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Abstract: Natural products, which feature complex structures and diverse activities, are important
sources of new drugs. The research on the biosynthesis pathways of natural products is conducive
to exploring the synthesis mechanism catalyzed by enzymes and promoting the application of
complex natural products. The corresponding gene clusters regulate the biosynthesis of natural
products, and a large number of biosynthetic gene clusters (BGCs) of natural products are not
expressed or expressed at low levels in wild-type strains. Thus, these gene clusters are usually
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cloned before further research on them. It remains challenging to clone and express large gene
clusters for the discovery of novel natural products. Construction of genomic library,
transformation-associated recombination (TAR), and Red/ET recombination technology are
essential techniques for cloning large gene clusters. This study summarizes the research on these
three cloning techniques from the aspect of cloning strategy and application. Moreover, we
discuss the challenges in cloning large gene clusters, providing a methodological reference for
further study.

Keywords: natural product; biosynthetic gene cluster; genomic library; transformation-associated

recombination (TAR); Red/ET; heterologous expression of gene clusters

KIRTPIHE AR I T 24 AE, FORIGALEE
. A R A, OGS KRR A T
ZFE, BHREA E 60%LL EZh) 5 RBP4
S RIS A R R URZYIT, 45 70%
DL FSE KRR, B e KR PR LR
IEEAES, RIRTF=HIAS SRR R A=, HAk
FEMEAR, TR R R A
PRSI RS, IR R A & i
[K#% (biosynthetic gene clusters, BGCs)™!, HAu 5w
T N = 2 R ol B S I s P 0 A E A8 IS P& A
BRI . FE A AR A AR R DR
AT ARSFARE A S, WIERA R A
PR RIRH, T8 KRR WEEHE

55 A F2 402 2R A A5 B 2 T B i
KR B R R R AT 43 A, Tt E m] e AR 1Y)
KIRTEERE , Ry itt— 20 P 5 S P Rk
RS AYE, BT H KRR P,
1 R B A2 T BOR I R KR =ity , HH
HPE SR | R R FIE, SERAZEFEA
B ek KRR W) ) A0 6 U 5E L i iR
WV 2F il e KR P W) itk — 28 R JE LS A B Bk
I AR 2 40 19 50 ) R, 66 DR 2 42 40 T DA S 3%
Z R FER 4r B, HH RS 4k OB S ey
BGCs, A#fAs HX Ny B i I 1k R 9K 7 i 1k
JERE . B4, Malit Z00%F 162 672 443 3k H 21
HEAT T AR IZ YR, S0E T 829 A ML

& P450 F:[H A9 —fik(cyclodipeptide, CDP)4: 4
B LRI, ) LA v A T Y 3 Fh TR AR
[} CDP J: A pa R B ik ik b, 3R45 2 Fhigr
fh5eEfk CDP, iX 2 F CDP HAT AT AAT M4 2%
PIRIAGEH, JERI B MR ariE e, Bar, &
D] 20 472 4 1) 5 WS 4% BT 35 A [R) 9 A e AR IR T
rh g [r) e 38 FNAE S e 3 P i SRR A S [RT A
Ik B st = T P ) 0 AR A TR R
SR JE ) I B FREE ST A 6
DRI A T 2205 5 S ISR B 2 A ) 5 i
PRI s ke R 34 b, ORI AR E s A B 31—
Al AR E ik

TESF IR RBEAE R R b, SRR R id o B
FEal )4 e REROR ARG H i R B, SRR # L%
FNHMIETE A0 b R AT RR AT SEBIRT H A
B IIRE A S IR UES . 1% F IR R v TR
46 F B P A G ACEARR A T b L PR R DR 20 M
MERG SR A W R A R T A R, AR
i fii BGCs Kt Fsl, sRifif, SRIRFRAA R
B RIE SR X K B R e bR . BT,
ENAME KB ZF BGCs TalEiRms, A6
LR 4] SO | B 4k ¢ Bk 5 4 (transformation-
associated recombination, TAR), Red/ET H 4 &
GEAE T A . sh . PR KR (G 1),
X 3 Fh R B DNA SefEROR& BA Lk, H
r ) Ja 35 DR 28 SC PR 1y e A K PR b (A
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AR R, (EJR I 2R i e T4, [Rtid
W R BrZ [ iR ;T TAR sBEHR e
SEE F AR R 1 B e e, (HIX — BRI L AR

1T B il filj\]fﬂ@@ (HERA P R EBON I . BeAl]
FI2E T IdX 3 Mk NI I IR T K
HER(E 1), WFFEN G AT L DR AR Y

EVEEZE, i H DNA Zifby=REAR, AFTIE RS ARG 1E 0007 R R A Bk [N
MRS ALARAE s Red/BT SORBIBCREGS HAMK R SCRE.

