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Rationally engineering actinomycete strains to enhance their production of natural products is of
significant importance. The CRISPR/Cas system, known for its high efficiency, ease of
operation, and excellent targeting precision, has become a vital tool for genetic modification and
functional studies in actinomycetes. This article provides a comprehensive overview and
comparison of various CRISPR/Cas tools for gene editing and expression regulation in
actinomycetes, including DNA double-strand break-based CRISPR/Cas systems, CRISPR
interference systems, CRISPR activation systems, and CRISPR base editing systems. In
addition, this article summarizes the applications of these tools in the biosynthesis of natural
products in actinomycetes. The development and application of the CRISPR/Cas toolkit in
actinomycetes have greatly promoted the research of microbiology and natural products of
actinomycetes.
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B, IF X T HAE R W KRR W E Y &
5 T AR B B L
1 CRISPR/Cas % %t X HAEH
AL
CRISPR/Cas F G Je A% L W) 1) — Tl 3k 17
PERIERGE, | IZAFTE T 29 AT%M 4w kA 21
1 87% 1 vty 40 G SE PR AL 101 322 R 45 3 2o 1L
DNA H 1 J5 [8] B 3 51 468 3i 5L /7 (protospacer
adjacent motif, PAM)f S EAZ g ¥ 1] B 480, M
XA H I Hedk g 3-U, 768 57 05 o AR
difa, 18 EME R — NESME DNA /Eh
B RIRE A A B A SR A, T
1B R AR BEA TR S 1 HIU  CRISPR/Cas
R4 1t Cas # 5 CRISPR RNA (crRNA)
W G YR LA EeR), H crRNA A]
DI AW 2IHE L, 1 Cas 8 1 AT LA
R IERE R N V)15 P X AR DNA #E47P13],
77 A X5 W24 (double-strand break, DSB)!3, 7E
X2 JE, AT DL i dE W IR R i i
(non-homologous end joining, NHEJ)z¥, # [F] &
H 4 &5 (homology directed repair, HDR)i& 4%
&5 77 DSB [IEF 41 DNA, MIfiAAE Tk
(K 1),
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1.1 CasZEH

Cas 75 1 /& CRISPR/Cas & 4 K N eI %
DI . BRI Cas (45 F0 3 BE
CRISPR/Cas ARG A LLsrl 2 KK (Class T Al
Class 1), FfaE—200%]453 R 6 Fl/NEI-VI )
1 33 AN HINOI1S]  Class T RG24 E T
SR OV S A RS R R RO RE , 45 TR I
RIA IV B, 50X, Class T 2T 14
ZUREM R —E I R HETDIRE, B AL,
V B VI B, Class 11 &4l Cas FEHE ST
crRNA AR FHI I HI o Ee, POLEEE
8% B 22 b I R B R G T H, sk Tk
Jife 4% BR F (Streptococcus pyogenes) 1 11 %Y
SpCas9t'®!, Dk K Sk V5 F 5y B VG M #F 1 B A
(Francisella tularensis subsp. novicida) U112 [
V 5 FnCpfl (Cas12a)!', Hij# nl¥]%] DNA 7~
AV B AR I, TS T A R AR . A,
ANE YRk PR CRISPR/Cas £ 4t fir iR W 1
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Mechanisms of CRISPR/Cas9-mediated genome editing and DSB repair.

PAM JFHHA 82255, Hrb 11 #41) SpCas9
P PAM H 5'-NGG-3' (N WA E 1),
T HE S GC BZEXT, HIt S AN H T
LIESE R GC Wb iy 55 D5 20 i
1.2 CRISPR 7|

CRISPR J7 % il # 0 4% H 3 )3 41 (lead
sequence), H & J¥ 4 (interval sequence)Fl[] [
J¥ % (repeat sequence), 5 ZH K HIIE
i, CRISPR %[ J# (CRISPR array). SpCas9 &4t
JE O RNA 5| R BEEMR: Bt fisy
Al DL gl i s B O A B orRNA - Hij A
(pre-crRNA)F1 5 2 B AMICXHT ) e 0% CRISPR
RNA (trans-activating crRNA, tracrRNA), Ffi )5,
1 tractRNA JE 21T, Cas 8 [ FIZ R EE 20 1
pre-crRNA 15 2| 34 crRNAMY ) 4L, Cas
E 4 tracrRNA | crRNA JERUE G4, 4k
TN EE 791 I S BURE S E UR . 7RSI G T
Bk fd, Wkl DT 285N
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Y [R] I g . A BF, tracrRNA A1 crRNA 1] DA
G F KN —4 T RNA (single guide RNA,
sgRNA), SHI#E ML, XA R 5w
M HEZ AT HRER P mE . 5 Cas9
AfAl, Casl2a RGEJEHH— RNA 5| IR
NV 2 %0, 105 crRNA 2 5020 7 75 S5
Jr et B R R
1.3 NHEJ 1 HDR & E#1#l

