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Abstract: In recent years, CRISPR-Cas toolboxes for Streptomyces editing have rapidly accelerated nat-
ural product discovery and engineering. However, Cas efficiencies are oftentimes strain-dependent,
and the commonly used Streptococcus pyogenes Cas9 (SpCas9) is notorious for having high levels
of off-target toxicity effects. Thus, a variety of Cas proteins is required for greater flexibility of
genetic manipulation within a wider range of Streptomyces strains. This study explored the first
use of Acidaminococcus sp. Cas12j, a hypercompact Cas12 subfamily, for genome editing in Strep-
tomyces and its potential in activating silent biosynthetic gene clusters (BGCs) to enhance natural
product synthesis. While the editing efficiencies of Cas12j were not as high as previously reported
efficiencies of Cas12a and Cas9, Cas12j exhibited higher transformation efficiencies compared to
SpCas9. Furthermore, Cas12j demonstrated significantly improved editing efficiencies compared
to Cas12a in activating BGCs in Streptomyces sp. A34053, a strain wherein both SpCas9 and Cas12a
faced limitations in accessing the genome. Overall, this study expanded the repertoire of Cas proteins
for genome editing in actinomycetes and highlighted not only the potential of recently characterized
Cas12j in Streptomyces but also the importance of having an extensive genetic toolbox for improving
the editing success of these beneficial microbes.

Keywords: CRISPR-Cas; Cas12j-2; Streptomyces; genome editing; natural product discovery

1. Introduction

Actinomycetes are highly productive factories of bioactive natural products (NPs) [1,2].
The activation and production of these pharmaceutically important secondary metabolites
are typically triggered by environmental signals [3]. Unfortunately, under laboratory
conditions, it is estimated that 80% of this chemical diversity cannot be observed [4–6].
To this end, various methods to activate these silent biosynthetic gene clusters (BGCs)
have been investigated and deployed [7–12]. In our laboratory and others, CRISPR-Cas-
mediated editing of actinomycetes, in particular Streptomyces, has been found to accelerate
NP discovery and engineering [13–16].

Streptococcus pyogenes Cas9 (SpCas9), Staphylococcus aureus Cas9 (SaCas9), Strepto-
coccus thermophilus CRISPR 1 Cas9 (Sth1Cas9), and Francisella tularensis subsp. novicida
U112’s type V-A Cas (FnCas12a, also known as FnCpf1) have been used for genome edit-
ing in Streptomyces [13,17]. Among these, Cas12a has been shown to be highly efficient
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(75–95%) for precise genome editing in the presence of a homology repair template in
Streptomyces [18]. This efficiency is also comparable to that of the more commonly used
SpCas9. In 2020, Pausch et al. reported the discovery and usage of the hypercompact Cas12
subfamily Acidaminococcus sp. Cas12j (AsCas12j), wherein the Cas protein has a single
RuvC endonuclease domain for both the processing of crRNA and cleavage [19]. Although
it has similar functions and capabilities to those of Cas12a, Cas12j is significantly smaller,
being 757 amino acids (aa) long, as compared to SpCas9 (1368 aa) and FnCas12a (1300 aa)
(Figure 1). This size advantage makes Cas12j an attractive candidate for the construction of
plasmids and vector-based delivery into cells. The AsCas12j system was demonstrated to
be active in vitro and in human and plant cells, and subsequently [19], we hypothesized
that this would be functional in Streptomyces.
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In this work, we aimed to further expand the Cas toolbox by characterizing the
first examples of Acidaminococcus sp. Cas12j-mediated editing in Streptomyces. Although
Cas12j-mediated editing did not achieve similar efficiencies in our model Streptomyces
strains compared to prior studies, its transformation efficiencies were higher compared
to those of SpCas9, suggesting less toxicity in Streptomyces for Cas12j. To further explore
its transformation efficiencies and related toxicity, we used Cas12j for the upregulation of
secondary metabolites via the activation of BGCs within Streptomyces sp. A34053, whose
genome is largely inaccessible to the commonly used SpCas9. In this example, we also
observed improved editing efficiencies with Cas12j compared to Cas12a (FnCas12a). This
subsequently led to the upregulation of secondary metabolite production, increasing the
accessibility of the metabolic space, which would otherwise not have been possible with
either SpCas9 or Cas12a.