R 1 KFE DNA R KRR LR

Table 1 Comparison of properties of large DNA fragment cloning techniques

Cloning The capacity of Advantages Disadvantages Application area Examples

technology the carrier (kb)

Genomic  100—300 Low chimerism Restriction endonuclease cleavage; Gene cloning; Geldanamycin
library rate; DNA molecular connection Physical map (D
High genetic construction; Daptomycin
stability Plant functional P
genomics
TAR <300 Assembly without Genetic instability; Assembling gene Nataxazole
enzyme; A high degree of chimerism; clusters; 3,
Direct isolation of Low yield of DNA purification Gene cluster cloning Taromycin A
BGCs products @)1
Red/ET - High efficiency Operation steps are relatively Gene cluster cloning; Syringolin G
Short homologous complex; Genetic modification (5)!"¥;
sequences; The proportion of effective Syringolin H
Restriction sites fragments is not high (6"
independent
. Red/ET B ALH AN L K/ T FL
—: Red/ET recombination technology has no limit to gene size.
NH
X
N
N o
AL
1 Geldanamycin 3 Nataxazole 5 Syringolin G 6 Syringolin H

2 Daptomycin

HEaM1-6 &1

Structures of compounds 1—6.

1
Figure 1

wd*% Hoow
g@*

4 Taromycin A

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



354 (HER YIS Microbiol. China
1 X §p§ )-:; % BGCs }E Fé& 7]( I TR AR 2 A R I A R TR 4H SC R I, REME 25 4

KA B, BRE AR & R (E 2),
1.1 EEAXE

e 2 00 7 AR R R, ST SR AL R
F14) 49T T8 5 D] 558 190 R 38 422 2 5 2 45 4 3 801 11
FIRFHIA T B, Malit 2804 A At
B e TufA-YcaO & NEE, @i

antibiotics & secondary metabolite analysis shell
(antiSMASH)#FIl repeated incremental pruning to

produce error reduction (RiPPER)Z;HT1HfiE T 613 4~
AR TufA FHOCHE RS % (gene cluster
families, GCF)F1 797 HIABR G5 o Sk R 4142 4
HE A ok B Ry B IR A, A S B R R B i
R, (AR SR P AR, ARk — 2Pl i S0
55 UF L G i 1) 7 0 48Ry DRIME o 78 4% v PR R T
RZH, ARG R 7 BOR B 1 BGCs 77 42
PR RE DR 20 SO o 36T 3 A SCPE R 7 B8
BT DA A SR UTER L DR U s S ms , HAy
& Jap Pk e A HLHNS B AR 4
T AE L, T LA AE R s L B AR E B 4L
IR . A 1974 4F Murray 56U &

. Liu et al.
lIoannou ef al. combined

P1 and F factors to
construct a PAC library

Burke et al.

constructed the YAC
Collins ef al. molecular cloning
constructed library of human

development of a
versatile Escherichia coli
Streptomyces shuttle
BAC conjugation vector,

IXSCIEAREFE N WA AR . AT SR (cosmid) . %
N TGtk (yeast artificial chromosome, YAC).,
P1 A THefafk(P1-derived artificial chromosome,
PAC) . #H & A T. 4 {8 K (bacterial artificial
chromosome, BAC)%, ‘EATHIES I FI LI REA W 5¢
., & B EA RS S RS U, RATESS
HAREE 9N K B DNA FERERRIAR AL BT |
AU B I g 503 K 0 FH A SR il B R
PIRIR T B I AR (3R 2), DAME AR 2 4
PR AR 3 A A X i PRI AR A 7 T e

T R AR I K e 28 17 B s A AT R R
3BBE, A1 BTBOaAEBURL, A WREE AR
cosmid, 4 Li USFHGIYy%t & A 85 22 1 %
(streptothricins) HT 4= T A W) & B0 AH 5¢ 2k B 1Y
cosmid 3 #F47 B 4 Wi fiE X S0 (polymerase
chain reaction, PCR)Jfiiit, K it 15 2 0 5L K A
Bt pTG6001 (41 kb)il i KAt i -55 85 h 5 5
LA Streptomyces coelicolor M145 W1, A1,
T streptothricin F, streptothricin D & 2 Y

describe the The pMSBBACs was .

verified to be a good BAC Takita et al. developed a novel
vector for cloning of large binary plasmid (PTACAtg]) that is
DNA fragments and suitable for the production of
heterologous expression in stable transformants and for

expression analyses of a transgene

cosmid genomic DNA pSBAC Streptomyces
' Shizuya et al. i
‘ constructed Liu constructed the !
I BAC vector |
1 pBAC108L TAC vector ‘
| ! I
i 1 1 I
1974.10,  1983.09 1990.01 1992.03 ! 1996.06 ' 2002.02 2011.10 | 2017.07 2022.03
& o ® —© ®& o © -' e T
I 1978.09 ' 1987.05 ! 1992.09 1994.01 | 1999.05 2009.03 : 2012.01 2021.12 |
I 1
I : . | ; |
| P1 phage was | Hamil I ined |
Murray et al. amilton ef al. combine : i
: constructed z[l;fgﬁs?‘ily : BAC and Ti plasmids to i i
! YAC vector P | construct BIBAC vector i i
Kim ef al. introduced Coren ef al. described a A pair of new BAC Coren modify the BAC Tanaka et al.