TE4E E B FE A7 5 5] A DSB 2 35 K 4 4 1
501 45, IR g 0 R 5 A AR T A i
Ve DNA BE &R, Cas KR PN U o
2 MALTREELE A B HNH (FF T 5 4k ) i
RuvC (1E I FE B 0 )k 75 5 DSBP, 24 DNA
RAWT LA, 4] DL & NHEJ 8 HDR &%
K162 DSB. 7EH|f NHEJ @& 2#E1T DNA &
B R FE, DNA YIEI7 5 0T Be 2 R bL & A=/
FAm A BB X FMEE 7 X 7E DNA R4 g Al
EREFOI/EF T, B T 7= A L PR 58 A8 1 r] R
PE, LSRN TT I, M2 R, HDR %
B ILA DNA [R5 5 24 2= U1 EI07 5, g2 1]
W, JE—FE R R B AL, v T
I R B4 RS T g i (1 1)

2 KL&WHH CRISPR/Cas 3
FgmEmERARETELSE

JEF CRISPR/Cas Z 40 )R HIE AT i)
A 114 35 IR o i R Rk A s 1 ELA O A 4 2%,
HI3LF DSB ) CRISPR/Cas &4t . CRISPR T4
Z 4 (CRISPR interference, CRISPRi), CRISPR
4 7% £ 48 (CRISPR activation, CRISPRa) LA &
CRISPR 7 4 % #5 & 45 (CRISPR base editing,
CRISPR/BE) (F 2). ixJLZ& CRISPR/Cas . H.7¢
TAEIREE . RGEME ., SLHIREFIN H 5 b
¥ R .
2.1 #T DSB i CRISPR/Cas &%;

TEF B H ARV EITE R Cas AR,
CRISPR/Cas R G2 AEHL ¥ 550 B IE i DSB, Jf:
Wl 2R HDR B AE Hnfr i b kg v
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PSR L R AR . H R R T Pl
£ & CRISPR/Cas9 ZRZi(E 2A), 1%
pCRISPomyces-1*21 | pCRISPomyces-21*2 |
pKCcas9dO¥ | pCRISPR-Cas9™* | pWHU26531!
A pKECas9-sgRNAII-HAPOZE ;45 /b fef
FHl CRISPR/Casl12a #%:, Wl pKCCpf1®" | pYL-
kasOp*-FnCas12a1®! | pYL-kasOp*-FnCas12a2[**!
S TR EE R G AU S R BN G R R, AR
fiifi CRISPR/Cas i’ fr i HIKZ.Oooht, A4
Cas fRHFRIAME | sgRNA (8 crRNA+tracrRNA)
FIAHE, VUK RIIRE A BB R, Bk
ZHA R HF pSGS A RRUE 245 I
S plI101 DUAH J5 25 () Jikr 25 5 ANk A 4
#.7£ CRISPR/Cas9 R &G¢ P, 5 5 T ALid i cas9
FE S B O S RN S B PR shkik,
FRE s FREARA R ermErp LA SR
1Y tipAp 55 . B& pCRISPomyces- 1221 Fifii 37 &
iA M) tracrRNA F1 CRISPR array 4b, FiR#EF]AY
FLAx CRISPR/Cas9 F Gt 35l FH 41 s 2 F
(i ermE*p. j23119p %F)FK LG ) sgRNA LI
514 Cas9 VI HAr DNA. H THE®GH N
U5 B 4% IR il W] BE JC ¥ A ACHh i TR AR
pre-ctRNA, [H 52 pCRISPomyces-1 )4
ROEREARDD, iR 2 803K35 sgRNA B R GEA] L)
SEILE AL S . A, FERR A R 2L
6,4 £ 7t 14 (Saccharopolyspora  erythraea) i i
P& i) pKECas9-sgRNAII-HA F 43 ih i F AL
sgRINA e [m] $E i) []— {57 o5 114) 5 W6 ke B2 /55 Gt 43K
KB SRR PAM [ Z AR, TR B 3G
CRISPR/Cas 5 ARAEAS [ Ji £k 12 1 b v i) Al
PE, R L FF & T CRISPR/Cas12a &% (K
2B), fluniEHT pSGS & il F ) pKCCpfl1L27A]
pYL-kasOp*-FnCas12a2P¥ 2 5t L K #5747 plJ101
ST ) pYL-kasOp*-FnCas12alP¥ £ 5145, X
A 22 0 03 3L P B A T 4 R R B S A
g RIS casl2a HE R DL K e S
i) crRNA 741 .