2. Materials and Methods
2.1. Construction of Genome-Editing Plasmids

To align with the codon usage of Streptomyces, the Cas12j-2 gene was codon-optimized
and synthesized by Genscript, USA. DNA manipulations were conducted using OmniMAXTM

2 (Thermo Fisher, Waltham, MA, USA). Plasmids used in this study and their corresponding
Cas proteins are given in Table S1. Protospacers were initially incorporated through
BbsI-mediated Golden Gate Assembly, followed by the introduction of the corresponding
homology flanks via Gibson assembly, as described previously [20].

2.2. Target Site Prediction

PhytoCRISP-Ex software v.1.0 [21] was employed for target site prediction with poten-
tial sites defined as sites where seed regions did not completely match off-targets. Here, we
specified seed regions as the last 15 bases of the guide RNA including PAM sequences.



Biomolecules 2024, 14, 486 3 of 8

2.3. Conjugation and Screening of Strains

Spore preparations, conjugation protocol, and the method for the screening of edits
were adapted from Yeo et al., 2019 and Tan et al., 2022 [13,20]. To obtain the spores of
Streptomyces sp. A34053, the strain was first propagated in SV2 media (15 g/L glucose,
15 g/L glycerol, 15 g/L soya peptone (Biobasic, Toronto, ON, Canada), and 1 g/L CaCO3,
pH 7.0) and plated onto ISP Medium No. 4 (BD Biosciences, Franklin Lakes, NJ, USA).
Spores were removed and resuspended in sterile TX buffer (50 mM Tris pH 7.4, 0.001% (v/v)
Triton X). Intergeneric conjugation between Streptomyces sp. A34053 and DNA methylase-
deficient WM3780 Escherichia coli donor cells was performed by transforming promoter
knock-in constructs into WM3780. Apramycin selection was used to select for clones and
screened via colony PCR. Successful PCR amplicons were screened for the presence of
the promoter or promoters via restriction enzyme digestion. Positive samples were then
validated with Sanger sequencing (Figures S2–S4). In this study, our target sample size
was 8. However, we were limited by constraints such as exconjugant numbers or PCR
challenges. Consequently, sample sizes for assessing genomic editing efficiencies ranged
from n = 3 to 8.

2.4. Fermentation and Analysis

Wild-type Streptomyces sp. A34053 and mutated strains were cultured in 5 mL SV2
media for 3–5 days. Saturated seed cultures were diluted into fresh fermentation media
in a 1:20 volume ratio and fermented under conditions of 200 rpm shaking at 30 ◦C in the
dark. CA09LB (10 g/L beef extract, 4 g/L yeast extract, 20 g/L glucose, 3 g/L glycerol,
pH 7.0) was used for fermentation. After 9 days, the cultures were pelleted and the
separated biomass and supernatant were lyophilized. The dried samples were extracted
using methanol and filtered through filter paper (Whatman Grade 4). The filtrates were
reconstituted for analysis.

The extracts were analyzed on an Agilent 1290 Infinity LC System coupled to an Agi-
lent 6540 accurate-mass quadrupole time-of-flight (QTOF) mass spectrometer. A quantity
of 5 µL of extract was injected onto a Waters Acquity UPLC BEH C18 column (2.1 × 50 mm,
1.7 µm). Mobile phases were water (A) and acetonitrile (B), both with 0.1% formic acid.
The analysis was performed at a flow rate of 0.5 mL/min under gradient elution of 2% B
to 100% B in 8 min. MS data was acquired in positive electrospray ionization (ESI) mode.
The typical QTOF operating parameters were as follows: sheath gas nitrogen, 12 L/min at
325 ◦C; drying gas nitrogen flow, 12 L/min at 350 ◦C; nebulizer pressure, 50 psi; nozzle
voltage, 1.5 kV; and capillary voltage, 4 kV. Lock masses in positive ion mode were as
follows: purine ion at m/z 121.0509 and HP-0921 ion at m/z 922.0098.

3. Results
3.1. Design and Characterization of an AsCas12j-2 Functional Vector

Out of the three AsCas12j proteins examined previously [19], AsCas12j-2 was reported
to be self-processing and have high levels of editing efficiencies. It was subsequently chosen
to represent the Cas12j family in this study. Here, to characterize AsCas12j-2, we examine
its transformation and genomic editing efficiencies against Cas9 and FnCas12a [13]. The
Cas proteins in this study are based on an all-in-one pCRISPomyces-2 plasmid (Addgene
#61737 [22]), which consists of the respective Cas protein and sgRNA/cRNA under the two
distinct promoters. These two promoters are consistent throughout the plasmids.

