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I E R E ARG 580 DNA EliEEHTIE

s MEE REE A% RE Iek kKW HE
INARRAMAEYHEARERESLEE IR 55 266237

1 E: RRTHARGEHRECLALR LY A EF TR0 s, ol B4 74 F A0,
ATHT A2 DNA SRR R R EABEF. L+, KIRT Lambda " H K49 Fl /R £ 208 Reda/Redp Fo kIR
F Rac R B K69 F R £ 408 RecE/RecT #64% & #Ub/~F 35-50 bp 2R BRAZ ey &4, A TEH
1K) R & 418 Redo/Redp #= RecE/RecT FF 4 49 DNA F] /& % 20 T4% (Recombineering) 7t 4 3+ ¥e 47 DNA
SFHATHE . M. SERAIEE, R REE A IR AL A DNA 5F KN IRE], SAERA
— AR R R TAEBER, AL EZZER T EHARRRZTABRALEANS . EXHFE A L@ E
VG SR AR TR, A BRI A R BB 0 AEAR . SRR . REA R LSS T &
QR R . RAZHE LKA F 3 F £ 55 T4 7449 DNA FlR & 40 TAZ 347 8 3 F A= 38 A4 691545
TR R AR BARG M8 B R —R R 8 3L RecET A4 514 K89 DNA R, Zhiadnst A B A 2%
WG FE AR T Red FVRELZGVABH T F it ) K J&; RecET A 4% L %A= Red Fl R EANF
QYRR S M A T R, MK A TR AR GEA R, BB A BARIE A AR T /AR
K,

KR HEIKFREMH, FUREL A, Red A%, RecET A%, KAKMZY, Sudhitin,
B B8 iR AE

Recombineering mediated by bacteriophage recombinases
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Abstract: DNA manipulation tools derived from bacteriophage, such as site-specific recombinases,
cosmid libraries, and homologous recombinases, play an important role in genetic engineering. The
homologous recombinases Redo/Redf from Lambda phage or RecE/RecT from Rac prophage can
efficiently mediate the recombination between homologous arms as short as 35—50 bp. Recombineering
based on phage homologous recombinases Reda/Redp and RecE/RecT can be used to precisely and
efficiently modify target DNA molecules without limitation of endonuclease recognition sites and the size
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of DNA molecule, which has been developed into a new genetic engineering technology. This article
reviews the phage homologous recombinases and their functional mechanism, their application and
development in Escherichia coli and other bacteria. The broad use of recombineering has been
demonstrated in the mining of microbial secondary metabolites, animal and plant transgenes, and viral
genome cloning and modifications. In situ activation of a silent gene cluster accomplished by promoter
engineering requires host specific recombineering system. The initial step of heterologous expression of
secondary metabolites is direct cloning of large DNA fragment, which is based on RecET. Construction of
large transgenic vector for both animal and plant mainly rely on Red recombineering. Generation and
modification of infectious clone in E. coli mediated by RecET direct cloning and Red recombineering is
the most efficient method for functional research of viral genome and vector vaccine development.

Keywords: bacteriophage homologous recombinases, recombineering, Red system, RecET system,
secondary metabolites, animal and plant transgenesis, virus reverse genetics

FEFE TR, R UEF I 14 14 (Bacteriophage)
AL A E T R BAE R ey, FEAHE
AL SR S A S0 OB SO D[] 5 i 4H
it 55 ¢

VS VAL AR AE 18 R G R ARG )
8RR 43 A2 p I TR A G T 1 5 il 50 B o TR
T 5 i IR T L FF 5 1k T 4 I8 (Site-Specific
Recombinases)Z& M . MY 8 4 I 195 [ YR 1 R A4 Ak 3%
PN, LSRR EAM SN 2 MK
B BERF ML ARFEY . BARK R
0 J R 5 AL 32 ZE 5 Lambda 5 W
(Lambda Integrase)™. E. coli P1 WEilA Cre T4H
), E. coli D6 WEHHIK Dre LA, PRipi e )
ft) FLP AW K E. coli 11 XerC ™%, 224
PR G A A e S 2 B T2 A AR B 5 T D C3 1
FAMEY . BEE I OBT1 T4 il 4 v g1
1 T3 B4R %, Hrdv, Lambda %A RS
S attP/attB flEEAY. HAT, ZRECL
B Invitrogen A F &, Gateway™ va it Hl &
BT e SR AR U Cre EEAH AT LU
ff 24~ LoxP L Z A & A FE T4, HT,
Cre/lox Z S 1:b o7 i 4 Sk 5 20 AT DA SIS 30 6 1R it
BRSO . B SRR | QL RS s
LR R A 5 Z PP L N TR, TR DA
HAZAEY M B TRBSER TIER T Z M0
UL ©C31 B A5 attP/attB 7 Al A F 4,

FEHTHSMNE DNA AR ek -, a5
R AT BN T AR A B S s Y

M N A 2 1 & A ik & il F colED AN
Lambda BEFIA cos JFHI A BURLEAA, R4 T
Fi(Cosmid), MM ZKL, Hi%HA Lambda R E A
cos o U FI SRS iR 46 07 5, AT DA BE B b
37-50 kb [ DNA 0 ZE PR AL T, el TR
PR TN SR AR A, B 38 i DNA 3C
PR

KIGAT IR H 1 1 [ 5 8 28 TR T RecA
B, WEKRT 500 bp AR, M2 A
AR R . 1998 4, Zhang ZF K IIEHE Rac
JRWERARR E. coli ', HZLMHF RecE/RecT REMEAE
EHE T A R R et DNA e+ k17 [ IR EE
AU 1999 4F, Muyrers %5 & Bl Lambda W B {4217
Red #1215 11 51 21 1 Redo/RedB L AES7EIR N
A e i ) U A O R O T 95 4
Redo/RedB il RecE/RecT #5714 [RIE H 2 22 58 50-)
N Red REEH RecET 58, Sifkl DNA [FJEELH
T##(Recombineering), 7 CHAILFR Red/ET [F]J5H
2 T.F& (Red/ET Recombineering)' ", 5 1£& %5 (1)
RecA [FlREAH RS, Red/ET [FHEL T/
HATEE 35-50 bp 1% [ P57 LA S 30 e RO 1
[FREE L], XT#45 DNA o FE T Hesk . Kk, &
R, R R S 2 BRI 1 U0 TR 57 s R
DNA 43 R/NBIRRE, R RHde s 17 B iR HHE
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MR, g iz )y T AR 2= U N 45
A,