h T SR HES 4 , CRISPR/Cas R 45T
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W [R5 8 = AAGE F AL B DNA 341 L
K ) 2 kb BRI P51, 7 LE B ik
] DU R W RN R 50200 1 kb)BY, 8k
M, 76 DSB MKt , NHEJ 1 HDR X
2 RIBRATAETE PR R, WARFER A &1 NHEJ
B RE I, T RE AR 2 m 2 AR i, M
T B ARG M S R e B2 R, — 7 T AT
DL JF & A5 519 CRISPR/Cas9-E 4 il A
(RecA) R Gk & 4= DSB J i) HDR 7%, 2
5 CRISPR/Cas & [H 4 gk iR, 5 —Jr
1T, AT A AR PR A NHET 8 2
K [R] 42 3 m HDR A9 A& A2 A 246, AT S5 B
CRISPR/Cas R Gu1E H AL BORS 1 gm P4 78
CRISPR/Cas % 4t " % & & Wi br 25, W
CodA(sm), AT L3R & g8 e PHAE: ve e i 3R A5
PRGSO LB R BRik =z Ak, AT
5% 2¢ B {# Fl nCas9 (nickase Cas9)fU % Cas9 44
#J pKCnCas9-sgRNA™E - HA® e R 43 1] L) i 2%
KAl CRISPR/Cas RGEFTHE LA a1, $2
PG %, FERESR A A: DSB () [R] i 52 B
A R B R B R ST
2.2 CRISPRi #%t#1 CRISPRa #%;
CRISPRi Z&—FP#|FJC DNA YIHFITE PR
Cas [ F sgRNA & 4 Y BH B T 8 & [ R ik
(95 B, XF SpCas9 A% MR &% # i iF 5 %
B, WideZs HNH Fl RuvC Z5#3(D10A F1
HB40A 278 Al LU A AL TG PEB A 1Y Cas9 A8
1A (deactivated Cas9, dCas9)!'3 iz AR A B SR 4k 2=
T NYIREEYE, HARSREE Y sgRNA TR E &
Y, IEmEshss &2 HAs DNA BB, SEH,
sgRNA A LA HH7E H bR 2 R 5 2+ 80 5+
Ab, 515 dCas9 & I 25 4 B Le X ek, BH
1 RNA R4 #(RNA polymerase, RNAP)ZE it Ab
RHEDIRE, TP F WL R i 5 5 s sisit
sgRNA & HZE G TE A I R N, DL k5% 5%
FEA, DT IR R IR LR ik 1 B A BH(E 2C).
X}F Casl2a, i 7EH: RuvC S5F 34 ik
FRIENL AL S A 5 (DI1TA F1 E1006A)P,
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[ B 0] L3R 15 DNA U0 %) 2 A8 45 76 19 45 &
dCasl12a (J& 2D). 7 CRISPRi fJEmt |, it
W4T S B0E 5 dCas BTN C SRZs 4, AT LU
S BHBE DR 21 R AL e P B SR o TEX AR T
T, dCas9 S EEUE N TR A ER R
SEATERRIL R B, JE4R5E RNAP DL
TG LS, DA S L DR 1) e AP 2E).

TR, EREAY CRISPRI RELALEE
#ik dCas12a Y pSETddCpfl, f& ®C31 #
S RS T TOR 5 I 2R 5 8 o 41
8 F ermE* p fil kasO* p 437l % ik dCas12a FlEf
) crRNA array, A DAH T FIRZ 5 AY
FakP, HAh, W ILI CRISPRI RSk A Fik
dCas9 % 1) pCRISPR-dCas9**Fll pKE-dCas9-
sgRNAMO - P i iR A8 pSGS & il -+ Y ii
BRIFRL, fE CRISPRiI &4, WIMR dCas &
FI 263k A SRR sh PR sl , 76 S0k R 258k
i, ZRGext T #03L H ) Fe ak P DR RS AR 1Y)
WA I R 4- 5 N R R
(cumate) A1 T RS RG KRR dCas H
R Io, UMETE SR CRISPRI R4t
A ST R SRR R R R TR, R
AN LR B B MR R Y S BT R T g I R
CRISPRi RGeIHFEAt FRS ks, ¥ dCas &HH
HEAERGS WA FRE, AR E sk
A, YEsREL eI R, DA EE CRISPRa &40, 7£
R TR 2 N B P B 25 T (Streptomyces venezuel ae)
i, WFSE A BT RNAP (8 o W3E N g
(aNTD). o W.IELL K455 # 1 RbpA X 3 FlR
] 1 2 TG AL 2 A3k, e 2 & B oNTD 5 dCas9
1) C YA 1Y CRISPRa Z 48 ] LR SE 26
A5 L DR K 1 8 AR T R DR A 1 B 1430
2.3 CRISPR/BE &%