To prepare AsCas12j-2 for its utilization in Streptomyces, we replaced the Cas protein in the
pCRISPomyces-2 plasmid (Addgene #61737 [22]) with codon-optimized AsCas12j-2. The corre-
sponding crRNA sequence “5-GTCGGAACGCTCAACGATTGCCCCTCACGAGGGGAC-3”
was inserted after the promoter transcribing the guide RNA [19]. The general annotation
of the elements in this final plasmid is shown in Figure S1. Final editing constructs were
constructed by inserting homology repair templates and guide RNAs (Table 1, Figure S2).
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Table 1. Editing efficiencies and exconjugant outputs of AsCas12j-2.

Cas Constructs a Editing Efficiency b # Exconjugants c References

Streptomyces albus J1074

AsCas12j-2 (template 2) 12.5% (1/8) >400 This study
FnCas12a (template 2) 87% (7/8) >400 [13]

SpCas9 (template 1) 100% (8/8) >400 [13]
SaCas9 (template 1) 87% (7/8) >400 [13]

Sth1Cas9 (template 2) 100% (8/8) >400 [13]

Streptomyces sp. NRRL S-244

AsCas12j-2 (template 1) 62.5% (5/8) >400 This study
FnCas12a (template 1) 100% (8/8) 38 [13]

a Schematics of templates are given in Figure S2. b Editing efficiency, given by the number of correct clones
validated through Sanger sequencing over the total number of clones picked. c Number of exconjugants observed
per 100 µL of spore preparation used in each conjugation. A typical spore prep contains ~106–107 spores/mL,
as determined via serial dilution plating. To compare AsCas12j-2 against other Cas proteins, we have included
previous data as referenced from [13].

Even though it is an efficient tool in genome editing for some Streptomyces strains,
SpCas9′s high toxicity levels often resulted in no exconjugants in previous studies [13]. To
compare the levels of toxicity of AsCas12j-2, we transformed it into Streptomyces strains
that we had previously tested for Cas editing [13]. Transformation efficiencies for the
AsCas12j-2 plasmid in the absence of a guide RNA or homology repair template yielded
>400 exconjugants in Streptomyces sp. NRRL S-244. This contrasts with 0 exconjugants in
our prior study [13] for SpCas9. Additional investigation of its transformation efficiencies
with other genetically inaccessible strains also exhibited a similar trend wherein AsCas12j-2
yielded higher number of exconjugants against Cas9 proteins (Table S1). Nonetheless,
further characterization suggests that its editing efficiencies are generally lower compared
to those of other Cas systems (Table 1). The finding that a higher proportion of microbes
carrying AsCas12j-2 may not undergo editing could be contributed to its lower toxicity
levels and high transformation efficiencies within Streptomyces.

3.2. Editing in a Previously Inaccessible Strain

To demonstrate the utility of Cas12, we selected a strain arising from the A*STAR
Natural Organism Library (NOL, [23]) Streptomyces sp. A34053, which has 99.8% 16S
sequence identity in relation to Streptomyces luridiscabiei. Earlier genome-based discovery,
via AntiSMASH [24], revealed three unique gene clusters with low homology to known
BGCs, including a hybrid Type I polyketide- non ribosomal peptide synthetase (NRPS),
NRPS, and Type I polyketide (annotated as Clusters 5, 52, and 74; Figure 2A). These
three different clusters (Figure 2A) were targeted for promoter exchange to enable cluster
activation [25]. Cluster activation strategies include targeting the overexpression of a
regulator or open reading frame of the main biosynthetic enzymes via the insertion of strong
constitutive promoters, such as kasO*p [26] and p8 [25]. However, conducting initial precise
editing studies has been challenging due to the inability to introduce the SpCas9-containing
plasmid (Addgene #61737) into the strain. Conjugation with this plasmid, lacking both
protospacer and homology repair templates, using our current protocols [13,20] has thus
far failed to yield any transformants. As a result, we considered Streptomyces sp. A34053 as
an ideal opportunity to evaluate the Cas12 systems for genome editing. Since FnCas12a
and AsCas12j-2 belong to the Type V CRISPR-Cas system and recognize similar PAM sites
(TTN) and FnCas12a was observed to be successful in previous experiments [13], we also
compared the genome editing capabilities of AsCas12j-2 with FnCas12a.
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Figure 2. (A) Schematic homology flanks used for Streptomyces sp. A34053 editing along with (B) heat
map representation of secondary metabolite production in wild-type and edited mutants for Cluster
5, 52, and 74 (Table 2). (A) Homology flanks (blue) with insertion of promoters are designed as the
figures, where each flank is ~2 kb in length and 97 bps (kasO*p) or 778 bps (kasO*p with p8 promoter)
is inserted at the specified sites. The sites of the protospacer are also indicated on the genome
with arrows. Legend of genes on the genome annotation—grey: domain of unknown function;
orange: transporter; green: regulator; red: biosynthetic enzymes. (B) Representative LCMS spectrum
comparison between extracts of mutants and wild type. RT: retention time (min). MS spectra are
shown in Figures S6 and S7.