AR S LR T W A AR [ 5 2 1l 2 LA
ML, FIVREH TFRAE E. coli M H A AN Ao
SRt DA ] U5 EE 21 TR A A0 TR IR AR =
248 . SR | i sE S N 41 DNA 19 e b 2
At 5 7 TR NV o

1 WA R IR E A
1.1 RedopyE:AfE

TER IR recA 75 ¥k , Lambda W B A red
ZRASKRBIR T MR E AL MEE S, Mt E T Red
BATHNRED). £ Red B TH, reda. redf
Ml redy #% pL A shF5%55%, T pL Jish T2 E
BRI 1857 120,

Redo 70 T4 24 kD, fU8 226 IR,
R T ATP HFFE Mg™ 1 5'—3 Wik
DNA RN, HA5 5 ERIL W EE DNA
(Double Strand DNA, dsDNA)A ¥, B dsDNA [
fi#h 3 AL R R DNAPT . Redo H&4541E
dsDNA R, A2xERITE dsDNA Bk 1 (Nicks
or Gaps) %, FEAEALAZ IR SIS, Reda JE K,
— AR FEE =R, B —A ol i =- g
E, HIEMA DA LI —1 dsDNA A, T
M 52U A 4% DNA (Single Strand DNA,
ssDNA)IIA/N, B, Redo B[R] 95 = 58 4G 8
A M35 dsDNA KuiZ54 J5 , dsDNA [ 5/ s
SRIRBTE VT B BEAE , 3 DNA 20 F 1) 3/ A i A%
J R4 L 22 (3'-ssDNA Overhang), M [F]¥5 = {48 1E
(it F1IE ), Reda F%F DNA BB K2 41
Fb 12 MR, DNA 1 GC & AJR), Reda B
RS R A ARk, TR A R A IR e S iy 2P
TEBFIS R, 24 Reda i %] 5-GGCGA-3'FF 41t
S B R A4 (3.5-11.2 )2

Redp 2+ T4 25.8 kD, 5 261 NEILRE,
J2& ssDNA iR KFEH, fE¥5 Redo 74211 ssDNA
ZELTE I — ssDNA-Redpi &1, 1f4r 262 ok

(%) ssDNA ez B A e ety , I BT LS8
#| ssDNA H[REJEFH, Redp BEB 5K ERT
35 bp 1 ssDNA FEZs &, TEMELIR K HAME AL
dsDNA J& , HABSR 5B K i) dsDNA BEH 45616 —
L, XMIE kY dsDNA-Redp &4 W REW KT
DNAase I, [ ssDNA-Redp & &4 mfa P,
>4 RedB A HEL 3 125 H SR A B4, LT Reda, S1
B ARE LA NusA # st R I il— 4=
ARPY ) Caldwell 2% 3 Redp 7] LA S5 KW
ssDNA 4558 1 SSB MHEAER , JFHIEM T SSB #&
LR 00 A s A A FL AR FH R A DY, SR,
Filsinger ¢ & ¥ RedB 5 SSB AYAHEAFH 3 24K
T X SSB R w7 AN B B, I X Fl
FEAETE— @R FIRGE T Redp HITE FH5E R
PECOI A7 8 RedB A 2828 AR M HoAS B Y T i
S0 Redo R IRAMIIBE M, X /R % Red
BRI TF- I REA MK IR T Redafil RedBZ (1] 4H
HAER, i HASE EP AR A OC . TEHL
WA, 24¥%F ssDNA B, RedpIEal— " KZH
12 I B TCiE M /NER ;. 24 ssDNA fFAERT,
RedB 2L — A RZAH 15-18 AR A
TEPERIR; 1B K5 ) dsDNA-RedB & A 1A ) J&—4~
EFEReAEMC . HT N B kB, WA
DNA 1Bz, RedB2sIEB— i A 47 TR eSS 14
(R TR, ssDNA [AETENIBEIR T X Fhghdd
YANASE 2 N HAME ssDNA B, 1B k57 PrIE i
— TGRS, R b, B
MR PER ST E B, fEAT DNA 5N
T, Redp &IEM 12 MW EEMMLRY; 7E 38 bp
[’) ssDNA fE7ERT, 4-14 4~ RedB & H5ZIBIME A
Yr; 1€ 38 bp AUk dsDNA |, &7 11 DA
HZRRERENZ S
redy 23 WAN[A ) BH PR AR 10 A A% 16.1 kD
1 GamL #1 11.4 kD ) GamS. RIGH B IR EE
RecBCD & & I B ARFE— AN H AT 10745 0L,
AL 2 DNA BIRESR Jitksi , mTLAEBR K2
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Bkt dsDNAMY, GamS —E{AT L5 RecBCD
JE . RecBCD-Redy&Z A4, MIHIHIHAZ R S )
it A JE T ) T 1 1Y Redy S A ZE My R 5
WIEALT DNA MAURGE, I HAMNEI o 18E s
ST, FTLLELH DNA 5 RecBCD 454, 111
il HAZ R A MIIRE M X A DNA B R A, AT
REAL I 5 Reda/Redp Y DNA [ 5 5 20 & R
RedyFfBA 58 &l RecBCD MG M, [N £ ik
Redy /5 A= TR R recBC 2378 T MR 1 22 80 2R
[ i, 5 Redy B4 B A5 4R O+ 1R &5 K F 1)
DNA [A] P F 23 PE , 1 DNA B b 24 1916 &8 78
RecBCD i [ B Ak I 58 4 e Y i W, Redy
HEMWAZ T RecBCD mIiEHEM AR —1% 2
RecBCD Ml £ 1, X Bl Pk A 2028 75 22 RecF i
ez 50