H T CRISPR/Cas RSTEMELFE—M S
774 DSB, BIC R BRI, B
AR AR DNA BRI TE K A RS BURG
WESWAR . M4 H , CRISPR/BE R45 L rtk
DSB, HAG B A 4 M 52 PE T s i S A%
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A E Activation &> RNA
domain polymerase
Cas9
seRNA dCas9 @
sgRNA
Promoter
—
/' mRNA
PAM i
PAM
CRISPR/Cas9 system CRISPR activation
F .
o ¢ nCas9/dCas9
G A sgRNA
rAPOBECI1 UGI
CRISPR/Casl2a system Cytosine base editor (BE)
C RNA G
ﬁlymerasc
dCas9
SgRNA O 9 nCas9/dCas9
- G A sgRNA
1 ||| | | |Targetgene
g<:||“||||“>>>PAM P
PmCDAI
dCas9-based CRISPR interference Cytosine base editor (Target-AlD)
D RNA H
)ﬁolymerase A G nCas9/dCas9
1l C sgRNA
> ? crRNA dCasl12a
i Target gene
i ||| ||| Targetgen T
PAM
Ta er
dCasl2a-based CRISPR interference Adenine base editor

2 HEEH AR CRISPR/Cas TEMMESXFMIEFRE  A:CRISPR/Cas9 R4 ;B: CRISPR/Casl2a
FYt; C: KT dCas9 19 CRISPR THLRZ; D: M T dCasl2a (i CRISPR T#HHR%; E: CRISPR #iE &
%i; F: BE 5RUMENEMILm A ; G: Target-AID AL H: IRNES HEILSH 25 .

Figure 2 Construction and functional mechanisms of diverse CRISPR/Cas tools in actinomycetes. A:
CRISPR/Cas9 system; B: CRISPR/Casl2a system; C: dCas9-based CRISPR interference system; D:

dCasl2a-based CRISPR interference system; E: CRISPR activation system; F: Cytosine base editor (BE
type); G: Cytosine base editor (Target-AID type); H: Adenine base editor.
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If H, 2 RS CT A DNA Bt mT 7E 405
B SEIRG HESm R, PIFE 5-7 nt MmN
SEPRAE S 0] DA A S DR R A
2L Bl iU RR I % . CRISPR/BE fff
FHAZ IR WAt AL 15 ME BB 1Y Cas 8211, 151140 dCas9
(D10A F1 H840A)z} nCas9 (nickase Cas9, D10A
5, H840A), ARVFTEAE DSB mIHHL T 47
iR, BE A4k 2 R R BERAL. 5 1 Fp 2
Jitg w5 mE m KL g 45 4% “Y(cytosine base editors,
CBE), ©¥ C-G fFEXTE1bR T-A WX,
CBE 1) g 5% W 2 0 i s g Jd 280 55 dCas9 1§,
nCas9 H[flG, S HEMTE sgRNA K55
T, XFHEAL A DNA S SE IR 7B 28 SO, K i
WENEAZ AT C AL BURMENER T U, &7 1 IRE
TG (A5 U A8 Syl B s e A% 1T T8 2F
2G); H5 2 P MR RIS 4 45 2% (adenine base
editors, ABE), ¥ A-T BlILFA K G-C Hii
%} . ABE i I 1 I 2 i 5 nCas9 & 1Rl A 4L,
A A E R T-A Sk T, 2 JeiX—4%
k9 DNA B FE RIFLEHR IR C-G
AL XS O8] 2H)

HAl, TEm 4GB R CBE 438 BE &
%t (U CRISPR-cBEST), ) & Target-AID Z 4 (4N
dCas9-CDA-ULsy), & 0T pSGS i R
R B LR SR R R, HLLLS S
Je 2l tipAp 9K 2 il 15 24 B RS SR R Rk
DL W S 37 3 sgRNA 193235, 7€ BE &
girp, REURE B M I 28 rAPOBECI |
nCas9 Y, dCas9 LA bR W We i 5L AL g4 i 5 5
(uracil glycosylase inhibitor, UGDH)"*g@l & &k K
rAPOBEC1-nCas9-UGI (BE3)z}, rAPOBEC1-dCas9-
UGI (BE2)45#4) (K] 2F), T Target-AID Z 4t W &l
R iE dCas9 . L 68 S I (Y M 11 i 2 iy
PmCDAL . UGI Fl4& 1 FT F% fi#% o5 25 (LVA #r
SEY4T481 (18] 2G), H. dCas9 {7 F PmCDA1 %[
f) N %5 H T BE Fll Target-AID % % A 45 4
Z5, ENMSEE WA AR, mEHa
297 nt MgmERE 1, 5 & 00 g 1 Rg /)N,
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N5t FE CRISPR-cBEST (AL |31k
B Csy4, J&T Csy4 il L. sgRNA array Aty
HEK) A0 IR 2 5 22 48 CRISPR-mceBEST, 7]
SEERL 9 AN LA AN s 1 [R) B g T, L g i TR
AN TR 4 TR T AR HP 1) G e 0038 P BR AR TE 25 57
175 5 4% 4% 75 T (Streptomyces lividans) 66 Hid
1d 5 S RNA 5 WA TR PR PN T i g o Ak
fitt UDG (335, FIHE 1Y asRNA-BE g 45 7] LA
A RSB = B I G 5RO