The earliest genomic
library was constructed
using A-phage vector

pBAC into pUCcos to

construct fosmid vector
be propagated in
both bacterial and
human cells

B2 FmEHKEHLRER"

Figure 2 The development process of cloning vector
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new PAC shuttle vector 1d BIBAC vectors:
pJCPAC-Mam] that can

vector pBeloBAC11 so constructed a
relicon-BAC vector
containing
SARS-CoV-2 replicon
and established a stable

pIndigoBAC536-S,
BIBAC-S, which can be
used to construct libraries
without additional
preparation steps and
special reagents

that genomic inserts
could be subjected to
bidirectional
transposon-mediated
nested deletions from
the wild-type and
mutant loxP sites
present

cell line containing
relicon-BAC vector

[16,20-35]
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Table 2 Comparison of properties of several cloning vectors

[21,25-28]

Vector Constructi Host Capacity Stability Direct

Advantages

Disadvantages Application

on years (kb) conversion
YAC 1987 Saccharomyces 100-2 000 Poor ~ No direct Improvement of Chimerism and Gene cloning;
cerevisiae stability conversion capacity recombination; Physical map
capability Low conversion construction;
efficiency; Genome sequencing
Difficulty in
separation
BAC 1992 Escherichia coli 100300 Good No direct Simple operation; Complex procedures Targeted marker
stability conversion Low chimerism rate; and time-consuming; development;
capability Great genetic stability False positives Genome sequencing
PAC 1994 Escherichia coli 100-300 Good No direct No obvious absence Large carrier segment Physical map
stability conversion or chimerism; Low efficiency construction
capability High genetic stability
BIBAC 1996 Escherichia 100-300 Good Have Direct transformation Large volume; Plant functional
coli/ stability direct of plants; Low copy number  genomics
Agrobacterium conversion High conversion rate;
sp. capability Convenient selection
TAC 1999 Escherichia 100-300 Good Have Direct transformation Large carrier segment Plant functional
coli/ stability direct of plants; genomics
Agrobacterium conversion High stability in E.
sp. capability coli and

Agrobacterium sp.

streptothricin (ST)2S I, FREHE S M AT 4
5T NRRL 2936 Y fosmid FE 4SO R3S T
A58 BRI TS R R AR W B AR TR A JORL
pJQK450 (32 kb), FFFE S. coelicolor M1154 H5L
BT SRR (R BORRD A WE AR AR AR BER
/A 20 kb, cosmid Fl fosmid A A BER B A
40 kb, iX 4 FhEUARTRMESE R &S i P 51
e N Wit L sy ik DR A A B R ik g A e, 5 ELRE T
KA B DNA JCHE O, BRI 1 X —Bir
B Rz i . 5 2 BB YAC. PAC
J BAC #ifAk, FrReZsg81 DNA BB R,
FeoE Mg, Hrh BAC 52 HEN ) Z KA
B DNA seleagifh. 55 3 PO m A T
{6, 1K (binary bacterial artificial
BIBAC) Fil o] %% 4k, A T 4 {4 {4 (transformation-
competent artificial chromosome, TAC), XA
TER AT FIARAT B S E AT L BERS B AL
Y. (X 3 A BeryEdR T, 55 1. 3 BrEesk

chromosome,

TRZEYNI DNA R BEA K, DRI H 8 R ik
Fr BSR4 S0
1.1.1  YAC

A WA SCZE AN cosmid TR A R BEAL /N
FoE k2, FAEHTE L HANBR . T
RYNH KA DNA HBELUE TAF5E , Murray 2521
PR T 55 kb fdha 2zkn . sk T HANE
DNA 7EIH YAC, %Y iR &l bl 22 052
O A TIRE

HIER TR RGAML, YAC BEHTE Ti6
AR B (100—1 000 kb), BEMSZESS: A% vl
RGEHARGEN A, IRz s
Y. AT . 1987 4, Burke
SRR T AEEEN 4] DNA 9 YAC 21
TORERE . WG, YAC 2R AT ig e
A CVEY), X SEF ST BB — 2 BRCR . 2R
1M, AL ARG SR AE AR 43 e BE T R 2 ik () 31
Geal Ho i BeEEHE, SO 4 PR R A R
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BB AR . AN, YAC K5 R EmG .
RCRAR . BRI, [ 2 )5 W A i 5 i
I PERS
1.1.2 BAC

1992 4, Shizuya P HE T4 1 4> BAC
K pBACI08L , IZ A KAt i i B E
F(F F-F)ifbmsk, BABIERS, a2,
WL RRE VA UL, S HET R iz R
1 A3C DNA SCEPY,

BAC AR ryif A R B KB ATk 300 kb, fig
i A B A 5 DR 20 mTR S Al A A R DR A R B R
E SElE R A B DNA, il M 8 BAC SO 5 fifi ik
PAFH BAC wifEn] F FAIREHEE M IEF X
B, F4 BAC sl Rl 7E K i Be LR 41 X d o
A DNA, FFAE™ 48 st el T 3Rk
B A X P, Liu PR T —Fh Z B
AT o - R SRR A TR N T AR (BAC) RS
ZAK psBAC, DIME#Fad wx gAY
A S R v B RN S R R G . TR
Streptomyces sp. NRRL 30748 B[R 2 DNA 4
Mfe 1 BV S #8E psBAC U, WFi% 30 A 77
PEEFE 2] —1~ 95 kb %3557 B & (meridamycin,
mer) KR B T pHLW30, 1Z 5o iS55 3
S. lividans K4—114 %, 33 AJB s T ermE*153|
Wbk E7, il 2 WO 0 - 53 I H AX (liquid
chromatograph mass spectrometer, LC-MS)7E E7
KPR I P DA 2 T meridamycin, {H)”
AR, Feng HFWI M & T 7k FHE
(iso-migrastatin, iso-MGS) = 4= & Streptomyces
platensis NRRL18993 FI4HEE A T-Ye oA SCPE,
MIAZSCHERSEEH 1 4 65 kb H A EHEM
iso-MGS BGC HJ BAC 7% pBS11001, ¥
pBS11001 ¥ A 5 Fh R Iasfmi g £, M3H
ZHH ¥k SB11001, SB11002, SB11003. SB11004
1 SB11005, TEARMERIGFRIEF LR, &

