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Abstract

Streptomyces has strong capability to produce a large number of bioactive natural
products and remains invaluable sources for the discovery of novel drug leads.
Although the Streptococcus pyogenes (Sp) CRISPR-Cas9-assisted genome editing
tool has been developed for rapid genetic engineering in Streptomyces, it has a
number of limitations, including the toxicity of SpCas9 expression in some important
industrial Streptomyces strains and the need for complex expression constructs when
targeting multiple genomic loci. To address these problems, in this study, we develop
a high-efficiency CRISPR-Cpfl system (from Francisella novicida) for multiplex
genome editing and transcriptional repression in Streptomyces. Using an all-in-one
editing plasmid with homology-directed repair (HDR), our CRISPR-Cpfl system
precisely deletes single or double genes at efficiencies of 75-95% in Streptomyces
coelicolor. When no templates for HDR are present, random sized DNA deletions are
achieved by FnCpfl-induced double-strand breaks (DSBs) repair by a reconstituted
non-homologous end joining (NHEJ) pathway. Furthermore, a DNase-deactivated
Cpfl (ddCpfl)-based integrative CRISPRI system is developed for robust, multiplex
gene repression using a single customized crRNA array. Finally, we demonstrate that
FnCpfl and SpCas9 exhibit different suitability in tested industrial Streptomyces
species, and show that FnCpfl can efficiently promote HDR-mediated gene deletion
in the 5-oxomilbemycin-producing strain Streptomyces hygroscopicus SIPI-KF, in
which SpCas9 does not work well. Collectively, FnCpfl is a powerful and

indispensable addition to Streptomyces CRISPR toolbox.
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Importance

Rapid, efficient genetic engineering of Streptomyces strains is critical for genome
mining of novel natural products (NPs) as well as strain improvement. Here, a novel
and high-efficiency Streptomyces genome editing tool is established based on the Fn
CRISPR-Cpfl system, which is an attractive and powerful alternative to the Sp
CRISPR-Cas9 system due to its unique features. When combined with HDR or NHEJ,
FnCpfl enables the creation of gene(s) deletion with high efficiency. Furthermore, a
ddCpfl-based integrative CRISPRI platform is established for simple, multiplex
transcriptional repression. Of importance, FnCpfl-based genome editing proves to be
a highly efficient tool for genetic modification of some important industrial
Streptomyces strains (e.g. S. hygroscopicus SIPI-KF) that cannot utilize the Sp
CRISPR-Cas9 system. We expect the CRISPR-Cpf1l assisted genome editing tool to
accelerate discovery and development of pharmaceutically active NPs in Streptomyces

as well as other actinomycetes.

Keywords
Streptomyces, CRISPR, FnCpfl, genome editing, multiplex repression
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Introduction

Streptomyces species, as Gram-positive and high G+C% soil actinomycetes, have
evolved to produce a large number of important bioactive natural products, such as
insecticides, immunosuppressors and antitumor agents (1-3). Recent large-scale
bacterial genome sequencing analysis has revealed that ~90% of secondary metabolite
biosynthetic gene clusters (BGCs) in streptomycetes are silent or cryptic under
laboratory conditions and are thus regarded as a treasure for the discovery of novel
drug leads (4-6). Convenient and efficient Streptomyces genetic engineering will
significantly advance functional genomic research, genome mining of bioactive
compounds as well as strain improvement (7-10).

CRISPR-Cas system is a widely distributed adaptive immunity against invading
mobile genetic elements in archaea and bacteria (11-14). Class 2 CRISPR-Cas system,
consisting of a single multi-domain effector paired with guide RNA, has been
developed as a powerful genome editing tool for a broad spectrum of organisms due
to its simplicity and versatility (15-17). As a kind of fast and high-throughput genome
editing tools, CRSIPR-based systems have been widely employed for fundamental
research and development of advanced cell factories in the microbial systems, such as
Escherichia coli, Saccharomyces cerevisiae and Streptomyces (18-21). Previous
studies have demonstrated that Streptococcus pyogenes (Sp) CRISPR-Cas9 system
can be utilized for high-efficiency multiplex genome editing by homologous
recombination (HR) or non-homologous end joining (NHEJ)-mediated double-strand

breaks (DSBs) repair and reversible transcriptional gene expression in multiple model
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and industrial Streptomyces species (22-27). However, SpCas9-based DNA editing has

some shortcomings to be addressed. For instance, a G-rich protospacer-adjacent motif

(PAM) sequence (5'-NGG-3') is required for SpCas9 to recognize a target site (28, 29).

Although this PAM is rather frequently distributed across the Streptomyces genomes
(GC content >70%, ca. 260 unique genomic targets per 1000 bp, which is the average
size of S. coelicolor genes, Table S1), it is not always available in the desired loci,
particularly in AT-rich regions. Furthermore, complex plasmid construction for
independent expression of multiple single guide RNAs (sgRNA) in the
SpCas9-mediated editing system is not convenient for multiplex genome editing and
transcriptional regulation. Notably, our earlier study indicated that the SpCas9-based
editing plasmid did not work in several industrial Streptomyces, such as the
5-oxomilbemycin-producing strain Streptomyces hygroscopicus SIPI-KF. Similar
phenomenon has also been observed in Corynebacterium glutamicum, where that the
native SpCas9 cannot be constitutively expressed due to its toxicity in the recipient
cells (30, 31). These limitations of SpCas9-based editing tool propel us to explore a
novel, alternative CRISPR-Cas system for high-efficiency genetic engineering of
Streptomyces species.

Cpfl (also known as Casl2a), a new class 2 type V CRISPR-Cas RNA-guided
endonuclease, was recently identified to possess efficient genomic DNA cleavage
activity in bacteria, plant and mammalian cells (32-35). Three Cpfl-family proteins,
including FnCpfl from Francisella novicida, AsCpfl from Acidaminococcus sp.

BV3L6 and LbCpfl from Lachnospiraceae bacterium, have been studied most
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intensively (34-36). Over the past two years, Cpfl has been rapidly developed as a
powerful genome editing tool in many organisms due to its unique features distinct
from SpCas?9:

i. Cpfl recognizes T-rich PAM sequences, i.e., 5-TTTV-3' for AsCpfl/LbCpfl
and 5'-TTV-3’ for FnCpfl (V=A/G/C) (34). This feature can expand the genomic
DNA scope that can be targeted. In addition, studies have demonstrated that Cpfl
could provide higher levels of target specificity than SpCas9 in mammalian cells (37,
38). These results suggest that Cpfl may be an attractive alternative tool for genetic
modification of actinomycetal genomes (particularly AT-rich regions).

ii. Cpfl is guided by a single CRISPR RNA (crRNA) without trans-activating
crRNA (tracrRNA) and harbors a distinct RNase activity for pre-crRNA processing
(35, 39, 40). Additionally, the Cpfl crRNA (19 nt direct repeat and 23-25 nt spacer) is
shorter than that of SpCas9 chimeric sgRNA by ~60 nt (40). These advantages of
Cpfl make it easy to perform multiplex genome editing and transcriptional regulation
by only using a single, customized crRNA array. Recently, the CRISPR-Cpfl system
was used to simultaneously edit up to four genes by NHEJ repair in rice and
mammalian cells (35, 41). Furthermore, a DNase-deactivated Cpfl (ddCpfl) paired
with a single crRNA array was also employed for inducible transcriptional activation
of up to three genes in human cells and multiplex gene repression of up to four genes
in E. coli (42, 43).