AN, TEMRZKE P IT AT ABE, W
CRISPR-aBESTP!, 7EX —R G, LI =Eif
k.14 K % FF 1 (Escherichia coli) U 1 i 1 it
AW ecTadA £ K 5 {8 5% 75 I8 (Streptomyces
coelicolor) A3(2Q)% M FHifk )55 nCas9 il & 3
i, HliBESAS 7 tipAp #5001, gmiasedifa
29 6 nt By g7 1101,

3 CRISPR/Cas # [ %% fuk
R T B4R A R R
3.1 ET DSBAYCRISPR/Cas &G EH
E B ¥ ERGE S BN A

CRISPR/Cas F 4 /&3 A J1 1 5L H 48 1
H, nJAE R LR A TP S B R . IR S
DRI 5% ) B B AR 46 . CRISPR/Cas 22 48 16 BL N i
B T B0 R e 2 1Y . 2015 48, X B R AT BA
UK CRISPR/Cas £ ARSI AFIBEE R H, F
FHl CRISPR/Cas9 R%AE S lividans, &%) (55 5
% (Streptomyces viridochromogenes) . [ {455 7
B (Streptomyces albus)ix 3 FfiAS [ (1) 4 8% B %
ST 20 bp = 31 kb AR DNA F B
Ei , Hod vt 31 kb #9 red Ji PRI B E R SCR T
ik 100%*%, Tong 2541 F| ] CRISPR/Cas9 %
Siwi% T S coelicolor A3(2)E#k 1% actl-orfl
H1 actVB FE[H, AT AN BHIBT T R SR 4T R 1Y)
WG . 2016 4F, Wolf % PIERR A i e i
i 2k i (Actinoplanes sp.) SE50/110 )i ]
CRISPR/Cas9 R %K1 T I 2 MR g 5L K melC2,
ALY T SRR A A . 2017 4, KA
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S BAF] ] CRISPR/Cas9 % 55 7r to, 2L ik 75
(Streptomyces rimosus) -FHEAT T L X, Z AL
RARVL R SER bR, IR T zwf2 1 devB Jit
ik, ffaikfs = miTt 36.8% M+ H XM
FERAERR, 2018 4, FERAEIAIBAFIFH CRISPR/
Casl2a Z4AE S coelicolor H1[a]lt 2% T ACT
WA actl-orfl JLH A RED i H 1Y) redX
FEDR, o DR T AR AN T A 0 B R
BARMA AR T —HIER IR, 2020 4,
2% 7k SR P B\ s A i £k A T T ) G I i R R
(Nonomuraea gerenzanensis) il &7 T %S
RIfY) CRISPR/Cas9-RecA Z 4 A It 2 4t i
BrT dbv23 SEH, SEPAERIGARAH LG, AR R
) A40926 P71 M 150 mg/L 427 & 200 mg/LPB,
CRISPR/Cas $EARA T HARKENH | 8% T
12 19 A R 40 7 il 2k B Rt A AR £ 0 S
B, F 7 vk T RATE AR T RS 4 9 S B X 1
FHRH ALk B AR RS e, DAFETET
B TE H AR =g i = B k35K A1 AR
CRISPR/Cas9 Z S TER A HL Lk T 21 (Bl 2 f T
X LR R AR A B R AT T s, A
7 eryBIV il eryAl %K 2 [a] 4 A XL )58 )5 s+
j23119p-kasOp #& = T A=W & i Jk IR iy 2R 18 7K
Vo, AT REEMOER"ERE T
58.3%M40 5L H, F AR A AAE LT (b 2 A i
W4T T AT CRISPR/Cas9 WY R sh 7 T2, iat
TELL R R EW A SRR 4 A0S0 5 A
ANFSREE A RS 301, SEE T AR W B S 1 g
ML R SR 1 ek, M T TR
[ RAR=% N OPe (Rl
3.2 ET DSBHICRISPR/Cas R4 EH
s PERERI N A
BRI A W A s, DLSEEL
HAEMAEY PR REM A RIERE, SR
SR PRI ST RN & BRI EE LS W {5 ) CRISPR/Cas
F G0 ] LATE S DR AT R A ARG 6 D0 B
P, — SO BL DR v B S R R BEATUBCR: R e il
RN T R, BRI ORI A A
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S DRI 75 D R S L S 3R iR 0L TR R A
Flo B, BT CRISPR/Cas LR v EH A
TE U0 BRI DR 7 9 K H A 3 DR D REAF 9% 7 TR &
PEHEHEEVEM . INTFHERBIBAF CRISPR/Cas9
SRR IR R RGEME S, H TR R
SR A R R 5 A B vk, IR AR
A 5 AN PN i i 5 T (Streptomyces  thiol actonus)
NRRL 15439 FIF 41 /)N B4 & (Micromonospor a
inyoensis) DSM 46123 11— 5[ T 27.4 kb
(i) Ti3010 FERFEFK: 40.7 kb ) sisomicin FE K
W, I SEEL T e SRR I HIES T stuR
FLPIXS Tu3010 B9 A= ¥-6 BURA IERELE RO,
Genilloud [AIBAF 2T CRISPR/Cas9 [ CATCH
FeRF AR T AT AT BE 25 1A A] A] I A (Streptomyces
cacaoi subsp. cacaoi) CA-170360 & k5 Y
cpp FE A%, FFUESE TR BN & 2 AL )
NRPS JE K H 71 53 7 P 9 & 7