Table 2. Editing efficiencies of AsCas12j-2 and FnCas12a in Streptomyces sp. A34053.

Cluster Cas Constructs Insertion (kb) Editing Efficiency a # Exconjugants b

5 AsCas12j-2
0.1

50% (3/6) >50
FnCas12a 0% (0/8) >50

74 AsCas12j-2
0.1

75% (3/4) 4
FnCas12a 0% (0/6) 6

52 c AsCas12j-2 1 75% (3/4) 7
a Editing efficiency, given by the number of correct clones validated using Sanger sequencing over the total number
of clones picked. b Number of exconjugants observed per 100 µL of spore preparation used in each conjugation. A
typical spore prep contains ~106–107 spores/mL as determined via serial dilution plating. c FnCas12a was not
used for this cluster due to difficulties in assembly of the editing construct.

The same protospacer (24 bps) and homology flanks were used for both Cas proteins,
FnCas12a and AsCas12j-2, since they use the same PAM site. In the editing of all three
clusters, AsCas12j-2 was functional and was able to insert the new promoter (Table 2,
Figures S3–S5). Interestingly, both AsCas12j-2 and FnCas12a gave similar numbers of
exconjugants, but AsCas12j-2 had a consistently higher rate of edits whilst FnCas12a yielded
no edited strains (Table 2). This suggests that although AsCas12j-2 and FnCas12a have
similar toxicity levels within Streptomyces sp. A34053, AsCas12j-2 outperforms FnCas12a in
genome editing within the context of these clusters and this strain. Although metabolite
profiles are influenced by a myriad of factors encompassing both global and localized
regulation within the organism, with the promoter exchange, the production of distinct
metabolites was observed for edited mutants for C74 (338.34 m/z) and C5 (326.20 m/z) as
compared to the wild-type strain. However in C52 edited mutants, where a bidirectional
promoter was inserted, despite changes to the metabolite production profiles from the wild
type, there was no significant production of a new compound (Figure 2B).
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4. Discussion

To harness the full biosynthetic potential of Streptomyces, much effort has been placed
in expanding the Cas toolbox for the precise engineering of biosynthetic pathways within
these organisms. The Cas protein, its size, its associated levels of toxicity, its PAM recogni-
tion sites, and its efficiency in editing the genome are all important factors for consideration
in its application in Streptomyces [27]. In this study, we successfully applied the hyper-
compact Cas12j for Streptomyces usage and showed that the editing efficiencies varied
depending on the species. Specifically, we observed that AsCas12j-2 exhibited lower editing
efficiency compared to FnCas12a in Streptomyces albus J1074 and Streptomyces sp. NRRL
S-244. However, these efficiencies are highly strain-dependent; in Streptomyces sp. A34053,
among FnCas12a and AsCas12j-2, only AsCas12j-2 had the ability to perform genetic
editing. These findings highlight the importance of having an expanded Cas toolbox to
accommodate the diverse genome editing requirements in different bacterial strains.