HEKEE 5 S. platensis NRRL18993 #H[w] Ay
iso-MGS [lils. Takao 55" BAC SUHE#AT
B RALA %) kinanthraquinone J& K 7 14 V. 78 [
i A FUASAGAE S. lividans TK23 thiff A7 74
%1k, I%5E kinanthraquinone F1 kinanthraquinone
B 75, XSRS BRI RAIE T 5T BAC
TR v B R TE R AR P Wi o vh K8 K B
BGCs A R FI R T 1 o

BAC #AKF# i — M, (FHAEAETE
FFAE M TE E R bR AR AL . Kakirde 511
#T R R 22 IR ZE R BAC # iR
pGNS-BAC, #3KH IncP FRLF oriT TalE%)
pGNS-BAC 1, iz A 45G 50, I
ff pGNS-BAC ) DNA REf% i o H 28 L 45y ik
AN (A 22 FOBA P 40 T 1 3 o i 3 AR F &2
FAE R AT AR B s DA, A
RK2 5 il e 2 Fh o 2= [RIAPE R 47 = 4
DA

H i, BAC 4 C 830 FH T meridamycin®™® |
iso-migrastatin®” | 4% /K #1755 % (geldanamycin)! " Al
K F0% & (daptomycin)! 145 A= M A Rk IR #1941
IR, HAREAMZ 95, 65, 85 Al 100 kb.
i, BAC #AEH N TR Uv-2*)
SR B D A SO B o IR AR R e
F2 K A 0 g TR ) A L D ZH U A R A
BAC A gt S R SC PR =8 ™, 78
XA W) AR 7 ) A ) O R R i F o
BAC S IZMEH, BRic A2 M6
SR T BAC AT | A58 w AR . R R
BAC #ARIA T DL Hopl s B AR ASE &, sk
S B K R SE R AR B e B o Liang 45454
CRISPR as sociated protein 12a (Cas12a)Fll BAC
SCPERRE R, FF A T — bRt i s 24 ) LA 3K
K# BGCs ASMEG, 14 i CAT-FISHING
(CRISPR/Casl12a 43P AP & A
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EvikE), CAT-FISHING REGSAT R0 AN [ itk
LA 2 DNA F it P 3k 24> K8 BGC, Ik
3R 145 kb, GC &2 75%. Wiz ik,
Liang 2"\ Micromonospora sp. 181 B 78
% T 110 kb KAREIL SV &1 BGC, Ff)s1E
S. albus J1074 H IR0k, HEEMERME T —Fb
M RANBERAESY S REER A
(marinolactam A), HEARIFAIPURIETE. 7
— R IR PN Tk e ) 35 T IR A ) e VR R
T P A TR A AT TR A iRy — sk
VRIS M AN TR ), X AR A W B R AE S
— R BRI N R TR RS 3] 1 A4
FIRBAUA IS B %0 o Horh — R B A AR5 5
REY R —IHER  RATIRE NZIR K L
b E w1 ¥R S. cacaoi subsp. asoensis
H2S5 H3kfs T — R4 “Inm 2 2K aY, FHn
WX (4 BGC H—~ 89 kb (1) tym Fe[RI W1
BT BAC SUEMEFHIIES T GC S ERIIR
JBE DNA fy7e ™, ik, |ATE%T S, cacaoi
subsp. asoensis H2S5 FER A HHEFIE BAC 3L
JE, SR JR X0 22 V85 3 A ) L DL 1 S 5
ESIN VIS
1.1.3 BIBAC

H1F BAC. YAC U b5 B L ve 20

TR, ANRe ELAEAAEY) , (ISR ) A A E AR S
AR . b T HLEEX — PR, Hamilton®”
WHk T BIBAC #ifk, HAEZE M F IR B4 BAC
R R G AR FT R AY root inducing (Ri)& il
+ . ¥ DNA (transfer DNA, T-DNA)f A4 il
F, AT LAAE K R AR A B 2 AR A i
YER K F Br DNA 3314, BIBAC 4 # 1
SRR, — TR AR AT RN 5 F bl
Yy, TLT KA B DNA #bad #E, 85 7Y
SR RE L e B KR, DU/ IN B PR AR A A B 1
SERMERAGFE S— i, R e

MHK DNA R EOK, e gimi i,
BIBAC # 14 R S BLHE [K 1) iU e Ak, i FLAb
T R AE A2 A T I 3RS 5 77 A 6 B A0
PIUCER NG, W] 3k G B35 PR Ah iy i B0, i
PERER & BRI D RERF 92 . He 50 M &8 T8 —A4
B A R L 2 BIBAC SCHE, AL 2 SBRIME A
Bt K [ £ & M (restriction-fragment length
polymorphism, RFLP)Frict R288 Fl C820 XJ 3%
AT, A A 7 R 8 ANBH M vEkE , At
RFFHEANT, KA 120 kb 17 A Bt BIBAC
T ) A K R TR 4