Ah, FEF CRISPR/Cas [JFEN va A
AR R ML B I T I KRR kB, X
RS BA 45 4 CRISPR/Cas12a %k Rl 4 #8144 14
Cre-lox 41, JF& T CAPTURE #AK, B
LR ZEHIFT B el T 47 MK EEAE 10-113 kb
Z IR A A BRI, 20T 100%; XL
Jik [R5 7 B 2 5% 25 1 (Streptomyces  aver mitilis)
SUKA17 15 F WP Y T8 7 A2 1 15 Flogi#it i
KARy, Hodr 6 P2 HAT RRik 130 B 42 45
WH SRR ZRIEKMEEY, AN MLER
(bipentaromycins) A-FIP® [R#£:%F CRISPR/
Casl2a R4, W= #E A AFF & T CAT-FISHING
HoR, BNvERE T 240w R IR A Y6
R, K RKME 145 kb; M/NRIEE
(Micromonospora sp.) 181 1 B £ 7oA 110 kb
SR A ) A= ) B DR A e e TR 7 v ) R
EERIK, IEAT 1 ADHER RIS N B
EW L B R A (marinolactam A)P%,
3.3 CRISPRi/CRISPRa RZEMLE
EFFRZBIEFEHONA

=4 DSB ) CRISPR/Cas H AR,
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CRISPRi fil CRISPRa FR FANAE H A 5 [H 1) 4% 5%
K LTI, AEIBORLEERNA L E
DNA 7K F R A A . CRISPRi F AR %
Jof 80 PR R K- N R s T ER AR BI R
X FICk AL R AT L, CRISPRI 244t
T A R R A R R 3R R SR A Y B IR
RERFBL. Hur, 3T dCas9 /) CRISPRI R4
TERER P B & B2 N FHSE6 . 2015 47,

Tong 2249 YT & 2 T IR 0% FORE () CRISPRi
Z4:, A[LIAE S coelicolor B #k P AT 3t 1
actlORF1 LA [ Rik, BN TR RGEEIHE
2R B YR AR = A - B T TR 124

2020 4F, Z2 LA HRAER AN CRISPRI
F i BRI AR T, E RN N
(Streptomyces rapamycinicus) R B Rk P9 TR P )
BRIV 5 CRISPRI RGEHHATEGS, AT
EQCi &4t v AR Xt 24~ H 2 H T H &
BBV . a3 e pg Ry A
fabH3, cm2 il gItA2 [k, 1] LIFEAZ N
IE A KPS LR B 2 S A&
B, BRI RN R RS T
660% . 2023 4, Wezel I AF| 5 S A AY
CRISPRi %4t CUBIC 7 S. coelicolor B Kk H
W T S5 HiAE A Y actl-orf4 LR DL K AN
HMRIEAS K B A EM whiA, ftsZ 1 ssgB K[,
B IR S 0 2500 T I B T b Az A R
TR Ry elcAst ) 2024 45, figidE A1 BA
1% SR CRISPRI RGN0 FH R T 4L Ak £ 1
wH, FHTAE R LLE R B3 Wik s i
HASFEHAME CoA A M B WA sucC LA 1)
TR, RABERR TLAHERN 7,

AN, HF dCasl2a ) CRISPRiI R 401k A
i — SRR N . 2018 4F, PEERAER A
F F %4 CRISPRI &24i4E S coelicolor [k
OB SR TR X 220 3 DR g SRk B

WIS T8 T 3 A6 BEE DR % v A DG B B A
redX. actl-orfl Fl cpkA )ik K7, [a) AL ffi
AR LT dCasl2a 9 CRISPRI &%E,
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2022 4F 5 v A ATE vK 30 Bt 25 1 (Streptomyces
bingchenggensis) B 4 A AR 2 7 155 HH 52 i oK 2R DT
HZR )7 RN SARP KR T MilR3, Ff
Y T MIIR3 X KR D 2 AR A i3k R DL 2,
T AR 77 B0 Y 115 PKS AR W8 U R 1)
I SREAT A ) R P A O