Being almost half the size of the Cas9 family of proteins and less toxic as compared to
SpCas9 or FnCas12a, we believe that the hypercompact AsCas12j-2 will be a valuable tool
in the strategy to generate genomic perturbations in Streptomyces. Previous studies have
also shown successful applications of various CRISPR-Cas strategies from Streptomyces to
the rare Actinomycetes without modifications or the addition of helper proteins [27–32]. In
the same manner, we predict that the usage of Cas12j-2 could also be applied across the
Actinomycetes family.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biom14040486/s1, Figure S1: General map of all-in-one editing
CRISPR-Cas construct for one-step genome editing of Streptomyces using AsCas12j-2; Figure S2:
Schematics of target sequences and homology arms for Streptomyces albus & Streptomyces sp. NRRLS-
244; Figure S3: Representative trace of edited genome sequence (insertion of kasO*p-Grey) for
cluster 5 (ctg1_566-Red) in Streptomyces sp. A34053; Figure S4: Representative trace of edited
genome sequence (insertion of P8-Grey) for cluster 52 (ctg2_2844-Red) in Streptomyces sp. A34053
& (insertion of kasO*p-Grey) for cluster 52 (ctg2_2843-Red) in Streptomyces sp. A34053; Figure S5:
Representative trace of edited genome sequence (insertion of kasO*p-Grey) for cluster 74 (ctg4_545-
Red) in Streptomyces sp. A34053; Figure S6: MS1 Spectra of retention time 3.41 min (Figure 2);
Figure S7: MS1 Spectra of retention time 7.96 min (Figure 2); Table S1: Exconjugant outputs with the
all-in-one pCRISPomyces-2 plasmids encoding for different Cas proteins. References [9,33] are cited
in the supplementary materials.

Author Contributions: Conceptualization, L.L.T. and F.T.W.; methodology, L.L.T. and F.T.W.; software,
L.K.; validation, L.L.T., E.H., C.Y.L., V.N., L.K.Y., D.C.S.S. and G.P.; formal analysis, L.L.T., E.H.
and F.T.W.; investigation, L.L.T., E.H., C.Y.L., V.N., L.K.Y., D.C.S.S. and G.P.; resources, S.B.N.,
Y.H.L. and Y.K.; writing—original draft preparation, L.L.T. and F.T.W.; writing—review and editing,
E.H.; visualization, L.L.T. and F.T.W. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Singapore National Research Foundation (NRF)’s 19th
Competitive Research Program (CRP) grant, NRF-CRP19-2017-05 and Agency for Science, Technology
and Research (A*STAR), Singapore (C211917003 and C233017003).

Data Availability Statement: The Cas12j-2 plasmid (Figure S1) is available in Addgene (plasmid
# 191655).

Acknowledgments: The authors would like to extend their gratitude to Nadiah Zulkarnain (Institute
of Molecular and Cell Biology, A*STAR, Singapore) for her support in Streptomyces editing and Dillon
Tay (Institute of Sustainability for Chemicals, Energy and Environment, A*STAR, Singapore) for his
valuable contribution in analyzing the MS data.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/biom14040486/s1
https://www.mdpi.com/article/10.3390/biom14040486/s1


Biomolecules 2024, 14, 486 7 of 8

References
1. Barka, E.A.; Vatsa, P.; Sanchez, L.; Gaveau-Vaillant, N.; Jacquard, C.; Klenk, H.-P.; Clément, C.; Ouhdouch, Y.; van Wezel, G.P.

Taxonomy, Physiology, and Natural Products of Actinobacteria. Microbiol. Mol. Biol. Rev. 2016, 80, 1–43. [CrossRef] [PubMed]
2. Genilloud, O. Actinomycetes: Still a Source of Novel Antibiotics. Nat. Prod. Rep. 2017, 34, 1203–1232. [CrossRef]
3. Onaka, H.; Mori, Y.; Igarashi, Y.; Furumai, T. Mycolic Acid-Containing Bacteria Induce Natural-Product Biosynthesis in Strepto-

myces Species. Appl. Environ. Microbiol. 2011, 77, 400–406. [CrossRef] [PubMed]
4. Bentley, S.D.; Chater, K.F.; Cerdeño-Tárraga, A.M.; Challis, G.L.; Thomson, N.R.; James, K.D.; Harris, D.E.; Quail, M.A.; Kieser,

H.; Harper, D.; et al. Complete Genome Sequence of the Model Actinomycete Streptomyces Coelicolor A3(2). Nature 2002, 417,
141–147. [CrossRef] [PubMed]

5. Challis, G.L.; Ravel, J. Coelichelin, a New Peptide Siderophore Encoded by the Streptomyces Coelicolor Genome: Structure
Prediction from the Sequence of Its Non-Ribosomal Peptide Synthetase. FEMS Microbiol. Lett. 2000, 187, 111–114. [CrossRef]