1.2 RecET E4Hff

TE— S8 K AT B B i 1) 32 R A v R B T 2540
Lambda A% Rac R B A, Rac ij I A0 & 96 D
[R5 E ZH B S RE Y recE Fl recT, i S5 J5E IR F ) 9%
NN FEJE T RecBCD Hil RecF 12 Z4MNEE 3 F
KGFFE N IEEEAER, NI FR A RecE
wie . TE recBC WIBGaRET, sbed (987257 LA
PTG recE R recT JERI 3K, RS T EH4HL/K
S RecE 7EINRE 25T Reda, 1M RecT 7E1
fE R PIT Redp!™,

RecE L8 #5 4 ExoVIII DNA ¥ SN, 5
dsDNA HKimsha, ol LIAEH HGd s\ Sm ik f 7%
i, TR 304k DNA B, 2K RecE 2
866 M HLER ALY 96.4 kD E I, K/NZJE Reda
() 4 5, SRR B — e ol H g 3 K 24
600 LR WA THREN, RS G 264 44 3t
MR HAT 4K RecE MIFTA HPER™. 2012 4, Fu
LRI RecE A F T4t DNA Z [A] (1) 4,
M2 M 564 B#H 602 PEEILERK Y RecE, XfT
2L Pk DNA Z [A) (S A0 2 AR, vt 3Rk
DNA 5%k DNA Z AW B4R 848 H, B

J2: RecE L3 1 LhBE HRTR AT A 2Ky
RecE WA A5 dbiRGE 1, FRILu S IR Z5 0 s
B —HIERER YR, 5 Reda B9 =R IK
), oy —ANHEE A, LSRR DAE A B
454 dsDNA K, {H7EH H LR 3 v sk
DNA i,

RecT MY/ T4 29.7 kD, J&— ssDNA iE
KAEE, fEHEE T WEL RecT ZEH A RecT FEH
1 DNA WEAY), KIAEBA DNA [HEHE RecT
EIVERBEIRREY), 5 ssDNA UM E G
ARIBTELE Y, 5 RedBAFIME, RecT 1] LUK
SEHLEE S ssDNA Al dsDNA; {HJ&, RecT A LI
i ssDNA (R, MAREILUE dSDNA [y
X} RecT fEFERCXT AR IMIFSREK B, RecT AI LAY
F[A) 5 ssDNA i #2811 dsDNA 1) [) 5 B A g A
{RHIRTE DNA, A [ U5 PRas R i 4 M dsDNA
E T RecE &AM ALIS 1) DNA JEY), X
MEERTFET RecT W LIEIES S RecE BfaH
DNA BUE BT 548 & 11 i ),

G HTIE S R, RecE Ml RecT Z[A]ff
R EMEAR-EA M EEN, X5 Redafl
RedBAfl. B, XFREMAT LEZRININS
FHNZE) DNA IR K HZ A PR DIEE, Reda 5
RecT, #i# RedP 5 RecE Z[aI¥AHEIEMN, BT
DAAATT B4 20 At B A S i T 2H T RED 0L,

2 WA A IR 5 E 4L g AR R AL

WA 11 Redo/Redp 1 RecE/RecT & 4% [F]
EEAER, HA 533t DNA RSN
PE1% Reda B# RecE 1 /644 dsDNA 731 M 5% T
IR A TREAR 1 DNA 431 3/ R i A8 B LA B 58
B AR ) dsDNA IRV BL—1~ ssDNA 73F.
ssDNA 1B k£ [1 RedP o # RecT 5 Z#& ) ssDNA
SEATEME A, Pill ssDNA o F 8, HH
%R BV STE RedB 80 RecT BT T F-FLIA A
P9, % 5e i DNA EA (K 1),
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G Reda or RecE
5,IIA! I }1A23,
3' H 1 : : ! : ; 5!

Reda or RecE
l 5'-3" IRAMII G
5"-3"exonuclease
o 3

y— i g 5

000 Redp or RecT

GHAL  HA2,
5/

Reda
l 5'-3" 1RSI
5"-3"exonuclease
5! — 3’
3 '—t—l—t%‘ - ) 5!

Redp or RecT Redp
FEEDNAIR K PEEDNATR K
ssDNA annealing protein ssDNA annealing protein
5! B e 3’ 5 3
N [ IEIEEREREEEN )Y hed [1[J
4 +
5 H/\I‘ — ‘H/\l2 . 3 H/\l — 4HA.2 . 3
Y 5 3 ; I S 50
YNGR SR KB Beta T 2f]
Strand invasion Strand annealing Beta recombination
S 3! 5 ’
([ | N\
5 - - 3!

] ' 1 5' '

T iy
S !d —3
M m’

Bl 1 MEEKREREHEE Reda/Redp F1 RecE/RecT 1R H1#|

Figure 1 Models for Red/ET mediated recombineering

TEFJEE L T, 2tk DNA R B AE
DNA 4rF 2 [A] i B ZH B R e S E 4 (Linear Plus
Circular Homologous Recombination, LCHR) (] 2A),
2 DM DNA 737 2Z [a) A B ZH PR O 2 2 d 4l
(Linear Plus Linear Homologous Recombination,
LLHR) (Kl 2B); Redy HAFFET Red #2907, (H
R RecE/RecT H:3KiA, REM KHb4E M HE
MR, WIFERIESS, Red RGN SRR EALAFEA
%, KM RecET RYAFLLkmAFA .
LI E AL E A ML, PR H 2 B
m] 4% A 1= (Strand Invasion)#Lii| 5% Beta
(Beta Recombination)®' 2, & ##i T DNA (4 i ;
28 28 T 21 " AW 1) T8 IR K (Strand Annealing)HLi]
HELA WSS T DNA I HIE 1), 525
WER, FERIRE L1, DNA 7EA il XA A4 51
JRHER AR e S . Lt PCR 1331
dsDNA 1ENJEYIHT, Reda AIHE{YM dsDNA

— U IFUAWEAL, 77 4E ssDNA FRE AR, % A
18 il AL TR R B S BURTE . TR Redo B4R S1
DI b HAT S'BERR AL AR A9 dsDNA, TiARE
e i 20 5 T I SRS W A% B2 A7 A BT B ) Bt A o
Pigkd, FF LIE BT 1 dsDNA Y895 Pt af LA
HEFF AT BRI, 18 Reda ZEAK PR 52 10 M 4k 77 A
S BE AN ssDNA, M2 m e bY,
HMIRZ A DNA J3 4 72 90 F 41 iR R X i e Bt
25 DNA (195 il J2 ME— i 5o 52 36 530 1 (1) AL B AR
B FRN Beta APV