CRISPRa Z NI n] LU T HAnHE N kK
SRR, DA RO T TR U R A A R
IR ek, DT ™ A B 0 B IR AR ™= 40 -
Chappell HIATE S venezuelae T kR P E 7 T
CRISPRa A, FHFIHNHER FHALER B
WA LR jadd-V BRI TF ORI, R
ST WA S RS, IR TR B bR
() % TR R 31 T AR 28 % B AR =],
3.4 CRISPR/BE AZEMLEIEEZK
=5 EN A

CRISPR/BE #4i A 5| A DSB, Jofg i fmak
U5 DNA AR, BT LA LLFE 3 R P e AR ¢ 1
Bt 1)y AR S R A B [ s o] R a0
iR 1) R 4 fe ) 2 55 28 A8 T A2 B #k . CRISPR/BE
B W T &R TR0, HIE4k
WELA T —LlI N H. 2019 4, Tong %IF
& T CRISPR-cBEST #l CRISPR-aBEST, Jf/i{
i T 2 A48 R AR = 2k v 1) 3 R 4 4
i, Hod e AR 4k B L) B % 1 (Streptomyces
collinus) Tii365 H3LEL T 2 #5 U1 Y kirN F: R iy
I35, UERT T 9% T HAgS2 ey, st
AR TF & T % CRISPy-web2.0, LAz
FH«# 41> CRISPR il CRISPR-BEST Z %11
sgRNA %1192, 2021 4, FIGE AN T BE2
A1 BE3 7£ S lividans 66 ¥k @90, s
o R BB L i 4R % asRNA-BE 25 1 B 5L S
R, RS T R R R —
Bk R R YA TP, R[4, PR
TR BATF & T 18 F F i T 1 Target-AID 27
T IL i #s  7E S coelicolor BBk S T w3k
B BT A AR, DL S RUASE i A = A7 ) ] s 2
A%, FFFE Tk #k S rapamycinicus Hid il 51 A



T4 % | CRISPR/Cas % 1R 7015 34 912 T L4875 HO 4 8 0t PR

2 AR T r UK TE T IR R
TS IE N rapS, 2ok TR bR B ER A
BRI T 63.3%,

UEA, Bl 2 4 25 1T DA R 7 3
RN TI AR R, ZIEE a5 A
B ZRAUOCHR Y RIS {H 2 PAM YRG5m0 1
i S5 s 0 255 A 2k D 5 TR A K 1A R
2024 4£, INFIEHRIBAIT & T eSCBE3-NG-Hypa
i i PR G 2, PR R T TR IR

) NGN PAM 13 55, X} GC Fimali A GC %
JF A 5 55 R v A ) e RE T RIS R 4l 7K
V- ERIB AR 7E TRk S avermitilis
W, RS AN RRHIC R GENE T olm EF %,
W T B 4k T 2K A W ) S A, DTSR T
HOARMEN , BCINE TREE R PT4E R % Bla ™
FHRTF T 4.45 1594 CRISPR/Cas KE[H 4 Fi 3%
TR VR T ELRE 7R 2R v AR e 1 S 1] I
%1,

1 B PN CRISPR/Cas TEFR K RIS

Table 1 Application examples of CRISPR/Cas tools in actinomycetes

Type Strain Function Effect Reference
CRISPR/ Nonomuraea gerenzanensis sp. ATCC  Gene knockout Increasing A40926 production from [33]

Cas9 39727 150 mg/L to 200 mg/L

system  Streptomyces rimosus ATCC 10970 Gene cluster Increasing oxytetracycline production to [65]

Nonomuraea gerenzanensis
Saccharopolyspora erythraea

Saccharopolyspora erythraea

Streptomyces coelicolor M145,
Streptomyces roseosporus SW0702

Streptomyces lividans, Streptomyces
viridochromogenes, Streptomyces albus
Streptomyces coelicolor A3(2)
Actinoplanes sp. SE50/110
Streptomyces rimosus

Nonomuraea sp. MIM5123

Streptomyces coelicolor M 145,
Verrucosispora sp. MS100137
Streptomyces thiolactonus NRRL 15439,
Micromonospora inyoensis DSM 46123
Streptomyces cacaoi CA-170360,
Streptomyces albus J1074

CRISPR/ Streptomyces coelicolor M145,

nCas9 Streptomyces rapamycinicus

system

knockout
Gene knockout
Gene knock-in

Gene knock-in
Gene knockout,

gene cluster
knockout

Gene knockout, gene

cluster knockout
Gene knockout
Gene knockout
Point mutation,
gene knockout

Gene knockout,
gene knock-in

Gene cluster knockout,

gene knockout
Gene cluster
cloning
Gene cluster
cloning

Gene knockout

5.2 g/L

Abolishing A40926 production [66]
Increasing erythromycin production by  [40]
58.3%