Thus far, Cpfl-mediated genome editing has been demonstrated in a few bacteria,

including E. coli, C. glutamicum, Cyanobacteria, Yersinia pestis, and Mycobacterium
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smegmatis (31, 33, 44). The goal of the present study was to develop a high-efficiency
CRISPR-Cpfl system for genome editing as well as multiplex gene repression in the
industrial important microbe, Streptomyces. First, we established an all-in-one
FnCpfl-based plasmid for targeted genomic DNA cleavage (Fig. 1A). It should be
noted that AsCpfl/LbCpfl were not chosen for genome editing of Streptomyces due to
their excessively low PAM occurrence frequencies compared to FnCpfl (Table S1).
Second, FnCpfl-assisted editing system was developed for precise single or double
genes deletions by homology-directed repair (HDR) and random sized deletions of
target genes by the reconstituting NHEJ system (Fig. 1B). Third, a ddCpfl-based
integrative CRISPR interference (CRISPRI) system was also designed for robust and
multiplex gene expression control (Fig. 1B). Finally, we demonstrated that
FnCpfl-mediated editing system is an alternative and powerful tool for industrial

Streptomyces strains, in which the Sp CRISPR-Cas9 system does not work well.

Materials and Methods

Strains, plasmids and growth conditions

The strains and plasmids used in this study are listed in Table S2. S. coelicolor M145
and its derivatives were grown on MS medium (g/L, soybean flour 20, mannitol 20,
and agar 20) for spore preparation and intergeneric conjugal transfer (45). Medium
MS was also used for spore preparations of Streptomyces albus J1074, Streptomyces
venezuelae ATCC10712 and Streptomyces avermitilis NRRL8165. Medium RP (g/L,

tryptone 5, yeast extract 5, valine 0.5, NaCl 2, KH,PO,40.5, MgSO,-7H,0 1 and agar
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20, pH 6.4), YMD (g/L, malt extract 10, yeast extract 4, glucose 4 and agar 20), MB
(g/L, sucrose 4, skim milk 1, yeast extract 2, malt extract 5 and agar 20, pH 7.0-7.2)
and Isp4 (g/L, starch 10, tryptone 1, yeast extract 0.5, NaCl 1, (NH4),SO, 2, K;HPO,
1, CaCOg; 2, agar 20, and trace element solution 1 mL, pH 7.0) were used for spore
preparations of  Streptomyces pristinaespiralis HCCB10218, Streptomyces
roseosporus SIPI-DT51, Streptomyces hygroscopicus SIPI-KF and Streptomyces
verticillus SIPI-BL, respectively. When the CRISPR-Cas9 or CRISPR-Cpfl genome
editing tool was employed, M-Isp4 medium (g/L, soybean flour 5, mannitol 5, starch
5, tryptone 2, yeast extract 1, NaCl 1, (NH,4),SO, 2, K;HPO, 1, CaCOs 2, agar 20, and
trace element solution 1 mL, pH 7.0-7.2) with 10 mM or 60 mM MgClI, was used for
conjugal transfer between E. coli and Streptomyces. S. coelicolor and S.
hygroscopicus cultures grown in liquid MB and YEME medium (g/L, yeast extract 3,
peptone, 5, malt extract 3, glucose 10, sucrose 340 and MgSO4.7H,O 1.24),
respectively, were harvested for total DNA isolation (45). All Streptomyces strains
were cultivated at 30°C.

Escherichia coli DH5a was used for DNA cloning. E. coli ET12567/pUZ8002 or
S17-1 was used for conjugal transfer from E. coli to Streptomyces. The detailed
conditions of conjugal transfer were listed in Table S3. E. coli strains were grown at
37 °C in Luria-Bertani (LB) medium or on LB agar plates. Antibiotics (50 pg/mL of

ampicillin, apramycin and kanamycin) were added when necessary.

Construction of Cpfl- and ddCpfl-based editing plasmids
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The cpfl gene originating from Francisella novicida U112 was codon-optimized
based on the bias of S. coelicolor M145 (the optimized sequence was listed in
Supplementary material Data 1 and named as scocpfl) and synthesized. Then, the
scocpfl gene was cloned into the plasmid pKCCas9(tipAp) between the EcoR | and
Nde | sites to replace the scocas9 gene (26), which is under the control of the
inducible promoter tipAp, generating the plasmid pKCCpfl(tipAp)-E. Using the
plasmid pAH91kasOp*-cmIR as the template (46), the crRNA scaffold, containing the
strong promoter kasOp* and 19 nt direct repeat, was obtained by PCR amplification
with the primers kasOp*-crRNA-fw/rev. The resulting DNA fragment was
double-digested by Spe | and Xba I, and ligated into pKCCpf1(tipAp)-E to generate
pKCCpfl(tipAp).

Based on pKCCpfl(tipAp), the plasmid pKCCpfl containing the scocpfl gene
driven by the constitutive promoter ermEp* was constructed as follows. The ermEp*
promoter was amplified from pIB139 using the primers ermEp*-fw/rev. The resulting
DNA fragment was recombined into pKCCpf1(tipAp) that was digested by BamH |
and Nde I, generating the plasmid pKCCpf1.

The plasmid pSETddCpfl containing the DNase-dead Cpfl (ddCpfl) encoding
gene was constructed on the basis of the integrative plasmid pSET152 as follows.
Using pKCCpf1 as the template, the upstream and downstream regions (884 and 3356
bp) of the CRISRP/Cpfl expression cassette were obtained by PCR amplification
using the primer pairs ddcpfl-up-fw/ddcpfl-up-E1006A-rev and ddcpfl-down-fw/rev

(the primer ddcpfl-up-E1006A-rev contains the mutational DNA sequence for
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216

generating the point mutation E1006A in FnCpfl), and then ligated together by
overlapping PCR with the primers ddcpfl-up-fw and ddcpfl-down-rev. The resulting
DNA fragment was cloned into the EcoR I/Xba I-digested pSET152 by recombination,
generating the plasmid pSETddCpfl. The E1006A mutation in pSETddCpfl was
confirmed by DNA sequencing.

On the basis of pKCCpfl, the plasmid pKCddCpf1 containing the ddCpfl encoding
gene was constructed as follows. The ddcpfl gene was amplified from pSETddCpfl
by PCR using the primers ddcpfl-fw/rev, followed by double-digestion with EcoR |
and Nde I. Then, the resulting DNA fragment was cloned into pKCCpfl to yield
pKCddCpfl. Similarly, based on pKCCas9(tipAp), the plasmid pKCdCas9(tipAp)
containing the DNase-deficient cas9 (dcas9) encoding gene was constructed. The
dcas9 gene originating from S. pyogenes was codon-optimized based on the bias of S.
coelicolor M145 and synthesized. Then, the dcas9 gene was cloned into
pKCCas9(tipAp) between the EcoR | and Nde | sites to replace the scocas9 gene (26),
thus generating pKCdCas9(tipAp).

Cpfl-based gene editing plasmids and ddCpfl-based CRISPRi plasmids were
constructed by introducing 23 nt gene-specific spacer sequence into the crRNA
scaffold of pKCCpfl and pSETddCpfl, respectively. Briefly, using pKCCpfl as the
template, the crRNA expression cassettes were amplified with the forward primer
5'-CACTAGTN;ATCTACAACAGTAGAAATTTGG-3" (N2s represents the 23 nt
gene-specific spacer sequence) and the reverse primer (crRNA-rev). The PCR product
was digested with Nde | and Spe |, and ligated to Nde 1/Spe I-digested pKCCpf1 and

10
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pSETddCpf1, respectively. Different Cpfl or ddCpfl-based editing plasmids could be
generated simply by just changing the N; region of the forward primer. The primers

used are listed in Table S4 in the supplementary materials.

Construction of pKCCpfl-based NHEJ plasmids

Based on pKCCpfl, a series of recombinant plasmids containing different NHEJ
pathways driven by the strong promoter gadphp or ermEp* were constructed as
follows. The Sda-ligD and Sda-ku genes from Streptomyces daghestanicus under the
control of gadphp were synthesized and cloned into pKCCpfl between Hind Ill and
Spe 1, thus generating pKCCpfl-SdaP. The promoter ermEp* was amplified from
pIB139 using the primers ermEp*-fw (Spe 1) and ermEp*-rev (EcoR V) and then
ligated into pKCCpf1-SdaP to yield the plasmid pKCCpfl-SdaE. The Msm-ligD and

Msm-ku genes from Mycobacterium smegmatis were amplified from the plasmid

pZX09 using the primer pairs Msm-ligD-fw/rev and Msm-ku-fw/rev, respectively (47).