3 BWEAREEARNSFHRAFEELT

TR B P FR
30 RIBEEHEIEMMNA

W A TR S RIS A, R RR AR IO SR R LA KA
7 )RR (2 M dSDNA F B A RIE T Red R4
o #H RecET REEAIMGN E. coli h, WL [H]
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LHTEH
Linear plus circular
homologous recombination

kan PCR (2 kb)

| p15A-cm-kan (4 kb)

|
Linear plus linear
homologous recombination

pl15A-cm PCR (2 kb)

+

__-__

kan PCR (2 kb)

p15A-cm-kan (4 kb)

i

B2 EEAEREHE Reda/Redp 1 RecE/RecT N SHY & INE H(A)FIL% L EH (B)"
Figure 2 LCHR (A) and LLHR (B) mediated by phage homologous recombinases Redo/Redp and RecE/RecT!*”!

IR EH LN dsDNA Bl DL S 4l iy iy ks . 4
%AI%@@%(Bacterial Artificial Chromosomes,
BAC)8(# E. coli ik -1 H Y DNA JE IR
JERE, I ARFR R IV 50 [ (Subcloning) 8 & i 1146
#MGap Repair) ™ ([ 3A).

1998 4, Zhang S5 F| F [FlH E 4 T FR7E E. coli
FRSEBL T DLBORE 5 A7 /) B Hoxa BE[AT Y P1
BIKET6 ko)A E. coli Yk BE 1B, {45 H
) DNA A4 A (Insertion) . fi b (Deletion) A K £ 4
(Replacement)Z5) (& 3B)., 1999 4E, Muyrers %
FFH R E 4L TARAE E. coli HEZBL T X BAC [1&
'O (1 3B). A IR 24 T RS54 SacB 4 S
B 1) i e A, Zhang 2552 T % i #5 D1 BORE A4 A
28715 (Point Mutation)f&4it"*!, Muyrers 255238 T %f
BAC I S 21 (18] 3C).

1998 4F, Zhang %8 &4 ok 2 il AN . 1
FEVERRIC I R LA B AR B[R] J5VEF Y2t dsDNA J
BOMORIT RIGFE  BEREsE /N BG40 i

P& B B4l DNA L fp 2| RiE T
RecET RS BB E. coli H, T LKL [R5 E
41, LT X HEM DNA F Bt H 3 50 b (Direct
Cloning)**! (4 3D).

TEVETT DNA [AIRE LR, recd 2878 KT
AR F Bk AR E , ()2 Wang 58 R ILTE LR {L
HIBERT 23k RecA R LUER & L i 5 4R B A A7 58,
PNIE IR &

32 EERERAMAR

2012 4, Fu ZF)H4 KM RecE il RecT, il
I Redy il RecA 8 T — B HAZ S RE RS,
X}t Photorhabdus luminescens ") 10 PR AR5 5k
AT T HAE s I e R e ErbsidaRkis, &
ST A3 ) B v RN S YR SRk R T A T
WA = M4 B 217, 2015 4, Wang
SO T RecET HIZE WM Red SAFAM—K
%, RGO Bk b ok TR S R A
RecET @G, FEYeiAk bt RAHA TRk
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A v B
Suﬂgcf)lrfitng #fi Alnsertion
R Deletion
i fftReplacement

__“__

C e D vk
Point mutation Direct cloning
- -
+ +
1
L)

==

!

!

LI

Linear plus circular

homologous recombination

B3 FREATIRAR A0

Figure 3 Application of homologous recombineering

|
) (22
|

|
Linear plus linear
homologous recombination

[15-16,22,24,53]

/ﬂf A: i[ﬁl%%, B: ffFﬁ/\\ Eﬁiﬁff%ﬂ%}ﬁ%, C: ){—i%’é@, D: Eﬁfﬁﬁ%

Note: A: Subcloning; B: Insertion, deletion and replacement; C: Point mutation; D: Direct cloning

Red SEZH M, JFX v B AR TN B R A T R oo 1 it
177 hRiEdl, T — RGN THE, PR HE
Y v I B R TR A e O 4 4 4 b 4
AP, RecET 4Gy 1 12 o B AR S T 3 [H 3¢
PERIREEFNTRHGE , 24 B8 T, AFRX T ik N 41
KT 50 kb i DNA F Bl FLAZ SE R 240 ke
TE LR ) T PR RCR AN 15 02018 4F, Wang 25 7E RecET
B R OFERE F TR T ExoCET AP,

ExoCET ${ AR HLELZ 1 5 T4 DNA A
RN G, TERSPAT 2 4~ dsDNA B A il
FiRff, JERL ssDNA JFiBk, BlfSTEMRP, @it
RecET [RIJE A i E 4 ¥, SLBR A2 3L L 1
MOEFE i TR AR rh, BV LUE e 2 30k
G F B A PR (FUE 5340 2 (A1 AT LS B
—yigiR ok, 82 D FHE N, BT
2o I ASCRIR A, HET, T4 DNA %
B HEF RecET (4 UpRIVE &R R h 1T B

B TR B R A D0
3.3 DNA Z REHEERA

Wang Z:FF & 1) ExoCET $ AR AT LUH T4 £
A~ DNA FEBiifFfrdiae. SEREEERER) TAR sifE
FARMIL, ExoCET $iA HFG%E 3 d B[R]t AE SC Bt
2~ DNA R Btiydi%e, i TAR sapehl|as2i /0
2 & SRk Gibson FEfEF ARAHEL, ExoCET
BART L —W 4G 20 4~ DNA F BUH %l — A~
50 kb 95K, 11 Gibson Wz 2 HAEZ1 %% 51> DNA
JBt; 1 H ExoCET XfF DNA J¥411) GC % & Fl
AL AN AN, T R PO Song A
ExoCET HARX] Z R W R ALY G L H gk 7
N TR AR ARSI 2 Bl 2, N T2 R
LN TG TRk i B iRt
3.4 DNA ZJRIEIFHEAR