6. Challis, G.L. Genome Mining for Novel Natural Product Discovery. J. Med. Chem. 2008, 51, 2618–2628. [CrossRef]
7. Scherlach, K.; Hertweck, C. Triggering Cryptic Natural Product Biosynthesis in Microorganisms. Org. Biomol. Chem. 2009, 7,

1753–1760. [CrossRef]
8. Xu, Z.; Ji, L.; Tang, W.; Guo, L.; Gao, C.; Chen, X.; Liu, J.; Hu, G.; Liu, L. Metabolic Engineering of Streptomyces to Enhance the

Synthesis of Valuable Natural Products. Eng. Microbiol. 2022, 2, 100022. [CrossRef]
9. Tay, D.W.P.; Tan, L.L.; Heng, E.; Zulkarnain, N.; Ching, K.C.; Wibowo, M.; Chin, E.J.; Tan, Z.Y.Q.; Leong, C.Y.; Ng, V.W.P.; et al.

Exploring a General Multi-Pronged Activation Strategy for Natural Product Discovery in Actinomycetes. Commun. Biol. 2024,
7, 50. [CrossRef]

10. Liu, Z.; Zhao, Y.; Huang, C.; Luo, Y. Recent Advances in Silent Gene Cluster Activation in Streptomyces. Front. Bioeng. Biotechnol.
2021, 9, 632230. [CrossRef]

11. Harvey, C.J.B.; Tang, M.; Schlecht, U.; Horecka, J.; Fischer, C.R.; Lin, H.C.; Li, J.; Naughton, B.; Cherry, J.; Miranda, M.; et al.
HEx: A Heterologous Expression Platform for the Discovery of Fungal Natural Products. Sci. Adv. 2018, 4, eaar5459. [CrossRef]
[PubMed]

12. Ameruoso, A.; Kcam, M.C.V.; Cohen, K.P.; Chappell, J. Activating Natural Product Synthesis Using CRISPR Interference and
Activation Systems in Streptomyces. Nucleic Acids Res. 2022, 50, 7751–7760. [CrossRef] [PubMed]

13. Yeo, W.L.; Heng, E.; Tan, L.L.; Lim, Y.W.; Lim, Y.H.; Hoon, S.; Zhao, H.; Zhang, M.M.; Wong, F.T. Characterization of Cas Proteins
for CRISPR-Cas Editing in Streptomycetes. Biotechnol. Bioeng. 2019, 116, 2330–2338. [CrossRef] [PubMed]

14. Tong, Y.; Charusanti, P.; Zhang, L.; Weber, T.; Lee, S.Y. CRISPR-Cas9 Based Engineering of Actinomycetal Genomes. ACS Synth.
Biol. 2015, 4, 1020–1029. [CrossRef] [PubMed]

15. Zeng, H.; Wen, S.; Xu, W.; He, Z.; Zhai, G.; Liu, Y.; Deng, Z.; Sun, Y. Highly Efficient Editing of the Actinorhodin Polyketide
Chain Length Factor Gene in Streptomyces Coelicolor M145 Using CRISPR/Cas9-CodA(Sm) Combined System. Appl. Microbiol.
Biotechnol. 2015, 99, 10575–10585. [CrossRef] [PubMed]

16. Goh, F.; Zhang, M.M.; Lim, T.R.; Low, K.N.; Nge, C.E.; Heng, E.; Yeo, W.L.; Sirota, F.L.; Crasta, S.; Tan, Z.; et al. Identification and
Engineering of 32 Membered Antifungal Macrolactone Notonesomycins. Microb. Cell Fact. 2020, 19, 71. [CrossRef] [PubMed]

17. Zhang, J.; Zhang, D.; Zhu, J.; Liu, H.; Liang, S.; Luo, Y. Efficient Multiplex Genome Editing in Streptomyces via Engineered
CRISPR-Cas12a Systems. Front. Bioeng. Biotechnol. 2020, 8, 726. [CrossRef] [PubMed]

18. Li, L.; Wei, K.; Zheng, G.; Liu, X.; Chen, S.; Jiang, W.; Lu, Y. CRISPR-Cpf1-Assisted Multiplex Genome Editing and Transcriptional
Repression in Streptomyces. Appl. Environ. Microbiol. 2018, 84, e00827-18. [CrossRef] [PubMed]