The Msm-ligD and Msm-ku genes were double-digested by EcoR V/Xba | and Xba
I/Hind 1lI, respectively, and ligated simultaneously into pKCCpfl-SdaP or
pKCCpfl-SdaE between EcoR V and Hind Ill to generate pKCCpfl-MsmP or
pKCCpfl-MsmE. Using the Pseudomonas putida genome as the template, the
Ppu-ligD and Ppu-ku genes were amplified using the primer pairs Ppu-ligD-fw/rev
and Ppu-ku-fw/rev. The Ppu-ligD and Ppu-ku genes were double-digested by Spe
I/Xba | and Xba I/Hind 111, respectively, and cloned simultaneously into pKCCpfl
between Spe | and Hind Ill to yield pKCCpfl-Ppu. The promoter gadphp was

11
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amplified from pKCCpfl1-SdaP using the primers gadphp-fw/rev, and then ligated into
pKCCpf1-Ppu between by Spe | and Pme | to yield pKCCpf1-PpuP. Similarly, the
promoter ermEp* was amplified from pIB139 using the primers ermEp*-fw (Spe I)
and ermEp*-rev (Pme 1) and ligated into pKCCpfl-Ppu between Spe | and Pme I,
generating pKCCpf1-PpuE.

To utilize FnCpfl-assisted NHEJ systems for random deletions of redX, actlorfl or
RED biosynthetic gene cluster (BGC), the editing plasmids pKCCpfl-redX,

pKCCpfl-actlorfl and pKCCpfl-RED BGC was first constructed as above by

introducing the gene(s)-specific spacer sequence into the crRNA scaffold of pKCCpf1l.

This design was to check whether crRNAs was capable of efficiently mediating DSBs
at the target loci in Streptomyces. Then, NHEJ-mediated editing plasmids were
constructed as follows. Here, we took pKCCpfl-MsmE-redX as an example to
describe the construction process. In brief, the MsmE expression cassette containing
the Msm-ligD and Msm-ku genes under the control of ermEp* were obtained by
double-digestion of pKCCpfl-MsmE with Hind Il and Spe I, and then ligated into
pKCCpfl-redX to yield pKCCpfl-MsmE-redX. The other five NHEJ-mediated
editing  palsmids, including pKCCpfl-SdaE-redX, @ pKCCpfl-PpuE-redX,
pKCCpfl-MsmE-actlorfl pKCCpfl-SdaE-actlorfl and pKCCpfl-PpuE-actlorfl
were constructed similarly. The primers used are listed in Table S4 in the

supplementary materials.

Construction of the S. coelicolor and S. hygroscopicus mutants

12
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The Aactlorfl, AredX and Aactlorfl-redX mutants with in-frame deletion of actlorfi,
redX and both actlorfl and redX were constructed, respectively, using the
CRISPR-Cpfl-assisted HDR strategy. Here, we took Aactlorfl as an example to
introduce the mutant construction process. Briefly, the upstream and downstream
regions (1019 and 1033 bp) of actlorfl were obtained by PCR using the primer pairs
Del-actlorfl-up-fw/rev and Del-actlorfl-down-fw/rev, respectively. Using the
plasmid pKCCpfl as the template, the crRNA expression cassette containing the
strong promoter kasOp*, 19 nt repeat sequence and 23 nt protospacer sequence
targeting actlorfl, was obtained by PCR amplification with primers
actlorfl-crRNA-fw/rev. Then, three DNA fragments were overlapped together by
PCR using the primers Del-actlorfl-up-fw and actlorfl-crRNA-rev, followed by
double-digestion with Nde | and Spe I. The resulting DNA fragment was ligated into
pKCCpf1l to yield pKCCpfl-actlorfl-HR, which was introduced into the wild-type S.
coelicolor M145 by conjugal transfer. The resulting exoconjugants were subsequently
grown on solid MS medium without apramycin at 37°C for two rounds to remove the
plasmid pKCCpfl-actlorfl-HR. The correct double cross-overs were verified by
colony PCR with the primers ID-actlorfl-fw/rev, yielding the Aactlorfl mutant. The
AredX and Aactlorfl-redX mutants were constructed similarly.

The ARED-BGC mutant with deletion of the ~28 kb RED BGC region between
redX and redG, was constructed by using CRISPR-Cpfl-assisted NHEJ strategy.
Briefly, using the plasmid pKCCpfl as the template, the crRNA array expression
cassette, containing the strong promoter kasOp* and two crRNAs targeting redX
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and redG, respectively, was obtained by PCR amplification with primers
crRNA-RED-BGC-fw and crRNA-rev, followed by double-digestion with Nde |
and Spe I. The resulting DNA fragment was cloned into pKCCpfl to generate
pKCCpfl-RED-BGC. Then, the ligD and ku expression cassette under the control of
ermEp* from pKCCpfl-MsmE by double-digestion with Hind 11l and Spe I, was
ligated into pKCCpfl-RED-BGC to generate pKCCpfl-MsmE-RED-BGC, which
was introduced into the S. coelicolor wild-type strain M145. The resulting strains
were subsequently grown on solid R2YE medium for phenotypic analysis. These
strains, which only produced blue-pigmented actinorhodin (ACT), were cultivated on
MS medium without apramycin at 37°C for two rounds to remove the plasmid
pKCCpfl-MsmE-RED-BGC. The correct strains were verified by colony PCR with
the primers ID-NHEJ-RED-BGC-fw/rev and DNA sequencing, Yielding the
ARED-BGC mutant. The primers used are listed in Table S4.

The ASBI00792 mutant with an in-frame deletion of SBI00792 was constructed on
the basis of the 5-oxomilbemycin-producing strain S. hygroscopicus SIPI-KF, using
the CRISPR-Cpfl-assisted HDR strategy. Briefly, the crRNA expression cassette was
amplified from pKCCpfl using the primers SBI00792-crRNA-fw/rev, and
recombined into pKCCpfl to generate pKCCpfl-SBI00792. Then, the upstream
and downstream regions (2409 and 2470 bp) of SBI00792 were obtained by PCR
amplification using the primer pairs Del-SB100792-up-2.5-fw/Del-SB100792-up-rev
and Del-SB100792-down-fw/Del-SB100792-down-2.5-rev, respectively. Two DNA
fragments were ligated together by overlapping PCR using the primers
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Del-SB100792-up-2.5-fw and Del-SB100792-down-2.5-rev. The resulting DNA
fragment was ligated into pKCCpf1-SB100792 to yield pKCCpf1-SBI00792-HR2.5
by Gibson assembly (48), which was transferred into S. hygroscopicus SIPI-KF. The
resulting strains were subsequently grown on solid MB medium without apramycin at
37°C for two rounds to remove the plasmid pKCCpf1-SBI00792-HR2.5. The correct
double cross-overs were verified by colony PCR with the primers
ID-SB100792-fw/rev, yielding the ASBI00792 mutant.

To confirm the role of SB100792, the complemented strain ASB100792/pIB-00792
was constructed. Briefly, using the S. hygroscopicus SIPI-KF genome as the DNA
template, the gene SBI00792 was obtained by PCR amplification using the primers
Com-SBI100792-fw/rev and double-digested with EcoR | and Nde I. The resulting
DNA fragment was cloned into the EcoR I/Nde I-digested pIB139, thus generating the
plasmid pIB-00792. Then, the plasmid pIB-00792 was introduced into the ASB100792
mutant, yielding the complemented strain ASBI00792/pIB-00792. As controls, two
strains, SIPI-KF/pIB139 and ASBI00792/pIB139 were constructed by introducing the
empty vector pIB139 into S. hygroscopicus SIPI-KF and the ASBIO0792 mutant,

respectively. The primers used are listed in Table S4 in the supplementary materials.