K o7 P sz 1) 7 3 0 ) 5 E 2 TR AT LA X
DNA JPHIHEF T IO B, AFGambR . B i s
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ARG L AR FEANHHFH sacB . rpsL F cedB S [v)
T e bR ic 3 R 45 A [A) R 81 4 T AR A T TR AR I
PN

K H Bacillus subtilis ) sacB FEH 25 HF
[l Y5 T 4 T AR AY R ) S i S R U2 7 E. coli
MLIN, sacB PR Gt 1) L A0 SR RN REHEL RL T
AT DL M A 1 A A W R SR SR, T SR SR =
XM Ak . RN TE A REE I B 3R 5
th, SacB XA A —E i BEPE, A2
sacB JE R ol A A Y /R DNA [ A & 28748 R kit
BEPE, PRI AR R B FEAN IS o AR 22 5L PR SO
pBACe3.6 #/AF pTARBAC #Atyad:, HAG SH
sacB R, AL, sacB RREFAMEMix e BACPY,

rpsL FER Gt A 1 S12 WL R R4
ZIVE SRR, 2011 4, Bird %7 E. coli 41N
FIH rpsL-neo %t BAC HA 15 1] i 326 A8 1 i sf ik,
KB Redo BYRIBIGIN T 43 F N H K ¥4 Z (8] (1)
HMEAR, 1 S AR RS, T HAYETES Redp
1 Redy, A Redo 7] DAF AR #1528 )% dSDNA
(rpsL-neo PCR)FI BAC HYEE 4 ; 4k M 7E L K15 RedB
ATEOLT , JHT ssDNA (B SERZHIR) &t BAC
M TG, T LA RO R T A A5
WP B rpsL R IABRCA B A 3 Ml .
(1) HEEZEXDCHUBRFEGE AR, TEREEEMN TR
THRAARAER; 2) B THGEARIE RS
PR, RITESR A S I i B R A e, 7 4%
J R R A T I Re Al HEBRZEAS ;s (3) rpsL
FEIR B [ AR REAEMER A 1070, SR i 2w
IR 1, A LW E R N AT St e
IFIA]

2014 4, Wang ¥4 cedB J v i 1% 5 [A) PR
HTRMG G, & TR IORBIMARS, A2
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FHEE A1) DNA JOIRBMH AR, MR TEE X
DNA 43 F AT pi AR TR 4 S Mg i T4
F T E. SR L8 DNA fE7E KEEE TS,
SR 2 AR R R 2 BRI AL & 0 i A= ) LR T
i, BRI FH R TOIRAE i H AR A 5L R A 28 A8
SE R R S BRI R M . 2020 4, Song %
T RedEx JEHGMHHAR, ZHAREH Redap
EANFIORIFELA . CedB A5y B 0] 57 e At
AN RS R 25 5 51— . 15,
f#i [ Redop AN FLIAEL, K& DNA K
B 55003 A e R 1 A7 A A 1 R 1) e R AR I (B
AR cedB ) T e e 3% K — 4
AFEDRI RSB 555 BRSSP RR A4 P DR 2
Lrkfl, DIREEWinG 20 bp RIUEE; S, @il
i S VIR S 0 AR SRR e, A s EE B R R
DNA 43 T3, Song 25 F1| %4 AR sl ot 43 4
YR 2 Z A R R A TSR AT T R 45
WARA L RAS T RIA R R A T2 R
LY A IR R 00

4 WP A IF) U 2H I AR At 2 R b Y B
RMITR

HU5 T Lambda W5 A [R15 5220 7 Redo/RedP
BRI T Rac JRMERAIARR[RIR B RecE/RecT,
AMUBETE E. coli A FRRCRAI IR AL, i H.
RETES E. coli KR BUE M K —ER)
HAREEE 1)

2003 4, W12 %4515 Lambda Red T4 R4t
By kL s A Shigella flexneri W, Ft H A A
50 bp [F]J5E AT DB et HLGL (A B 19 alkd
FEHOY, 2003 4, Derbise %244 Lambda Red H 4
RGN Yersinia pseudotuberculosis 1, F)HH A
500 bp [AIJEEF AYPTHEIL R G T gL Ak Erg H
By 3L FF Lambda Red T 41 &S T A4 45
VERI MR B e Serratia marcescens'®  Salmonella
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enterica Serovar Typhimurium® | Pseudomonas 2007 %, Van Kessel Z¥1E Mycobacterium
aeruginosa'® | Burkholderia thailandensis"®® . tuberculosis YW # & Che9c F: K4 #5] T

1 [67]

B. pseudomallei® | Klebsiella pneumoniae'®” .

Agrobacterium  tumefaciens'®™ UL K Escherichia

albertiit®,

Lambda Red T RS VATE Y E. coli 5E4 K
RILEGE kP TR, (HRETES E. coli 3%
ZR R BOL YRR D — AN RE R EH I RE
W, SRR TR A B A M AR () 5 S 2 g, T
B W] 05 8 20 22 40 i i HLAT i 4R S 1) [

RecE/RecT [R5 % Gp60/Gp61, FEM LA |
Y T SR E R EA TR RS,
[FIFER T & T A RGERRIR, 3 ) P. syringae

pv. tomato DC300072 | Lactococcus reuterit™ ™

L. lactis™™ | Clostridium acetobulylicumm] N

B. subtilis"® | Photorhabdus luminescens'" .
Xenorhabdus stockiae”” | Lactobacillus plantarum

WCFS177) | Schiegelella brevitalea DSM 7029131

DR 2 TRE O AR TS H R 1),

[83]