19. Pausch, P.; Al-Shayeb, B.; Bisom-Rapp, E.; Tsuchida, C.A.; Li, Z.; Cress, B.F.; Knott, G.J.; Jacobsen, S.E.; Banfield, J.F.; Doudna, J.A.
Crispr-Casf from Huge Phages Is a Hypercompact Genome Editor. Science 2020, 369, 333–337. [CrossRef]

20. Tan, L.L.; Heng, E.; Zulkarnain, N.; Hsiao, W.C.; Wong, F.T.; Zhang, M.M. CRISPR/Cas-Mediated Genome Editing of Streptomyces.
In Methods in Molecular Biology; Humana Press: Totowa, NJ, USA, 2022; Volume 2479.

21. Rastogi, A.; Murik, O.; Bowler, C.; Tirichine, L. PhytoCRISP-Ex: A Web-Based and Stand-Alone Application to Find Specific
Target Sequences for CRISPR/CAS Editing. BMC Bioinform. 2016, 17, 261. [CrossRef]

22. Cobb, R.E.; Wang, Y.; Zhao, H. High-Efficiency Multiplex Genome Editing of Streptomyces Species Using an Engineered
CRISPR/Cas System. ACS Synth. Biol. 2015, 4, 723–728. [CrossRef]

23. Ng, S.B.; Kanagasundaram, Y.; Fan, H.; Arumugam, P.; Eisenhaber, B.; Eisenhaber, F. The 160K Natural Organism Library, a
Unique Resource for Natural Products Research. Nat. Biotechnol. 2018, 36, 570–573. [CrossRef] [PubMed]

24. Medema, M.H.; Blin, K.; Cimermancic, P.; De Jager, V.; Zakrzewski, P.; Fischbach, M.A.; Weber, T.; Takano, E.; Breitling, R.
AntiSMASH: Rapid Identification, Annotation and Analysis of Secondary Metabolite Biosynthesis Gene Clusters in Bacterial and
Fungal Genome Sequences. Nucleic Acids Res. 2011, 39, W339–W346. [CrossRef] [PubMed]

25. Zhang, M.M.; Wong, F.T.; Wang, Y.; Luo, S.; Lim, Y.H.; Heng, E.; Yeo, W.L.; Cobb, R.E.; Enghiad, B.; Ang, E.L.; et al. CRISPR–Cas9
Strategy for Activation of Silent Streptomyces Biosynthetic Gene Clusters. Nat. Chem. Biol. 2017, 13, 607–609. [CrossRef] [PubMed]

26. Wang, W.; Li, X.; Wang, J.; Xiang, S.; Feng, X.; Yang, K. An Engineered Strong Promoter for Streptomycetes. Appl. Environ.
Microbiol. 2013, 79, 4484–4492. [CrossRef] [PubMed]

27. Heng, E.; Tan, L.L.; Zhang, M.M.; Wong, F.T. CRISPR-Cas Strategies for Natural Product Discovery and Engineering in Actino-
mycetes. Process Biochem. 2021, 102, 261–268. [CrossRef]

https://doi.org/10.1128/MMBR.00019-15
https://www.ncbi.nlm.nih.gov/pubmed/26609051
https://doi.org/10.1039/C7NP00026J
https://doi.org/10.1128/AEM.01337-10
https://www.ncbi.nlm.nih.gov/pubmed/21097597
https://doi.org/10.1038/417141a
https://www.ncbi.nlm.nih.gov/pubmed/12000953
https://doi.org/10.1111/j.1574-6968.2000.tb09145.x
https://doi.org/10.1021/jm700948z
https://doi.org/10.1039/b821578b
https://doi.org/10.1016/j.engmic.2022.100022
https://doi.org/10.1038/s42003-023-05648-7
https://doi.org/10.3389/fbioe.2021.632230
https://doi.org/10.1126/sciadv.aar5459
https://www.ncbi.nlm.nih.gov/pubmed/29651464
https://doi.org/10.1093/nar/gkac556
https://www.ncbi.nlm.nih.gov/pubmed/35801861
https://doi.org/10.1002/bit.27021
https://www.ncbi.nlm.nih.gov/pubmed/31090220
https://doi.org/10.1021/acssynbio.5b00038
https://www.ncbi.nlm.nih.gov/pubmed/25806970
https://doi.org/10.1007/s00253-015-6931-4
https://www.ncbi.nlm.nih.gov/pubmed/26318449
https://doi.org/10.1186/s12934-020-01328-x
https://www.ncbi.nlm.nih.gov/pubmed/32192516
https://doi.org/10.3389/fbioe.2020.00726
https://www.ncbi.nlm.nih.gov/pubmed/32695773
https://doi.org/10.1128/AEM.00827-18
https://www.ncbi.nlm.nih.gov/pubmed/29980561
https://doi.org/10.1126/science.abb1400
https://doi.org/10.1186/s12859-016-1143-1
https://doi.org/10.1021/sb500351f
https://doi.org/10.1038/nbt.4187
https://www.ncbi.nlm.nih.gov/pubmed/29979661
https://doi.org/10.1093/nar/gkr466
https://www.ncbi.nlm.nih.gov/pubmed/21672958
https://doi.org/10.1038/nchembio.2341
https://www.ncbi.nlm.nih.gov/pubmed/28398287
https://doi.org/10.1128/AEM.00985-13
https://www.ncbi.nlm.nih.gov/pubmed/23686264
https://doi.org/10.1016/j.procbio.2021.01.007