Fermentation of S. hygroscopicus and HPLC analysis of 5-oxomilbemycin A3/A4
production

For 5-oxomilbemycin A3/A4 production, S. hygroscopicus strains were first grown on
solid MB medium at 30 °C for 6-7 days and then inoculated into 25 mL seed medium

15
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(g/L, sucrose 20, meat peptone 2.5, yeast extract 5 and K;HPO,4 0.1, pH 7.2) in 250
mL Erlenmeyer flasks on an orbital shaker (240 rpm). After incubation at 28 °C for
24-28 h, 1 mL of pre-culture was inoculated into 25 mL of fermentation medium (g/L,
sucrose 120, cotton seed meal 5, soybean flour 5, K;HPO, 0.5, FeSO,4-7H,0 0.1
ZnS0O47H,0 0.01, CuSO4+7H,0 0.05 and CaCOs; 3) in 250 mL Erlenmeyer flasks.
The pH of fermentation medium was adjusted to 7.2 prior to CaCOj3 addition.

1 mL fermentation samples were collected at five time points (4, 6, 10, 14 and 16
days) and extracted with the same volume of ethanol for 1-2 h. Subsequently, the
mixtures were centrifuged at 12,000 rpm for 10 min, and the supernatants (ethanol
extracts) were directly analyzed by HPLC (1100 series, Agilent) using a 4.6x150 mm
Hypersil C18 column (Agilent). For HPLC detection, a mixture of acetonitrile/H,0
(73:27, viv) was used as the mobile phase, with a flow rate of 1.2 mL/min and
retention time of 14 min of 5-oximilbemycin A3 and 20 min of 5-oximilbemycin A4.

The eluates were monitored at 240 nm, and the column temperature was 30 °C.

RNA preparation and quantitative real-time RT-PCR (RT-gPCR)

RNA preparation and RT-gPCR analysis were performed as previously described (49).
The primers used are listed in Table S4. S. coelicolor strains were grown on R2YE
covered with sterilized plastic cellophane. Cultures were harvested for RNA
preparation at different time points (24, 48 and 72 h). RT-qgPCR analysis was
performed in the MyiQ2 two-color real-time PCR detection system (Bio-Rad, USA)
by using iQ™ SYBR Green Supermix (Bio-Rad, USA). The reactions were
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conducted in triplicate for each transcript and repeated with three independent
samples. The hrdB gene (SC0O5820, encoding the principal sigma factor) was used as
an internal control. The relative expression levels of tested genes were normalized to
those of hrdB. The relative fold-changes in the transcription of each gene were

2 -AACt

determined using the method (50). Error bars indicate the standard deviations

from three independent biological replicates.

Results

Design and functionality of an all-in-one FnCpfl-editing system in Streptomyces
To develop a FnCpfl-mediated genome editing tool in Streptomyces, an all-in-one
CRISPR-Cpfl editing plasmid, pKCCpfl(tipAp), in which the expression of the
codon-optimized scocpfl gene and target-specific crRNA were driven by the
inducible promoter tipAp and the strong promoter kasOp* (51), respectively, was
constructed. The editing plasmid pKCCpf1(tipAp) harboring the temperature-sensitive
replicon pSG5, could be quickly eliminated when the edited strains were cultivated at
37°C (45). This feature would significantly facilitate FnCpfl-assisted iterative
genome editing. To confirm that FnCpfl was functional, we constructed the editing
plasmid pKCCpfl(tipAp)-actlorfl, which specifically targeted the actlorfl gene from
the biosynthetic pathway of the blue-colored antibiotic actinorhobin (ACT) in the
model strain S. coelicolor. It should be noted that a 5-TTC-3' PAM sequence in
actlorfl was chosen to test FnCpfl-mediated genome cleavage activity. As a positive
control, SpCas9-derived editing plasmid pKCCas9(tipAp)-actlorfl was also
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constructed. Then, five plasmids, namely, the control plasmid pKC1139,
pKCCas9(tipAp)  (without  target-specific  sgRNA  expression  cassette),

pKCCas9(tipAp)-actlorfl, pKCCpfl(tipAp) (without target-specific crRNA

expression cassette) and pKCCpfl(tipAp)-actlorfl were introduced individually into S.

coelicolor by conjugal transfer. It was observed that introduction of
pKCCas9(tipAp)-actlorfl into M145 caused a 99.6% decrease in exoconjugant
numbers compared to pKCCas9(tipAp). However, only a 41.5% decrease in
exoconjugant numbers was caused when pKCCpfl(tipAp)-actlorfl was introduced
into M145, indicating that the activity of CRISPR-Cpfl system was not enough for
targeted genome cleavage (Fig. 2A). To address this problem, the strong constitutive
promoter ermEp* was used to replace tipAp for FnCpfl expression, thus generating
plasmids pKCCpfl and pKCCpfl-actlorfl. Compared with pKCCpfl, introduction of
pKCCpfl-actlorfl into M145 only generated very few exoconjugants (1243 per
1078 recipient cells), with a nearly 100% Kkilling frequency (Fig. 2A). The results
clearly indicate that FnCpfl expression in S. coelicolor is not toxic and the all-in-one
CRISPR-Cpfl system can efficiently mediate targeted DNA cleavage, which is a
prerequisite for site-directed genetic modification by HDR or NHEJ.

It has been previously reported that FnCpfl could cleave target DNA specifically at
YTV (Y=T/C and V=A/G/C) PAM located on the 5-end of the protospacer (40, 52).
Here, PAM sequence preference of FnCpfl was further checked in S. coelicolor. We
designed six crRNAs targeting 5-TTV-3' or 5-CTV-3' PAM-proceded sequences
located in two genes, actlorfl and actVB. It was observed that all 5-TTV-3’
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PAM-targeted crRNAs could result in significantly reduced exoconjugant formation
with several orders of magnitude, while 5’-CTV-3' PAM-targeted crRNAs only caused
41.1-88.6% decreases in exoconjugant numbers compared with the control plasmid
(Fig. 2B). Furthermore, we found that 86.7-100% of the obtained exoconjugants
produced blue-pigmented ACT (Fig. S1), indicating that most of colonies have not
undergone targeted Cpfl-mediated DNA cleavage. These results revealed that the
5-CTV-3' PAM is capable of mediating DNA interference but not suitable for
high-efficiency genome editing, and 5'-TTV-3' PAM would be the preferable choice
for genetic engineering in Streptomyces.

The mature crRNA of CRISPR-Cpfl system composes of a 19 nt direct repeat and
23-25 nt of spacer sequence (34). It has been demonstrated that to achieve efficient
DNA cleavage in vitro, a minimum of 17 nt of guide sequence is required (34, 53). To
determine the minimum spacer length of crRNA for efficient genomic DNA cleavage
in S. coelicolor, we designed a series of crRNAs with different spacer lengths (16-23
nt), which targeted two different sequences located in actlorfl. The results showed
that FnCpfl required at least 19 nt of spacer sequence to maintain efficient

RNA-guided DNA cleavage activity in S. coelicolor (Fig. 2C and D).