P. aeruginosa™ . B. glumae™ # B. plantarii™',

x1 BEARREHBEREMGAEPNAIFL
Table 1 Application and development of Red/ET in other bacteria
Species Proteins References
5'—3' exonuclease ssDNA annealing Host exonuclease ssDNA binding
protein inhibitor protein
Shigella flexneri Reda (phage lambda)  Redp (phage lambda) Redy (phage lambda) [61]
Yersinia Reda (phage lambda)  Redp (phage lambda) Redy (phage lambda) [62]
pseudotuberculosis
Serratia marcescens Redo (phage lambda)  Redp (phage lambda) Redy (phage lambda) [63]
Salmonella enterica Reda (phage lambda) ~ Redp (phage lambda) Redy (phage lambda) [64]
Pseudomonas aeruginosa Reda (phage lambda)  Redp (phage lambda) Redy (phage lambda) [65]
Burkholderia Reda (phage lambda)  Redp (phage lambda) Redy (phage lambda) [66]
thailandensis
B. pseudomallei Reda (phage lambda)  Redp (phage lambda) Redy (phage lambda) [66]
Klebsiella pneumoniae Reda (phage lambda)  Redp (phage lambda) Redy (phage lambda) [68]
Agrobacterium Reda (phage lambda)  Redp (phage lambda) Redy (phage lambda) [68]
tumefaciens
Escherichia albertii Redo (phage lambda)  Redp (phage lambda) Redy (phage lambda) [69]
Mycobacterium Gp60 (phage Che9c) Gp61 (phage Che9c) [70-71]
tuberculosis
Pseudomonas syringae RecEPsy (P. syringae) RecTPsy (P. syringae) [72]
Lactococcus reuteri RecTl (L. reuteri) [73-74]
Lactococcus lactis RecTl (L. reuteri) [73-74]
Clostridium Cpf0939 [75]
acetobutylicum (C. perfringens)
Bacillus subtilis GP35 (phage SSP1) [76]
Photorhabdus luminescens Plu2936 (P. luminescens) Plu2935 (P. luminescens) Plu2934 (P. luminescens) [77]
Xenorhabdus stockiae Plu2936 (P. luminescens) Plu2935 (P. luminescens) Plu2934 (P. luminescens) [77]
Lactobacillus plantarum  Lp 0642 (L. plantarum) Lp 0641 (L. plantarum) Lp 0640 (L. plantarum) [78-79]
Schlegelella brevitalea Reda7029 (S. brevitalea) RedB7029 (S. brevitalea) [80-81]
Pseudomonas aeruginosa A (phage Ab31) B (phage Ab31) Redy (phage lambda) S (phage Ab31) [82]
Pseudomonas putida A (phage Ab31) B (phage Ab31) Redy (phage lambda) S (phage Ab31) [82]
Pseudomonas fluorescens A (phage Ab31) B (phage Ab31) Redy (phage lambda) S (phage Ab31) [82]
Pseudomonas syringae A (phage Ab31) B (phage Ab31) Redy (phage lambda) S (phage Ab31) [82]
Burkholderia glumae RecEvns RecTyns [83]
(B. cordobensis Y123)  (B. cordobensis Y123)
Burkholderia plantarii RecEyins RecTyis [83]

(B. cordobensis Y123)

(B. cordobensis Y123)
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DURAE 5 UL AR, Xl SR s ) i 4 J2: Jt g 32
WAL L PR R s AR AE IR AE A P A
—EBEEAE RS, SRR A T AR T
MR UTER AR W A Bk R R A TS Rk s 5 2

KRR

TR YA LR AR e ke 2R b, R
AR E M5 A5 31— 508 1 S U # E FErhadk AT
FKIiE(A 4).

2015 4=, Yin Z67E P. luminescens 1 X. stockiae
Hhps T — 2 R T R i T A [ 905 2 il ) T 2
TRRRG, A X RGAE AL Z G B
K% plu2670 BIFTEARA T U R FEFAG 307,

PET S HUBOE TR E YT, 2018 4E, Wang
LR FHFE Schiegelella brevitalea DSM 7029 H 4
P[RR A TR RGOS T 5 TR AR
WA L HFERY ) Li 7 Burkholderia "W T
—ERFEEH TRRS, I AAHZRGAE
B REBOE T 3 A BRI IR e 15 3
T—R IR IR A e AN bR £ )
WA TRERSE, FHH ] T [F8 0 sbk Hh oxet
TUBRA: W6 UL R R A T I05 DT 2 BRI Ak
AR P 28 Bk JE DR A A2 40 0 — ST A B 5T
Jr i 4).
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Figure 4 Strategy of genome mining of silent biosynthetic gene clusters of microorganisms

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



3240 (DGR ESTE(

Microbiol. China

H AT, AR Z 5 W AT v LAR) FH ) st A
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A R, e SR A 9 0 B e BB R DT ER A
Y& B R O RE A o S Gk 0 Xtk A T I o
I R ) L SO R s A B T =K
1RBN AW LR SR e P A= 0 G R IR 2 v e
FIFAREAR I I R e A R A E A TE
hiEf Tk . Fu Z84iiE T 42K RecE Hil RecT HEfE
TR DNA Fr Betb A7 B ok, R X —HoR
Fu S P OCHF A B B 3] 1 10 N UUER AR
#(10-50 kb), FHo 2 PNIELAFE plu3263 (15.6 kb)
M plul881—plul877 (18.3 kb)TE KT H Hhsci T
SR RK, 15%] T Luminmides Al Luminmycin iX
2 LG X AR R IE DR, T LRI
o1 BeRE R T B BN R By, SRS FEA
[F] 5 B 20 TR A e 3] — ANk Ak o filan,
Yin e EE R ER RN A AR
(Streptomyces albus) DSM41398 H1 15 2| 8 K 44
A NFEHFE (106 kb)) 3 4~ F Bt(F1, 43 kb; F2,
33 kb; F3, 30 kb), ZRJGFIf] DNA ZIRHAN:
3R BB - RIR A |, &R TR
R 58 A Y A S R O 7E K R 0 B A R
(S. coelicolor) A3(2)H 2L T F i 365 Xu 78
U5 B UF Bl i £k TR (Actinoplanes  tsinanensis) ' #1)
[ 5 8 20 T AR e b 1 A0 8 R A& U R R
(11 kb), FfHAERE OHEE R (S. coelicolor) A3(2)
sl T IR IR, R E B R AR TT & 2R,
PAF K BOR BACH W) W6 U R 1) DNA
T LA BN SCE AR, SRJ5 384 Red AR
BEEG 2 AT BURL, 75— 3R B AR SE R i g
PI#%, MM SE B DNA 4T3 8% AL i 22 k87
A TAERI 2R ),