TERE B AL YN, HbRZ — 2 S BlfL 5L
R Fe e ik it T-DNA 1585 D135 LA
WEE LN TTER . BIBAC ZRAARTEARIEEF H AR
I AT B (T-DNA AR PR il 2 I DL, B
SRARFE DU R 1 v R Bt DNA 18R 4
FRREZ, (HHA 35 DNA PR RE, BHME
Wi 25 o tbAh, BIBAC ZR 4 HF vt R il 14
RO A B, T H A A S B R R,
BT ML — 4~ T-DNA 45 #2815 52 2% .
Anggoro 2Py T BIBAC-GW, i@ id 5] A
gateway FE5r P2 7 UG5 THIRE, TSR
PP | BB 2 BIBAC-GW A ]
LUG s BIBAC #ifk—t¢, wat - Ef—5¢
) T-DNA A5 m 5 s et bk . fii
BIBAC-GW, UL 4114 1 24 A 9 bR ic Bk A
IZERE , 25 AREPINT, AT LGE S EEEOk
WAL s SRR A

9K BIBAC TE K FF B AR EA A AT T v 44
FRUR L #5 DUERAIC, fiA5 v e S g 25 b HA B 1Y)
ZICHAR R G NEAERY . {H2 BIBAC fEY)
eALRE D) TIF Z IR N 2 oy A A
I FARNAIGY , A4 B 2 T B I A BCR PR IR A0
#.(quantitative trait locus, QTL)AY v B FIFEA T.
B XFIXFHE—AM5 A BIBAC SCESF AL,
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A LU R B iR AR sl AR il R b S B Y |
PR AR s oo, D/ D SE R TR, f2 T BB 9% o
HHI, BIBAC EALIINHF ASPIEY R A
2 SCIE R L T HLAR A K F B DNA [ BIBAC
BARC IR BB AISE, 51 AR T-DNA faE
YRl THUR, AW TR,
1.1.4 TAC

1999 4F, Liu 228454 PAC # 4 F1 BIBAC

BARIRE A I T 2R ] A N T A
iR ZRINEIREA PL ZHHFF Ri Ik
pRiA & il F. Hind A BamH 1% — Z 51 (i
YL i . P12 H . AT T L&A
Yk BEbR L, X EERHIESE TAC ZAKRENS L 4%
DU AR AR AT i ZE R S, A A
T oa ke DNA %46 ORISR i 2, a2 M BE 1 7
KA.

TAC SUFGEGREEN 7ofE, Han, Jat
TAC SafEMALELTE M B AN B /R T 55 %
RUIRYHED s[RI, TAC SCEERTHT&4 H Ak
DRI i) 25 TR 7 v B, O T SR IR AL A7 0 2 L e
B, —H B3 iR TAC wilg, nf ISR A
PR TR Z 506 Ho e AN 3 DR A ifE A7 28 A8 1
AUTHRESEH , AITANPRB T R . Liu %07 LUAE
Pyl A OC NAC # s PR+ I PRSF P51 IR EE
& A Southern E[1375 2442 (Southern blotting) /5 i i
1% Oryza officinalis FERI2H TAC % ; i ARAT
AT, M NAC BER ) TAC PR SERExT
HAE dh Rl HIXT74 EAT 564, M SE B0 O,
officinalis JER2H | Br#s 45 3 HIX74 LA,
530 () e FE DR bR 2000 1 5 38 2 30 ) ¢ v T T
ZHE . BT, TAC SO E AL T S g I
SEWD ) TR A SRR
1.2 TAR

T E AT, 2 2 ) R R A SR AR O R Bt
DNA 5 A EAERR A3 ik o 4N, BEMNLERPE

o [ T AR e R R L 5 O e g A AE AR T
PE; PCR MELAYH 10 kb LU F R BE, MU/NF Bt
DRI B ) H o AR B s BRI B e R AN
JE 5 BE T BRI U] 34 e LA AR 3 7 B i 12 B
W R A5 o YRR Bt DNA sfEde
AR, TAR BEME EH: LR 2 43 2 e 5 [
LR, TSR SO, vollk 7R R Bt
PRIXE LA v 2 3] W] — 15 3 bk X R , 2 H i e
—AEME R FEPE 43 B K ik 300 kb DNA HBERIFE
1.2.1 TAR. ARS #1 DNA FFIERE

TAR SeREid i WA N A, el e
P A AZ AR LR 2 DNA H 43 55 1 SE 48 i BE R
o R gtk i B, il 7 DNA S5t 37
v T A E A 2 DR %) AR S P [l 5 ) e e
fREA, %8RS B IR B AL % 5 2
PRTG P Bk rh R AR IR EE 2, S8 E A R
b,