FnCpfl-assisted single gene and double genes deletions by HDR

We firstly validated the CRISPR-Cpfl system in S. coelicolor by in-frame deleting
single or double genes based on homology-directed DSB repair (HDR). Two genes,
actlorfl and redX from the biosynthetic pathways of the blue-colored antibiotic ACT

19

S3ION3IDS V21907019 Y04 STLNLILSNI IVHONVHS AQ 8102 ‘T 1snbny uo /610" wse wae//:dny woly papeojumod


http://aem.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Microbiology

Microbiology

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

and the red-pigmented antibiotic prodiginines (RED), respectively, were chosen for
deletion trials. Three editing plasmids, including pKCCpfl-actlorfl-HR (targeting
actlorfl only), pKCCpfl-redX-HR (targeting redX only) and
pKCCpfl-actlorfl-redX-HR (targeting both actlorfl and redX), were constructed and
introduced individually into M145 by conjugal transfer. The lengths of homolog arms
(HA) used for actlorfl and redX deletion were 1017/1033 bp and 1019/1033 bp
(up/downstream), respectively. The experiments were repeated twice. The
exoconjugants for actlorfl, redX and actlorfl-redX deletions were 5445, 41+6 and
23+4, respectively. Then, 10 colonies were randomly picked to determine the editing
efficiency by PCR analysis for each trial, and the experiments were repeated twice. As
shown in Fig. 3A and B, the deletion rates of actlorfl and redX were 95%
(10/10+9/10) and 90% (10/10+8/10), respectively. The efficiency of simultaneous
deletion of both genes also reached up to 75% (8/10+7/10). As expected, visual
analysis on agar plates showed that disruption of actlorfl resulted in complete loss of
blue pigment (ACT) formation, while deletion of redX led to loss of red color (RED)
production. The mutant with simultaneous deletion of both genes does not produce
ACT and RED any more (Fig. 3C). It could be therefore concluded that similar to the
Sp CRISPR-Cas9 system, the Fn CRISPR-Cpfl system is capable of HDR-dependent

multiplex genome engineering in S. coelicolor.

FnCpfl-assisted random sized deletion by the reconstituted NHEJ system
The repair of endonuclease-induced DSBs by the NHEJ pathway can give rise to
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small insertions and deletions (indels) in genomes, which thus lead to inactivation of
target genes (54-56). Compared to HDR-dependent genome editing that requires two
homologous arms as the template for DSBs repair, template-free NHEJ repair is
imprecise but more convenient. Unfortunately, most streptomycetes lack complete
NHEJ pathway, which composes of a DNA ligase D (LigD) and its cognate Ku
protein. Here, three different NHEJ systems from Mycobacterium smegmatis,

Streptomyces daghestanicus and Pseudomonas putida, named as Msm-LK, Sda-LK

and Ppu-LK, respectively, were selected to promote FnCpfl-induced DSBs repair in S.

coelicolor. The reasons why we selected the three NHEJ pathways were as follows.
First, Msm-LK exhibited higher DSBs repair activity than other two NHEJ systems
from M. tuberculosis and Bacillus subtilis in E. coli (47). Second, Sda-LK is the only
known NHEJ system of Streptomyces origin (NCBI GenPept ID of ligD and ku are
WP_086839147.1 and WP_086839677.1, respectively). Finally, Ppu-LK possesses
different NHEJ repair mechanism from Msm-LK and Sda-LK, and the genome of P.
putida has a high G+C content (61.9%) similar to Streptomyces speices (55). These
features promote Ppu-LK as a considerable alternative for reconstituting complete
NHEJ system in S. coelicolor.

To develop an all-in-one CRISPR-Cpfl editing plasmid containing the
reconstituted NHEJ system, ligD and the cognate ku gene were directly ligated to
pKCCpfl. Two different strong promoters, ermEp* and gadphp (57), were used,
respectively, to drive co-expression of these two genes. As such, six plasmids,
including pKCCpfl-MsmP, pKCCpfl-MsmE, pKCCpfl-SdaP, pKCCpfl-SdaE,
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pKCCpf1-PpuP and pKCCpfl-PpuE, were constructed. As the first step, the toxicity
of foreign NHEJ pathways was tested. It was observed that overexpression of these
three different NHEJ systems under the control of gadphp all resulted in dramatically
decreased formation of exoconjugants. The exoconjugant numbers were reduced by
90.2% to 98.9%, compared with the control (pKCCpf1l). In contrast, expression of the
NHEJ systems drived by ermEp* led to a decrease in exoconjugant numbers by
43.8% to 85.9%, which was acceptable for S. coelicolor genome editing. Additionally,
we noticed that Msm-LK showed the lowest cell toxicity among three tested NHEJ
systems.

Then, redX and actlorfl were chosen for template-free deletion trials. Totally, six
editing plasmids harboring both the NHEJ systems driven by ermEp* and the crRNA
expression cassettes targeting redX or actlorfl, including pKCCpfl-MsmE-redX,
pKCCpfl-SdaE-redX, pKCCpf1l-PpuE-redX, pKCCpfl-MsmE-actlorfl,
pKCCpfl-SdaE-actlorfl, and pKCCpfl-PpuE-actlorfl were constructed. As controls,
pKCCpfl-redX and pKCCpfl-actlorfl with the redX- and actlorfl-targeted crRNA
expression cassettes cloned in pKCCpfl, were also constructed, respectively. We
observed that compared with the controls (pKCCpfl-redX and pKCCpfl-actlorfl)
that no exoconjugants grew out, introduction of these editing plasmids harboring
different NHEJ systems significantly increased exoconjugant numbers (Fig. 4B).
More precisely, the numbers of exoconjugants were increased from 0 to 168+13
(MsmE-LK), 195 & 12 (SdaE-LK) and 180 £ 9 (PpuE-LK) for editing redX.
Meanwhile, the exoconjugant numbers for editing actlorfl were increased from 0 to
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185+ 11 (MsmE-LK), 51+4 (SdaE-LK) and 16 +2 (PpuE-LK). These results
indicated that the three foreign NHEJ systems were functional in S. coelicolor. 15
colonies were randomly picked to determine the editing efficiency by visual analysis
on the R2YE plate for each experiment, and the tests were repeated twice. The results
showed that, the editing efficiencies for disruption of redX (the blue clones, producing
no red-pigmented RED) were 0% (0/15+0/15, PpuE-redX), 33.3% (5/15+5/15,
SdaE-redX) and 50% (7/15+8/15, MsmE-redX), respectively. In contrast, the
efficiencies for inactivation of actlorfl (the red clones, producing no blue-pigmented
ACT) were 20% (3/15+3/15, PpuE-actlorfl), 43.3% (7/15+6/15, SdaE-actlorfl) and
56.7% (9/15+8/15, MsmE-actlorfl) (Fig. 5C and D). To further validate these results,
PCR analysis combined with DNA sequencing was performed and primers were
designed to amplify the ~2800 bp DNA fragments covering the cleavage site of the
MsmE-redX-crRNA. Totally, 15 exoconjugants were selected and tested. As shown in
Fig. 4E, the deletions were precisely located at the target sites, but varied in size (from
409 to 1624 bp). These results clearly demonstrated that Msm-LK, the NHEJ pathway
from M. smegmatis, exhibited the lowest cell toxicity and the highest NHEJ activity
(~50% DSBs repair effciency) in S. coelicolor.

Next, to check whether the combination of CRISPR-Cpfl system and the
reconstituted NHEJ pathway (Msm-LK) could be used to delete large DNA fragments
(eg. the antibiotic biosynthetic pathway) guided by a pair of crRNAs, the RED
biosynthetic gene cluster (BGC) was selected and the editing plasmid
pKCCpfl-MsmE-RED-BGC harboring two crRNA expression cassettes targeting
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redX and redG simultaneously were constructed (Fig. S2A). The plasmid was
introduced into the wild-type strain M145 and then the exoconjugants were selected
on MS agar plate. Visual analysis on R2YE plate showed that 30% (4/15+5/15) of
tested colonies failed to produce the red-pigmented RED (Fig. S2B), indicating the
existence of mutations within the RED BGC. However, further analysis by PCR
amplification and DNA sequencing revealed that only 10% (1/15+2/15) colonies
showed different sizes of deletions in the RED BGC (Fig. S2C). Collectively, these
data presented here demonstrated that FnCpfl-assisted NHEJ system from M.
smegmatis can efficiently mediate random sized deletions of single genes in S.
coelicolor; meanwhile, this system could also be employed for large-size deletions of

secondary metabolites BGCs, but with a relatively low editing efficiency.