[] Y5 55 4 TR e 8 1 A A 0 v ik g A ™
PRIz, 8 AR A I R A T G,
A TR, AT DA R B = Rk A G )
e O BRik =z A, I R RS 2 TR IT K Y
TCIRAB B AT DI I A ™ Wy A= 6 s

FRERIREE | SRR SR TR Bl R RS, MU IR G
IR S, B i A ),
5.2 s FNEYEEEE SRR E
ENEEER AT e LA, A kheEit AJs
FEIZH IR, DA /R B 1 g BE DXL ) B e LA S
TN F 2 B bR, Hh BB AR T Bt ety g
FEDRE A /)N FRURERY  JE DR T 2 1) 5028 A 0
RIBAEAE SRR, WG IR TE | BR S8A8 A
GRAE K AMESE DR A 55,5 IS, B IS 13 A8 15 S
TEAE YNGR N 1A I 3R AR MR, TR JE ]
Uifig, IF P AL OB IR IR IT I 2 W U 3k T ¢ A5
RPY . HRT, ERERA TN b B T Rl E A A AR
E T 2007 4EAH DURAERIZES R 222, R
T ST A KT A IR R TR A, F R
EL 2R XN BRI A A T BE R A TR A R A
2003 4F, Testa 55 1 56 ) FH Ik o 4 J 4 il A
() [ 2 TR AL R R AT R, SRR TIRG
PEFTILE M SRR Y 4 r i/ RS 2010 48,
Fu 2@y 1) FH R) 96 i 4H T e F A e 4
TR AR B AR TR, WA /NREER ) BAC
BT IR B AR e W S AT R (B 5),
%L 4} Redo/Redp /511 DNA [A]Ji g4, &4
SIS FTLIAE O d INSE AN, EE4L T I B AR W A 8
FRHEE BT, AT LAY J 31 96 LAk i ey i st
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F, —¥ 4 R BEE S A B DNA 4156
— AR, PR R L R FTHR A 2017 4E,
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Figure 5 Conditional knockout strategy and gene targeting vector
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1) Y00 AT A L A 5 114 [) J E 2T 0
PRAREEA Tt AL st , H AT 32 SR AR R B Anvd
PR MW TR AR, ik 244 RecE/RecT Y
Redo/RedB 7EAM A BLUFA TR RIE , SR IGHE W TR (A
DNA FIH TFEEHRY DNA HEFE B,
2012 4, Fehér 5F|H RecE/RecT [a]Jf 840 T 72

MR P1 WEREIAR R T 1S1, KM IS1 AYmE
WA A R A s, W T — %

TERTE 5% V3 715 Y 04 K M T TR 6 TR T AR AR 0

2014 4F, Shin %5 RecE/RecT IE]‘/JEEQI?FIN‘Q
MR EAMVER & SPNOCC #Hfrisife&if, K
cl 53 14 ik AT A pl IR RS S B R N TR TR R
R s BT T A 0 B 3 R B g TR AR B 2 T
509 2004 4, Oppenheim %) Reda/Redp

199]

HHARGHHEMN LA SEZTTR, il 80 4>
HAF R ssDNA £ Lambda Mg A FSZEE T 58
A7, (A2l T BRI R A B4, B00E T Red
BRSO E i N TR SR G A

6 JE\%

FEFIERR (A [F] 5 B2 ¥ Redo/RedB 1 RecE/RecT
JE 1) DNA [A 20 TRETE 1998 4ER I A& ok,
JET T AW HOR I — A BRI % HOR RE % X
br DNA s rPes . K. =g, s
HE R WOk fRA L B B ARARSE,
HAT A2 BRI 3 DY R 51 67 15 F0 DNA 735K/
REL R IC A [R]6 B 20 TR AU SE K B T Hoxet
DNA #A1EM0, AR P L TR T EA
o T8 A S P %) W T A ] 0 2 il 1% s R A 45 A

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



3244 (G ESTE

Microbiol. China

RY, (kT YRR B

VTAEA, DNA [AlJHE4 TRAEMIT A T —&
YA, G LI DNA KA B T B e ke L)
&Tu%%%H&DNA@ f) ExoCET $ A, A]
PIXt DNA JEHUEBA KiEEE T A6 ik
KA T IR W’FﬁH’J RedEx JEHZiiEHARE . X
A 3 TR 2L 4 40 DA R R G AR T 1 A W
PLER A FT 3L T J100 T H A R F A2 U5
LA, FIREE L TR A ARk U 5 T T
ORI T EEAE L, JUHRALE SR i B R LA S
B R4 v R I TREAS T 3 2 Al

REFERENCES

[1] Groth AC, Calos MP. Phage integrases: biology and
applications[J]. Journal of Molecular Biology, 2004, 335(3):
667-678

[2] Smith MCM, Thorpe HM. Diversity in the serine
recombinases[J]. Molecular Microbiology, 2002, 44(2):
299-307

[3] Esposito D, Scocca JJ. The integrase family of tyrosine
recombinases:

Nucleic Acids Research, 1997,

evolution of a conserved active site

domain[J]. 25(18):
3605-3614

[4] Enquist LW, Kikuchi A, Weisberg RA. The role of A
integrase in integration and excision[J]. Cold Spring Harbor
Symposia on Quantitative Biology, 1979, 43: 1115-1120

[5] Austin S, Ziese M, Sternberg N. A novel role for
site-specific recombination in maintenance of bacterial
replicons[J]. Cell, 1981, 25(3): 729-736

[6] Anastassiadis K, Fu J, Patsch C, Hu SB, Weidlich S,
Duerschke K, Buchholz F, Edenhofer F, Stewart AF. Dre
recombinase, like Cre, is a highly efficient site-specific
recombinase in E. coli, mammalian cells and mice[J].
Disease Models & Mechanisms, 2009, 2(9/10): 508-515

[7] Broach JR, Guarascio VR, Jayaram M. Recombination
within the yeast plasmid 2p circle is site-specific[J]. Cell,
1982, 29(1): 227-234