JUR I TAR Saf Jr ka2 ) DNA A
B E A — A H E & i 41 (autonomous
replication sequences, ARS), %/3 47 LAE Jiis
BEST AR A, X AP IS T TR 28 AR IX.
. R, fEEA ZAEE o g AR X,
Wgg 22k fv A, ARS BRI RESREAL, R
Tt Eid ki B, Noskov 2601y
H#TH TAR SERERSGE, W LI B = bk
ARS JPHNIERH XS %2R G, ARS 5
URA3 —i2fE R ik fpricifi A TAR #ilkdr,
THBR T BERERE At B b o TR o i 42 B 28
TR PR RIS , DT RE AR M D A% I ELAZ L DR 2 v
STEEMTR AR S, TR EAFE ARS, X
— RGEM KLY ST TAR FalE Ry Ok .
Kouprina 25 & T —Fh B4 MIE I 41 DNA
o3 B EPE DURL DR 0 ik, 20y A0 T EA e vk
B ) e 91 R — > 3 AR A0 (43 ) o N 2R B/ R
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DNA (1) Alu 751 F1 Bl EEFIDIEMA, WA
JS 5L DNA Ry 5 H 58 8 1) 5095 DUEE ] HPRT
DRI A 28 A o — i 52 [ 14, T DA SR 7 vk
FROMAEM] TAR SEfE, 4210 TAR 5o R I8 2o ol A2 i
— [ 1] A0 B HES 5 2, AT LR E R4 )
A A P e AR o) SR ) R B DXk
AR TEERAS I DNA F B R/INA 40-250 kb,
PR s B2 1 ™ ot 5 ol FH A b R g 3 1) 1)
R 1 7 1 KB TR] o

3w A 5% AN AE B AR AT I, TAR A]
DIARE B AREE R L Wi e 4, it — e K B2 Y [
PR, FEHEIX 2 PR R Y 9] i 2 B e PR 38
PR, DT ARG A E AL I RE R el A .
FHiZ AT LU LR 20 DNA A5 o7 H FRIE R
o FEIEH 4 DNA FIZEAR DNA b Ju 2| bk
Y5 , AR A H R IE R R R i 2 (8] 9 S 1R A%
TIRERL, T E—2 1 DNA 2085 . )3 Al
38T Wu ZE ORI TAR SEbEdiAR, M1 bR
7= 6-demethylchlortetracycline (6-DCT) B #£
Streptomyces. aureofaciens DM-1 &K 2] DNA
Wil T 6-DCT BGC (43.5 kb), % BGC 4 Nsi
UMfe 1 B P15 s B — #5384k pCAPOL 1,
23 0 R B HE 5 3] S. aureofaciens DM-1 [ 4L
ik, SRR, EAREKR 6-DCT
Hy = 1 34%.
1.2.2 CRISPR/Cas9 8% TAR "R A

CRISPR/Cas9 7 48 AR T 45 22 1 B 157
A, HFFRBHEE R 20 nt A9 Lee
2438 32 CRISPR/Cas9 {HHX TAR FopefiA, i
H Y DNA R Be ot A& Az SUREWT S, K 3k R A P
PE e R E R 32%. Kang il 45 &
CRISPR/Cas9 #1 TAR #37. mCRISTAR &%, A
PAAE— AL A5 98 v Tl s B B 224 I Bl 067 05
%R S8 Pi% mCRISTAR [ ITER Y Tam A
R 8 FFIEALI G UG s F B, RIETE S.

albus W 7 FEFIEEF) tetarimycin A%, 7R EE
fifi b, Kim ZE%g% T miCASTAR R4, %A
%8 SeE AR CRISPR/Cas9 7R 40 - X 45,
O FRSERAR , il PCR Y14 1955 DNA #E/TE 4,
RIG TG UG B, TEREEEP R TAR 47
F, FLR T CRISTAR R G55 L Foki i)k
M ZIRTEIERTE Amycolatopsis tolypomycina
NRRL B-24205 S:H AP wilE | atolypene (ato)
HE#E, FIH miCASTAR 06 T ato YA
FEHF%E, 7E miCASTAR W sh THEWE, KW
ato FEN % %t atolypenes A F1 B X A 4 fifd 2.
B MM FEVER . SR 1M HL4~ CRISPR (4 A E L
MNEBEEE Y, 3115 DNA A 150 0 R,
I H B T A (a1 7 51 # bk #8651 — 4> CRISPR
Mg, Rt WA EESUR 3PS S
DIt Z i EMl, MW E SR — 120
CRISPR [543 @ E 380 1 RE AR BUACFHIR ]
Kim %758 18 22 ok LA A 5 3k T IR T i s
JRIBRAE , BEAN BORLHAR & A — A B AR
RNA (s)Fl—HURE A SR B R bR I, 24
CRISPR ki 4% A0 Ay e BE 5286 BGCs 2 5
M, T4 N mpCRISTAR, 5PIEILT
CRISPR FEF ik, B8 m TR shF 1T/
HIEHEETT; H35k, Ml T actinorhodin (ACT)AE
YA R HEAE BRE, IERH T mpCRISTAR
2 52 R -
1.2.3 TAR #5554