ddCpfl-mediated multiplex gene repression using a single crRNA array

A reversible dCas9-based CRISPRi system was previously developed for efficient
gene expression regulation in S. coelicolor (25). However, this system exist two
limitations to be improved. First, the replicative plasmid pKC1139, which was used to
express CRISPR-dCas9 system, may lead to fluctuant transcriptional repression of
target genes due to the plasmid structural and segregational instability (45, 58, 59).
Second, simultaneous repression of multiple targets with dCas9 is limited by the
time-consuming procedure of the construction of multiple independent-expressed,
large single guide RNAs (sgRNAs) expression cassettes. By contrast, a
DNase-deactivated Cpfl (ddCpfl) harboring the E1006A mutation in the RuvC
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domain of FnCpfl remains pre-crRNA processing but not DNA cleavage activity, and
can process a single customized CRISPR array for simplified, multiplex gene
expression control (42, 43, 60). Additionally, whole-transcriptomic analysis revealed
that ddCpfl-based gene repression showed no significant off-target effects in E.coli
(42). In the present study, we developed a robust, multiplex CRISPRi system with
chromosomal integration expression of ddCpfl and crRNA(s) using the integrative
plasmid pSET152. Again, the redX gene was chosen as a test case. Four crRNAS
targeting the template DNA strand (T strand) and four targeting the non-template
DNA strand (NT strand) in the ORF of redX were designed. Phenotypic and
transcriptional analysis showed that three of four crRNAs targeting the T strand
enabled effective gene repression from 48.2% to 88.3%, and crRNA targeting the site
nearest to the start codon exhibited the highest repression activity (Fig. 5A and B).
The crRNAs targeting the end of T strand or the NT strand showed less effective or
ineffective at all for transcriptional repression (Fig. 5A and B). Overall, these results
indicate that ddCpfl-based CRISPRi system can efficiently mediate repression of
transcription elongation and the repression is more effective when the crRNAs
specifically target the T strand of the target gene, which is just opposite to the data
obtained from the dCas9-based CRISPRi system in S. coelicolor (25).

Subsequently, three genes, including redX, actlorfl and cpkA (from the BGC of
the yellow-pigmented cryptic polyketone (CPK)), were chosen to test
ddCpfl-mediated multiplex gene repression. In prior to multiplex repression, single
gene repression for these three genes was first investigated. Three crRNAs were
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designed for targeting the T strands of the ORFs of redX, actlorfl and cpkA,
respectively, and three corresponding plasmids pSETddCpfl-redX
pSETddCpfl-actlorfl and pSETddCpfl-cpkA were constructed. Phenotypic analysis
showed that individual introduction of three CRISPRi editing plasmids could
significantly reduce the production of the corresponding antibiotics (Fig. 5C).
Furthermore, the transcriptional levels of three target genes in strains with the
corresponding CRISPRI plasmid were repressed by the efficiencies of 82.1-95.2%
(Fig. 5D). Then, two crRNA arrays expressing pre-crRNAs in the orders of
actlorfl-cpkA-redX (array 1) and cpkA-redX-actlorfl (array 2) were constructed using
19 nt direct repeats and 23 nt spacers for multiplex gene repression. It was observed
that production of three pigmented antibiotics (CPK, RED and ACT) and mRNA
levels of their respective biosynthetic genes were significantly decreased in the
engineered strain with the co-expression of array 1 and ddCpfl compared to the
wild-type strain only expressing ddCpf1, with the repression efficiencies of 69.9% for
CpkA, 70.6% for redX and 67.4% for actlorfl (Fig. 5C and D). Interestingly, when
array 2 was used to mediate multiplex gene regulation, the last crRNA unit targeting
actlorfl only resulted in a slight reduction of ACT biosynthesis and it just gave a
repression efficiency of 11.8% at the transcriptional level, indicating an obvious order
effect of actlorfl-targeted crRNA on repression efficiency.

Totally, there are six combination of arrays for three crRNA in different orders. To
systematically explore the effect of the crRNA orders on repression efficiency, the
other four arrays (array 3-6) were also constructed and tested (Fig. S3A). The results
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revealed that, as shown in Fig. S3A and B, similarly as the results obtained from array
1 and 2, the effect of different crRNA orders on repression efficiency was only
observed for the crRNA targeting actlorfl, but not for other two tested crRNAS
targeting cpkA and redX. Transcriptional analysis showed that the highest actlorfl
repression efficiency (76.6%) was observed when its crRNA unit was put immediately
downstream of kasOp* (array 5). However, when the actlorfl-targeted crRNA unit
was put at the middle and last orders in the arrays, they resulted in much lower
repression efficiencies, 37.7% for array 4 (middle) or 51.6% for array 6 (middle) and
17.9% for array 3 (last) (Fig. S3B). Overall, the results presented here clearly
indicated that the crRNA order in arrays might only influence the repression
efficiency of specific genes. Additionally, we noticed that the repression strength of
gene transcription using a crRNA array was lower than those using individual crRNAs
for all of the three tested genes (Fig. 5D and S3B), which might be ascribed to the
insufficient expression quantity of ddCpfl. In our multiplex repression test, ddCpfl
was not only used to process pre-crRNA to the mature crRNA but also simultaneously
target three loci, which was significantly different from the role of ddCpfl in the
single repression test. This reduced repression activity might be addressed by
replacing ermEp* with the stronger promoter kasOp* or its derivatives (51, 61).
Together, these results establish that ddCpfl-based CRISPRi system is a convenient

and powerful tool for efficient repression of multiple genes in S. coelicolor.

Applicability of the Fn CRISPR-Cpf1l system in other Streptomyces species
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To determine whether FnCpfl-assisted genome editing tool is applicable to other
Streptomyces species other than S. coelicolor, as the first step, pKCCpfl was
introduced into seven model or industrial Streptomyces strains, including S. albus
J1074, S. venezuelae ATCC10712, S. avermitilis NRRL8165, S. roseosporus
SIPI-DT51, S. pristinaespiralis HCCB10218, S. hygroscopicus SIPI-KF and S.
verticillus SIPI-BL, for toxicity test of FnCpfl expression. Plasmids pKC1139 and
pKCCas9(tipAp) were used as the controls. The results showed that for four
Streptomyces strains tested, including S. albus J1074, S. venezuelae ATCC10712, S.
avermitilis NRRL8165 and S. roseosporus SIPI-DT51, introduction of both FnCpfl-
and SpCas9-expressing plasmids reduced the numbers of exoconjugants in varying
degrees from 14.4% to 91.7% compared to pKC1139, but there was no obvious
difference in transformation efficiencies between two different CRISPR-Cas systems
(Fig. 6A). However, introduction of pKCCas9(tipAp) could generate 196 =5
exoconjugants, but very few colonies (5=£1) harboring the plasmid pKCCpfl could
be obtained in S. pristinaespiralis HCCB10218. By contrast, introduction of
pKCCpfl into S. hygroscopicus SIPI-KF could generate 204 =9 exoconjugants with
over 100-fold transformation efficiency as that of pKCCas9(tipAp) (Fig. 6A). Finally,
no colonies could be obtained when introducing pKC1139, pKCCas9(tipAp) or
pKCCpfl into S. verticillus SIPI-BL, which should be ascribed to the incompatibility
of temperature-sensitive replicon pSG5 in the recipient cells (Fig. 6A). Notably,
similar results were previously observed in S. verticillus ATCC15003 that
introduction of pKC1139 failed to yield any true exoconjugants (62). Together, these
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results clearly indicated that the two well-known Cas proteins, SpCas9 and FnCpfi,
exhibited different suitability in the tested Streptomyces species.

