and chloramphenicol resistance marker cassette is omit-
ted. For a detailed protocol on how to construct this type of
cassette, see [54].

12. We use the ccdB-chloramphenicol resistance marker cassette as
positive control for digestion but other systems might apply.
The cassette can be amplified from the Gateway® Vector found
in the Gateway® Vector Conversion System with One Shot®

ccdB Survival Cells.

13. For de novo design of the USER cassette, design oligonucleo-
tides with overhangs for AsiSI and Nb.BsmI as follows:
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50-AAAA-[MCS_enzyme1]-[Nb.BsmI]-[nt*]-[AsiSI]-30.
50-AAAA-[MCS_enzyme2]-[Nb.BsmI]-[nt*]-[AsiSI]-30.

*The variable nucleotide (nt) ensures directional assembly
during cloning.

14. To calculate the molar ratios, use a ligation calculator such as
the one found at http://nebiocalculator.neb.com/#!/.

15. Examples of colony PCR and sequencing primers for the
pCRISPR-Cas9/dCas9 constructs:

USERseq_F: 50-CGAGCGTCCGCCGGCG-30.
USERseq_internal_F: 50-GCTAGTGTCATAGTCCTGAAA
ATCATCTG-30.
USERseq_internal_R: 50-CTGGGTGAGTTTCACCAGTTT
TGATTTAAAC-30.
USERseq_R: 50-GCGTACCGCTTCGGGCCC-30.

Use USERseq_F and USERseq_R for colony PCRs and
USERseq_internal_F and USERseq_internal_R for Sanger
sequencing of the USER cassette.

16. To improve titers, elute DNA in smaller volumes and repeat
the last elution step.

17. The PfuX7 DNA polymerase is prepared in-house by expres-
sing the his-tagged protein followed by Ni-NTA chromatogra-
phy. Hence, concentration of the enzyme can vary between
batches and preliminary titrations are advised. Otherwise, the
USER-compatible polymerase Phusion U is commercially
available from Thermo Fisher Scientific.

18. We experience a higher frequency of correct transformants
when gel purifying the PCRs prior to the USER assembly.
However, for gBlock fragments it might prove sufficient with
direct PCR purification using for example the GeneJET PCR
Purification Kit.

19. Efficiency of the USER assembly depends on the number and
sizes of the fragments for the assembly. If experiencing low
efficiencies, consider plating all of the USER mixture on one
plate.
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