Increasing erythromycin production by  [55]
2.8 to 6.0 times

Knockout efficiencies for single genes, [67]
gene clusters, and double genes reached
75%—-90%, 75%, and 65%, respectively
Deleting DNA fragments with lengths [22]
varying from 20 bp to 31 kb

Blocking actinorhodin biosynthesis [24]
Inhibiting melanin biosynthesis [52]

Increasing oxytetracycline production by [53]
36.8%
Increasing EcuH16 production to 310 mg/L  [68]

Gene knockout and plasmid curing [69]
efficiencies both reached 100%

Achieving heterologous expression of  [56]
Tii3010 and sisomicin gene clusters
Achieving heterologous biosynthesis of [57]
BE-18257 A—C and pentaminomycins A—H

The knockout efficiency for single genes, [35]

gene clusters, double genes, or double gene
clusters reached 87%—100%, 63%—87%,
47%, or 43%, respectively

Z&: 010-64807509
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Type Strain Function

Effect Reference

CRISPRi Streptomyces coelicolor A3(2)

Downregulation of Achieving reversible downregulation of [24]

based on gene expression the gene expression of actl ORF1
dCas9 Streptomyces rapamycinicus Downregulation of Increasing rapamycin production by [60]
gene expression 660%
Streptomyces coelicolor M145, Downregulation of Hindering aerial hyphae and spore [41]

Streptomyces venezuel ae, Streptomyces
roseosporus, Sreptomyces roseofaciens
Saccharopolyspora erythraea
NRRL2338

Streptomyces venezuel ae

gene expression

gene expression

Upregulation of

development, and blocking the

production of the blue and red pigments

Downregulation of Increasing erythromycin production to  [42]

756.77 mg/L
Activating jadomycin B biosynthesis [43]

gene expression

CRISPR/ Streptomyces lividans 66

Point mutation

Blocking the production of the red and  [50]

BE blue pigments
system  Streptomyces coelicolor Point mutation Achieving multiplex base editing of nine [49]
(CBE) sites
Streptomyces coelicolor, Streptomyces  Point mutation Increasing rapamycin production by [48]
rapamycinicus 63.3%
Streptomyces coelicolor, Streptomyces  Point mutation Increasing avermectin Bla production by [64]
avermitilis 4.45 folds
CRISPR/ Streptomyces coelicolor A3(2) Point mutation Achieving A-to-G conversion with lower [51]
BE editing efficiency compared to
system CRISPR/cBEST-mediated C-to-T
(ABE) conversion

CRISPR/ Streptomyces hygroscopicus,

Casl2a  Streptomyces coelicolor A3(2),

system  Streptomyces roseosporus
Streptomyces coelicolor

insertion

CRISPRi Streptomyces bingchengensis
system

based on

dCas12a

point mutation, gene

Gene knockout

gene expression

Gene cluster knockout, Conferring resistance to streptomycin in [28]

the strain

Single-gene and double-gene knockout  [27]
efficiencies achieved 75%-95%

Downregulation of Identifying MilR3 as a key regulatory [61]

factor affecting milbemycin production

4 RES5ERE
CRISPR/Cas R %Gt — K NRELHE | BB
L S5 3 DR g R R SR R A T, WA
S IS ] P SE BN T 40 B Y TC IR R ME G . X
KT HMEST AN, JEFE B NS T 2100
BORAF B s TR RE, R 4R e
T ARAR IR okl TR AR AR, AR R b i B
TR U E 2 R SR P A S 5 . (H
T, TERC# TN CRISPR/Cas R GiATNEAE

http://journals.im.ac.cn/cjben

FSEPR A, AN 22k 2 T bR Y [R] I 2
ORI H. Cas IREGX T15 F A0 A 5
M, 2t S e TORE B ME RS AL LA R S B CR AR
SN, AN, BT E RN S GC AR
PE, HAEF SR 5 F T REAFfE K R
41, £5F Cas9 i) CRISPR &G 5 & i #E
RO, AT Casl2a B CRISPR R4 X447
TEV] FH PAM 2ZBR A [R]85, DT XE LA S B3 DR 241
KPR kR . T A B 2=k gRNA ik
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$5, 50 Cas 8 (I HE 7@ ml E AL s BE A AR
CINDRER'S:i1 &2 (1911 i N il I o8 128 71
FA PAM B AR H PAM 1) CRISPR/Cas & %57,
DA B AN TR) 04 S 2 B 0 e o 2 i o 22 3 800 A1
FM M CRISPR RS ¥ kK 8
CRISPR/Cas T-HAf, \#fEshix— R T HFE
TR T TR R

(-

T eI MRS AR T X
MR s EAE . WEHE s KB P RBT
WEHR . VSR WFRE A

1E& A 25 o RN W
{5 745 W8 AT AT T R W A SR AR
AR I BRI R 4 A AR
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