Subsequently, as an example, the Fn CRISPR-Cpfl system was employed for
HDR-mediated precise genome editing in the 5-oxomilbemycin-producing strain S.
hygroscopicus SIPI-KF, in which Sp CRISPR-Cas9 system did not work well as
described above. Here, we attempted to knock out a TetR-family regulatory gene
SBI00792, which is adjacent to the 5-oxomilbemycin BGC and may therefore be
involved in 5-oxomilbemycin biosynthesis. 1-kb homologous arms (HAs) was first
designed for SB100792 deletion, but no exoconjugants could be obtained (Fig. 6B). So,
lengths of HAs were extended to 1.5-, 2- and 2.5-kb for optimizing DSBs repair
efficiency. As shown in Fig. 6B, along with the extension of HAs length, the
exoconjugant numbers were gradually increased. Notably, the repeated transformation
trials demonstrated that introduction of the plasmid pKCCpf1-SBI00792-HA2.5 with
two 2.5-kb HAs could stably generate more than 20 exoconjugants, which were
enough for screening of positive mutants (Fig. 6B). These results indicated that HA
lengths should be carefully considered for HDR-mediated gene deletion in some
specific Streptomyces species.

Then, 10 colonies were randomly picked for PCR and DNA sequencing analysis,
and this experiment was repeated twice. It was observed that the positive rate for
in-frame deletion of SBI00792 was 85% (8/10+9/10), which was comparable to the
data obtained from S. coelicolor (Fig. 6C). Phenotypic analysis showed that there was
no growth difference between the parental strain SIPI-KF and the SB100792 deletion
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mutant (Fig. S4). Fermentation analysis showed that inactivation of SB100792 resulted
in decreased production of 5-oxomilbemycin A3/A4 (the precursor of milbemycin
oxime) by 99% compared with the parental strain (from 2226 mg/L to 1120 mg/L)
and the complemented strain ASBI00792/pIB-00792 could successfully restore
5-oxomilbemycin production (Fig. 6D). These results suggested that SBI00792 was a
positive regulator for 5-oxomilbemycin biosynthesis, whose detailed regulatory
mechanism required to be further explored. Collectively, we demonstrated that
FnCpfl is capable of HDR-mediated targeted gene disruption in S. hygroscopicus
SIPI-KF and can serve as a useful alternative for genome editing in other

Streptomyces strains that cannot utilize the Sp CRISPR-Cas9 system.

Discussion

In this study, the Fn CRISPR-Cpfl-based genome editing tool (cloned in an all-in-one
plasmid) was successfully established to efficiently cleave Streptomyces genome,
there by promoting high-efficiency HDR- and NHEJ-dependent genetic engineering.
Interestingly, we found that without the addition of inducer, the expression of SpCas9
driven by the inducible promoter tipAp but not of FnCpfl is enough for efficient
genomic DNA cleavage in S. coelicolor, suggesting that high expression levels of
FnCpfl are required for genome editing (26). Guided by previous studies performed
in mammalian cell, crRNA used in this work was designed to contain a 19 nt direct
repeat and a 23 nt spacer proceeded by 5'-TTV-3' PAM (34, 35). Here, we
demonstrated that the PAM sequence could be relaxed from 5-TTV-3' to 5-YTV-3’
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(Y=T/C and V=A/G/C) for DNA cleavage in S. coelicolor. However, 5-CTV-3' PAM
cannot mediate efficient genome editing due to its halfway DNA cleavage activity
compared to 5-TTV-3' PAM. On the other hand, differing from a previous report that
FnCpfl enables complete DSB activity in vitro when paired with 17-25 nt spacer
crRNA (53), our in vivo study revealed that the shortest length of spacers must be 19
nt for efficient genome cleavage. Therefore, the PAM sequence and crRNA spacer
lengths require to be precisely determined in a specific organism before large scale
genome editing are conducted. Additionally, compared to the original crRNA spacer
length (23-25 nt), the truncated spacer could reduce the price of primer synthesis for
expression of a long crRNA array used in multiplex gene editing or expression
regulation.

FnCpfl can induce a site-specific DSB in the genome, which relies on the repair by
homologous recombination or NHEJ. In the present study, high effciencies (75-95%)
of FnCpfl-based system for precise single and double genomic loci editing in the
presence of HDR templates were achieved, which is comparable to SpCas9-assisted
editing system in Streptomyces (26, 27). Therefore, it is reasonable to believe that
FnCpfl-mediated HDR could also be expanded to mediate deletion of large-size
secondary metabolites BGCs (10-100 kb) or precise point mutations, as previously
reported for SpCas9 (26). On the other hand, NHEJ-mediated DSBs repair results in
stochastic indels at the target loci, but this strategy is very simple and convenient due
to no need for homology templates. Here, we demonstrated that, in S. coelicolor,
reconstituted NHEJ systems from actinomycetes, including Msm-LK and Sda-LK,
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exhibited higher DSBs repair activities than that of Ppu-LK from the Gram-negative
bacteria P. putida. FnCpfl combined with Msm-LK could generate large, random
sized deletions in target genes from 0.4 to 1.6 kb. Interestingly, previous studies have
showed that only very short indels (1-3 bp) was introduced by Sp CRISPR-Cas9
combined with N. carenus NHEJ system in S. coelicolor (25). This difference migh be
due to the distinct cleavage mechanisms of these two different class 2 CRISPR-Cas
systems, i.e. SpCas9 generates a PAM-proximal DSB with a blunt end, whereas
FnCpfl creates a PAM-distal DSB with a 5’-overhang (15, 63). Additionally, the
efficiency for the deletion of large-size RED BGC (~28 kb) by FnCpfl-based
Msm-LK system was low (only 10%) in S. coelicolor. However, in E. coli, the
effciencies for deleting 46 kb and 123 kb DNA fragements reached 46% and 36%,
respectively, by combining CRISPR-Cas9 with Msm-LK system (47). Therefore, the
developed FnCpfl-based Msm-LK system in Streptomyes still required to be further
optimized by the approaches, such as fine-tuning the expression of Msm-LK pathway
and introducing other more efficient NHEJ systems.

In addition to FnCpfl-mediated Streptomyces genome editing tool, in this study, a
ddCpfl-based CRISPRIi system was also developed for multiplex gene repression.
Using this novel CRISPRI system, herein we achieved simulteneous repression of
three antibiotic biosynthetic genes at efficiencies of ~70%. Herein, the integrative
plasmid pSET152 instead of the replicative plasmid pKC1139 was employed as the
backbone for the expression of the CRISPRi system, which would theoretically
enhance the stability of ddCpfl-based gene expression control. Additionally, the
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@C31 integration system in pSET152 has a broad host range for Streptomyces species

(64), ensuring that our CRISPRi system can be widely used in the genus Streptomyces.