TAR FEfETE NPs BF 58 i B E O & M+
HEATE Y eDNA cosmid library H12H 5% K # NPs
BGCs. T4k, M b R €Uk, TAR
B2 0 T D IR AR 7 ) A= )
DRI 1) S 3R 3 PR AR 7 ) ) S R AR 0
B T TAR BaREH AR B S U5 2R 5 SR ms m] 5L 8
Y R BN SE RIS IR . Yamanaka S5
FIFHZTF pCAPOL JFhifY TAR TRt RliikE
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FELZ T Saccharomonospora sp. CNQ-490 Hi:
67 kb ) NRPS JUERAEY & LN AR, FFXhH
PERE DR HEA TR | SR o Pt oo ) i PRI S D
KT EERE A S, coelicolor, MHRTFIZHEH
gt ) — AANR RSP A R taromycin A
TR DNA FEESWR, HiE TAR oA
HEEH T 7e/NT 300 kb (1) DNA H B, A48 5%
B KT 300 kb ) DNA H B, 15T LS i AT
AL TAR SEREB ARSI, Hyik vl i@ id TAR
e R L 2R R [ B AN T 5 FRUAE ) IR DR
Hu SF1FI ] TAR HAME 3 AR/ 5 B 1Y
DNA H Bi(45 4 38.4. 0.3 F10.8 kb)41 %515
#| plipastatin 1A= 45 B PR I T 7E A 5L 2R 04T
R R I

AN, HpakE K S EE PSR TAR A
FasE , TEMEREA 2203 R 45 5 I Bl ok o 5
iRy AT 5% 1) DNA TE 4 b 20 o T e e —
B GC [y DNA DX U7 FRIP e £ -t e T 1A
SOl , (HaELd X AR, Noskov ZE“1 58k
SERER] T T 100 kb f# GC & it X H(GC %
R ECN 55%).

(), AR 3 e PR LB A AR AR 25 )
[FFERRE T TAR B9 . B GUE XX —
FRANZ A BEXT TAR SORERORSEAT 1 oc#k, +
%4 CRISPR/Cas9 RGL[HIK TAR sefEH AR, B
ZABRKREARSS , BHIEA GBS X TAR RIOGALRE
IR T 2R AR, HAIET7E TAR 7%
R F Bt A T e B B RE AL E 2 R, B
Itar (inducible transformation-associated
recombination) 7d [E R4, % RFEAHEZL S
T -Sel WUIBGIR AL AL, i [R5
1K H B DNA F Bed e e ddd, SR
Bt DNA W BH el il RGO R4 Fiy
polymyxin F& L 2 Paenibacillus polymyxa,
BIE R T 2 %5 & (polymyxin) . A i 58 £ TAR

FRE AR pCAPOL (LR |, 51 ARSI F
PADHI FER R ik HEMEARIC URA3 JEH, il
PFHE e R 155 80%1, IEAh, TAR #l) i2
IO FH 850 R PR 43 B S AR A B TR A0 AT TR
TR 943 8 . HACs . AN 2k A AN T SEfe i)
YL AR X Sl 53 85 KA A 2 R A
1.3 Red/ET E4EHER%

“Red/ET 2™l 4 A Jr e R 1) —Fp e 1
[Fi) 5 20 SR B AR R AT 1A o i 45 2% DNA
TR . % B ARFIHEA R Redo/B
of, Rec B/T 4131 [F IR FH 41 4T DNA 51811
N2 I SOREE R KNSR, AT AR B | R
HXHTE R AR /NG DNA 2 F U iR A L RbR . %
AR Z R . R RE TAEE, RWE
40-50 bp 114 [] 5 w0 BE SC I A ) TR DR F A
IR 41 Hp B s e KT (R . DR, Al
A s iy o6 5 7 9 R ES inZE PCR 724
B 5 , S5 AT A B A B AR 51300 1R
HH, X R T BRI A A B PCR 4
H8 1 JR BIR P Xo) A 6 DR B R R R BT, SRR AR
HE T A IR BARES ™ 0 () IR B AR

Red/ET H A F AR WS T A FR il /3% 4
BT 2558, ORI i T &2 24 A W0 i
AL BRI 454 BAC B cosmid 3%
RN , AR B il ad BRI S T LA
SEEE YA SR . B Red/ET A H A
F T AEYA BUR RN PHEREM, DEERA -
IS EFHAEY RGP R EEY G K

Xof HEF A R B R R R G/ N R S R (<30 k)
JEFFWFFERT, — 5T, nl DAL 4L S0%,
BAS cosmid R RFIFEFE, S Red/ET
HARX BRI HFEHEFTEH . Binz R
Red/ET BAHF AR, M 24 cosmid HEHAE T
pla "EWEBGERR, WIS AE 3 MR8 & s Th
TR T SEEEM LR |, I RSB Z5H H I R —
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3L, 158 — Ak glycosylated phenalin
WHEERTAY) . o3 — i, al LUl id Red/ET H4
TR B WL D21 b ve b HARJE DN #% . Huang
SN T Red/ET BATHA B4 ro AT 2] syl B
K%, &AW syld-sylE FER R B 5
pASK #fkh, RiKRIATHF] syringolin.