Biomolecules 2024, 14, 486 8 of 8

28. Braesel, J.; Lee, J.H.; Arnould, B.; Murphy, B.T.; Eustáquio, A.S. Diazaquinomycin Biosynthetic Gene Clusters from Marine and
Freshwater Actinomycetes. J. Nat. Prod. 2019, 82, 937–946. [CrossRef] [PubMed]

29. Chang, Y.; Chai, B.; Ding, Y.; He, M.; Zheng, L.; Teng, Y.; Deng, Z.; Yu, Y.; Liu, T. Overproduction of Gentamicin B in Industrial
Strain Micromonospora Echinospora CCTCC M 2018898 by Cloning of the Missing Genes GenR and GenS. Metab. Eng. Commun.
2019, 9, e00096. [CrossRef] [PubMed]

30. Cohen, D.R.; Townsend, C.A. A Dual Role for a Polyketide Synthase in Dynemicin Enediyne and Anthraquinone Biosynthesis.
Nat. Chem. 2018, 10, 231–236. [CrossRef]

31. Schaffert, L.; Schneiker-Bekel, S.; Gierhake, J.; Droste, J.; Persicke, M.; Rosen, W.; Pühler, A.; Kalinowski, J. Absence of the
Highly Expressed Small Carbohydrate-Binding Protein Cgt Improves the Acarbose Formation in Actinoplanes sp. SE50/110. Appl.
Microbiol. Biotechnol. 2020, 104, 5395–5408. [CrossRef]

32. Wolf, T.; Gren, T.; Thieme, E.; Wibberg, D.; Zemke, T.; Pühler, A.; Kalinowski, J. Targeted Genome Editing in the Rare Actinomycete
Actinoplanes sp. SE50/110 by Using the CRIPSR/Cas9 System. J. Biotechnol. 2016, 231, 122–128. [CrossRef] [PubMed]

33. Heng, E.; Lim, Y.W.; Leong, C.Y.; Ng, V.W.P.; Ng, S.B.; Lim, Y.H.; Wong, F.T. Enhancing armeniaspirols production through
multi-level engineering of a native Streptomyces producer. Microb. Cell Fact. 2023, 22, 84. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/acs.jnatprod.8b01028
https://www.ncbi.nlm.nih.gov/pubmed/30896942
https://doi.org/10.1016/j.mec.2019.e00096
https://www.ncbi.nlm.nih.gov/pubmed/31720212
https://doi.org/10.1038/nchem.2876
https://doi.org/10.1007/s00253-020-10584-1
https://doi.org/10.1016/j.jbiotec.2016.05.039
https://www.ncbi.nlm.nih.gov/pubmed/27262504
https://doi.org/10.1186/s12934-023-02092-4
https://www.ncbi.nlm.nih.gov/pubmed/37118806

	Introduction 
	Materials and Methods 
	Construction of Genome-Editing Plasmids 
	Target Site Prediction 
	Conjugation and Screening of Strains 
	Fermentation and Analysis 

	Results 
	Design and Characterization of an AsCas12j-2 Functional Vector 
	Editing in a Previously Inaccessible Strain 

	Discussion 
	References