Similar as the data obtained in E. coli, crRNA recognizing the T strand but not the NT
strand of target genes could achieve efficient ddCpfl-based gene repression in
Streptomyces (42, 65). However, we found that the crRNA order in a single array
obviously influenced repression efficiency for actlorfl involved in ACT biosynthesis
at 72 h after growth, which was not identical to the previously reported in E. coli (42).
We speculated that the effect of different crRNA orders on repression efficiency of
actlorfl transcription might be ascribed to the below three reasons. First, microarray
analysis showed that actlorfl is strongly transcribed at 72 h after growth, but the other
two tested genes redX and cpkA are basically not transcribed at that time (66). Second,
ddCpfl and crRNA array were under the control of the promoters ermEp* and
kasOp*, respectively. Previous studies showed that the mMRNA levels of these two
promoters significantly decreased in the later growth stages (60-96 h) of S. coelicolor
(51). Therefore, the expressional levels of both ddCpfl and crRNA array would be
very low at 72 h, which might be the reason for the strong leakiness in actlorfl
expression. Finally, the low expressional level of ddCpfl might also be insufficient
for completely processing crRNA array, which thus led to the lower level of the
crRNA for targeting actlorfl in the middle or last unit of array compared to that in the
first unit of array. Nevertheless, we believe that ddCpfl-based CRPISRi system can
be broadly applicable to the study of essential genes and complex regulatory network,
as well as quick screening of functional genes in Streptomyces (67).
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Previously, it has been repeatedly reported that no transformant could be obtained
when the constitutive or leaky expression of a native SpCas9 in C. glutamicum (30, 31,
68). The toxic effect of SpCas9 expression could be overcome by three different
strategies. First, the plasmid harboring a codon-optimized cas9 gene based on the bias
of Streptomyces could be effiectively transformed into C. glutamicum due to some
unknown reasons (30). Second, two inducible promoters Ptac and PprpD2 were
utilized to strictly control the expression of the native cas9 gene (68). The strategy
was also employed to overcome the toxicity of constitutive expression of the
nulcease-deactivated SpCas9 (dCas9) in C. glutamicum (69). Finally, Jiang and
coworkers successfully uitilized the Fn CRISPR-Cpfl system to achieve highly
efficient genome editing in C. glutamicum, which skillfully bypassed the fine-tuning
of SpCas9 and sgRNA expression (31). In the present study, we found that no
exoconjugant could be obtained when pKCCas9(tipAp) was introduced into S.
hygroscopicus SIPI-KF possibly due to the leaky expression of the codon-optimized
cas9 under the control of the inducible promoter tipAp. Similarly, the toxic effect was
effectively addressed by replacing SpCas9 with FnCpfl. Alternatively, other inducible
promoters, including tetracycline-, glycerol- and cumate-inducible systems, may be
used to strictly control SpCas9 expression in S. hygroscopicus SIPI-KF (70). In
contrast, the constitutive expression of FnCpfl without a customized crRNA cassette,
resulted in serious cell toxicity in another industrial strain S. pristinaespiralis
HCCB10218 compared to SpCas9. These results suggested that the two well-known
Cas proteins exhibited distinct toxicity effects in several specific Streptomyces strains.
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Notably, bioinformatical analysis showed that there was no any typical SpCas9 or
FnCpfl crRNA sequence in the above two industrial Streptomyces. Therefore, SpCas9
or FnCpfl toxicity is unlikely to be explained due to the Cas endonuclease-mediated
target or off-target DSBs. On the other side, introduction of both dCas9- and

ddCpfl-expressing plasmids reduced the numbers of exoconjugants compared to

pKC1139 in both S. pristinaespiralis HCCB10218 and S. hygroscopicus SIPI-KF, (Fig.

S5). Therefore, we speculated that SpCas9 or FnCpfl may bind tightly to PAMs in the
absence of crRNA, which thus results in different global transcriptional expression
and influences bacterial growth at varying degrees. The general toxic effects of Cas
proteins should be further explored in the future. Nevertheless, from a practical
perspective, FnCpfl provides a useful complement to SpCas9 for high-efficiency
genome editing and multiplex transcriptional regulation in Streptomyces. Diverse
CRISPR toolbox will significantly advance metabolic engineering and natural
products discovery in different kinds of industrial Streptomyces strains as well as

other actinomycetes (9, 22, 71).
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Fig. 1. Overview of FnCpfl-assisted multiplex genome editing and
transcriptional repression in Streptomyces. (A) Design of FnCpfl-mediated genome
editing plasmid. Two strong promoters ermEp* and kasOp* were used to drive the
expression of FnCpfl and crRNA, respectively. (B) Broad applications of
FnCpfl-assisted genome editing and ddCpfl-based gene repression in Streptomyces.
HR, homology arm; HDR, homology-directed repair; NHEJ, non-homologous end

joining; CRISPRI, CRISPR interference.
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Fig. 2. Optimization of FnCpfl-mediated genome editing system for targeted
DNA cleavage in S. coelicolor. (A) Growth of S. coelicolor expressing SpCas9 or
FnCpfl, with or without the combined expression of crRNA targeting actlorfl. The
co-expression of FnCpfl under the control of ermEp* but not tipAp and
target-specific crRNA (pKCCpfl-actlorfl) can efficiently induce DSBs and thus leads
to significantly reduced exoconjugant survival. The plasmids pKC1139 and
pKCCas9(tipAp) were used as the negative controls and pKCCas9(tipAp)-actlorfl as
the positive control. c.f.u. represents colony-forming unit. (B) Effects of different
PAM sequences on FnCpfl cleavage activity. The plasmid pKCCpfl was used as the
control. The bases in bracket represent the PAM sequences. Six PAMs located in two
genes, actlorfl and actVB, were tested. (C, D) Effects of spacer lengths on FnCpfl

cleavage activity. The numbers in bracket represent the spacer lengths.
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Fig. 4. Rapid gene inactivation by the CRISPR/Cpfl system combined with
reconstituted NHEJ pathways in S. coelicolor. (A) Growth of S. coelicolor
expressing FnCpfl with three different reconstituted NHEJ pathways. Based on
pKCCpfl, six editing plasmids containing the reconstituted NHEJ pathways, namely
pKCCpfl-MsmP, pKCCpfl-MsmE, pKCCpfl-SdaP, pKCCpfl-Sdak, pKCCpfl-PpuP,
pKCCpf1-PpuE, were constructed, in which the co-expression of ligD and ku genes
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from M. smegmatis, S. daghestanicus or P. putida was drived by the strong promoter
gadphp or ermEp*. c.f.u. represents colony-forming unit. (B) Effects of
FnCpfl-induced DSBs repair by three different NHEJ pathways on two target loci,
redX and actlorfl. (C, D) Phenotypic analysis of redX or actlorfl inactivation by
FnCpfl combined with the NHEJ systems. The strains with redX inactivation only
produced blue-pigmented ACT on R2YE plates (imaged at 48 h). In contrast, these
strains with actlorfl inactivation only produced red-pigmented RED on R2YE plates
(imaged at 72 h). 15 random exoconjugants were randomly picked for phenotypic
observations and the strain in the top right corner represented the wild-type in each
group. Due to the good data repeatability, we only showed the results of the first
phenotypic analysis. (E) Large random sized deletions in the redX gene caused by

FnCpfl combined with the Msm-NHEJ system.
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Fig. 5. ddCpfl-mediated multiplex gene repression in S. coelicolor. (A, B)
ddCpfl-mediated efficient block of redX transcriptional elongation. crRNAs targeting
the T or NT strand of the redX coding region are illustrated. The phenotypic (A) and
transcriptional analysis (B) were carried out after growth on R2YE agar for 48 h.
Error bars indicate the standard deviations from three independent biological
replicates. (C, D) Multiplex gene repression with ddCpfl and a single customized
crRNA array. Three target genes (cpkA, actlorfl and redX) were selected for
simultaneous repression. The order of crRNAs targeting three genes is designed as
array 1 or array 2. The transcriptional levels of each gene were analyzed in the

engineered strains expressing ddCpfl with individual crRNA or crRNA arrays, and
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the strain only expressing ddCpfl was used as the control. The phenotypic and
transcriptional analysis was carried out for cpkA, redX and actlorfl at 24, 48 and 72 h,

respectively.
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Fig. 6. Applicability of the CRISPR-Cpfl system in multiple model and
industrial Streptomyces. (A) Growth of seven different Streptomyces species only

expressing SpCas9 or FnCpfl. pKC1139 was used as the control. c. f. u. represents

colony-forming unit. SAL: S. albus J1074, SVEN: S. venezuelae ATCC10712, SAV: S.

avermitilis NRRL8165, SRO: S. roseosporus SIPI-DT51, SPR: S. pristinaespiralis
HCCB10218, SHY: S. hygroscopicus SIPI-KF, SVER: S. verticillus SIPI-BL. (B)
Effects of homologous arm lengths on the exoconjugant numbers when deleting
SBI00792 in S. hygroscopicus SIPI-KF. (C) PCR and DNA sequencing analysis of the
SBI00792 deletion mutant (ASBI00792). C and M represent the parental strain KF and
1 kb DNA ladder, respectively. (D) 5-oxomilbemycin A3/A4 production by the
ASBI00792 mutant. Fermentation samples from the three S. hygroscopicus strains,
including SIPI-KF/pIB139, the ASBJ00792 mutant with pIB139 (ASBJ00792/
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