SR, AR 22 KR W0 A= W6 Uk PR 1 R/
HRR T cosmid A, wllrax B Rl 4 3
W% HATA 3 Fh. (1) #% BAC SUE, BAC #ifk
AT LAZE4N 100-300 kb DNA F Bt 4 A o Red/ET
[Fi] 5 2H BB X BAC #H47H %00 H P&,
WFEFE MBI, 2878 sk, Tu S5
Red/ET E4IH AR M BACs 4L 58 kb K dis
Mot B, 24 i Kk TR A 3 3 S R AE
Mpyxococcus anthus DK1622 FJYL ik i, r=4:
TIURP PR AR YD s I ELRG S A B R e 2k 5256
HERH, RUEERL M (disorazol) A4 7= HFF 5 disA—D
B, G R IR sh T U S i B L AT 2 Y
disD BN RRIF 37, Buk T 7EE £ M
xanthus DK1622 i) disorazol y=ig; Red/ET iAn]
7E BAC [y il 28 A, (G SL N ATHE AR
Ao P B S USTR FTEEF BAC A4 1 P4 T U5 2
IR HHIRY CCR5A32 HTHEERIA; sk 5T
Red/ET [r] i 8 2H B HIR AR w2 dAc , o
T XS 8 [ 05 B 2 g AR AR AT e 2 AT R X23
A SR P B Sy A A DR i R R RV B, SR AR
AR R SO € - S I T B8R (high
performance liquid chromatography-mass
spectrometry, HPLC-MS)FI5ZHf %¢ ¢ % & PCR
(quantitative real-time PCR, qPCR)WI5Y T 4/t
e AR DR - PR O L 2 MU TR X23 AN (]
A R BRI AN BTG M | edeines 7 i L ede
B\ THFICE IR o (2) 7RSS w5 DL
b b A SRR (HARI K FLBURLAER A 7 B
AN, BRI T HAE . O TR Bk R, n] LIE

R 2 MR B, SR F B A5 ATFE R
1 ERpRIs, T KR B DNA Ji A
e, Su SV T 2 MRUE A IR (p184
M pMT), BATTAL & 2 0 & I8 (p15A 5
ColE), M T3Rik5EHM PKS HHE; 2 8k
AAEA R PRI AS R SRR, T ELEA AL
AOFE DL, DRI Rk K n] LIS B4k 2 11
i, I BB E AR S S) TR, 3) A
F Red/ET A5 19 284 +28 4: [7] 5 5 £ (linear plus
linear homologous recombination, LLHR) ] F
BN ILHZH DNA v BRI PRI, DA T £
TR SOE R AT ET . Bian SFUYRI
Red/ET /- FH9 LLHR M Pseudomonas syringae
S ZH DNA W HAZ e syringolin BER%E, i@
i syICDE 7E KW # GBO5-MtaA H iy il
i5, 1587 2 Y syringolin i 51 syringolin G
FIH FFHEAT T 3RALE, @B sylAB 412658 %
W) T AR A& R AR, TE S KR A = E MR
Y 3 PR 2544

TE iR HEms h, Red/ET H4H P 454 I [k i
PEHARRT DNA SEAT TOIR MR . 8 w2728 FIE R
B S e o v T IEF AR GG & iR R
Pk, IR IC RSN sacB . rspl.
galK Fl ccdB &5, HIX SR 10 HATH 5 A R AS AT
R, WEWM T RERERE s, JF BAEREAY
FARB AT B 2 R BA R v R & 4 o Liu
SECURI Red/ET FALHAM cedB I i b
il AN AR TS amyE JEHIA
ccdB TIEFARICHY 5.2 kb 55V L4 ve R 1Ak
R, 23N Brevibacillus brevis X23 Fll
B. amyloliquefaciens FZB42 " EH & vl T A
KHIf) edeine (48.3 kb)FI bacillomycin (37.2 kb)
LR & BGRAR  TE 1 TR N B 5 B R B 2 A 1
Ay g R b e S e P RGeS,
Red/ET TERFFEALG Y16 BALEL A 58 Hi ik
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P, Red/ET 5 AR i % colibactin -4 15 &M
SRR VEATRET , #85E T colibactin FRT A B,

2 HhERE5RE

I 5 5 DR 00 2 A RN A 15 B 2 g P
J& 3 A BE PR ZH F2 4 2 B R R P A A il R
e, ASATHFRIR =PI oems, HA P
ERU R AL, I A IS R . B TR
TR B KSR F= Wt 5% A A AR T oA 9 & ml s
RIS B2k, il B s A Y &
LI 7% B HE R ke 2 B R 740 e PR 20 0 7
WM, R E Y NPs I I L H
ARIEME RG2S, HREHA, A5
BGCs # % 7E Hiok, H 2 BGCs 3Z 2 ™ #% 5 5%
PAE, R AR Erh R IR REOR R IR AL
BGCs fA7EMR BT SL R4l Hh ol DL R ik A8
BGCs {716 T s MERE 2B E Y b, JopkAEse
B S5 AR AT N B 1 K AR =W . TEAS SCLRIR Y
3 Fl S K H BE DNA el R, (L5094
T o R R T BRI Y DD 247 A1 DNA
Oy, T R IREYI A, X R T H
SEBRN A s TAR SURERERS 73 25/NF 300 kb (1 F
B, BXFFE & GC 1Y DNA F BERELEH (1) g
PERCRIAL; Red/ET i TR W A7 AE 45 E 20 B AH
XEAR . G BECREAR A AR B s
1o S )

ZE LTk, O AR AR HAA B,
{HR AR XX e 4 3 B BRI T8
R F AR MO vw sl tE T A S 1k o ik S A o
B AR 05 R T LA RO 0 R AR 7= A= 0
SRR el S ik, AT 3 30 R 8K 7= 1)
R AEXS K R B R e AR 2 — A A
PR 0 T R A5 T o e DR 4 R AR A e
RIGAW R R, o1z B2 5L W %, 456
BBR B e B RRIAER , T AT DASRAR I 1 22

FERIRIR=Y), £ & RIR - 245 F A i
YRR
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