[8] Colloms SD, Sykora P, Szatmari G, Sherratt DJ.
Recombination at ColE1 cer requires the Escherichia coli
xerC gene product, a member of the lambda integrase family
of site-specific recombinases[J]. Journal of Bacteriology,
1990, 172(12): 6973-6980

[9] Kuhstoss S, Rao RN. Analysis of the integration function of
the streptomycete bacteriophage @C31[J].
Molecular Biology, 1991, 222(4): 897-908

[10] Zhang L, Ou XJ, Zhao GP, Ding XM. Highly efficient in
vitro  site-specific

Journal of

recombination system based on

Streptomyces phage phiBT1 integrase[J]. Journal of

Bacteriology, 2008, 190(19): 6392-6397

[11] Krasnow MA, Cozzarelli NR. Site-specific relaxation and
recombination by the Tn3 resolvase: recognition of the
DNA path between oriented res sites[J]. Cell, 1983, 32(4):
1313-1324

[12] Katzen F. Gateway™ recombinational cloning: a biological
operating system[J]. Expert Opinion on Drug Discovery,
2007, 2(4): 571-589

[13] Long DP, Tan B, Zhao AC, Xu LX, Xiang ZH. Progress in

Cre/lox site-specific recombination system in higher

eukaryotes[J]. Hereditas, 2012, 34(2): 177-189 (in Chinese)

JesEil, EE, REE, PR, mPIR. Cre/lox {54

S T4 R G TE S 4 U b BB R D). S 1%,

2012, 34(2): 177-189

Thomason LC, Calendar R, Ow DW. Gene insertion and

replacement in Schizosaccharomyces pombe mediated by

[14

[l

the Streptomyces bacteriophage phiC31 site-specific
recombination system[J]. Molecular Genetics and Genomics,
2001, 265(6): 1031-1038

[15] Zhang YM, Buchholz F, Muyrers JPP, Francis Stewart A. A
new logic for DNA engineering using recombination in
Escherichia coli[J]. Nature Genetics, 1998, 20(2): 123-128

[16] Muyrers JPP, Zhang YM, Testa G, Stewart AF. Rapid
modification of bacterial artificial chromosomes by
ET-recombination[J]. Nucleic Acids Research, 1999, 27(6):
1555-1557

[17] Zhang Y, Yin YB, Chen YJ, Gao G, Yu P, Luo JC, Jiang Y.
PCAS: a precomputed proteome annotation database
resource[J]. BMC Genomics, 2003, 4(1): 42

[18] Testa G, Zhang YM, Vintersten K, Benes V, Pijnappel
WWMP, Chambers I, Smith AJH, Smith AG, Stewart AF.
Engineering the mouse genome with bacterial artificial
chromosomes to create multipurpose alleles[J]. Nature
Biotechnology, 2003, 21(4): 443-447

[19] Muyrers JPP, Zhang YM, Stewart AF. Techniques:
recombinogenic engineering-new options for cloning and
manipulating DNA[J]. Trends in Biochemical Sciences,
2001, 26(5): 325-331

[20] Ellis HM, Yu D, DiTizio T, Court DL. High efficiency
mutagenesis, repair, and engineering of chromosomal DNA
using single-stranded oligonucleotides[J]. Proceedings of
the National Academy of Sciences of the United States of
America, 2001, 98(12): 6742-6746

[21] Copeland NG, Jenkins NA, Court DL. Recombineering: a
powerful new tool for mouse functional genomics[J]. Nature
Reviews Genetics, 2001, 2(10): 769-779

[22] Zhang YM, Muyrers JPP, Testa G, Francis Stewart A. DNA
cloning by homologous recombination in Escherichia coli[J].
Nature Biotechnology, 2000, 18(12): 1314-1317

[23] Muyrers JP, Zhang Y, Buchholz F, Stewart AF. RecE/RecT
and Redalpha/Redbeta initiate double-stranded break repair
by specifically interacting with their respective partners[J].
Genes & Development, 2000, 14(15): 1971-1982

[24] Muyrers JP, Zhang Y, Benes V, Testa G, Ansorge W,

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



PRI W A 4R 509 DNA [RJJR 4 TR

3245

Stewart AF. Point mutation of bacterial artificial
chromosomes by ET recombination[J]. EMBO Reports,
2000, 1(3): 239-243

[25] Shulman MJ, Hallick LM, Echols H, Signer ER. Properties
of recombination-deficient mutants of bacteriophage
lambda[J]. Journal of Molecular Biology, 1970, 52(3):
501-520

[26] Remaut E, Stanssens P, Fiers W. Plasmid vectors for
high-efficiency expression controlled by the PL promoter of
coliphage lambda[J]. Gene, 1981, 15(1): 81-93

[27] Little JW, Lehman IR, Kaiser AD. An exonuclease induced
by bacteriophage A[J]. Journal of Biological Chemistry,
1967, 242(4): 672-678

[28] Masamune Y, Fleischman RA, Richardson CC. Enzymatic
removal and replacement of nucleotides at single strand
breaks in deoxyribonucleic acid[J]. The Journal of
Biological Chemistry, 1971, 246(8): 2680-2691

[29] Zhang JJ, McCabe KA, Bell CE. Crystal structures of
lambda exonuclease in complex with DNA suggest an
electrostatic  ratchet mechanism for processivity[J].
Proceedings of the National Academy of Academy of
Sciences of the United States of America, 2011, 108(29):
11872-11877

[30] Subramanian K, Rutvisuttinunt W, Scott W, Myers RS. The
enzymatic basis of processivity in lambda exonuclease[J].
Nucleic Acids Research, 2003, 31(6): 1585-1596

[31] Van Oijen AM. Single-molecule kinetics of exonuclease
reveal base dependence and dynamic disorder[J]. Science,
2003, 301(5637): 1235-1238

[32] Perkins TT, Dalal RV, Mitsis PG, Block SM.
Sequence-dependent pausing of single lambda exonuclease
molecules[J]. Science, 2003, 301(5641): 1914-1918

[33] Karakousis G, Ye N, Li Z, Chiu SK, Reddy G, Radding CM.
The beta protein of phage A binds preferentially to an
intermediate in DNA renaturation[J]. Journal of Molecular
Biology, 1998, 276(4): 721-731

[34] Venkatesh TV, Radding CM. Ribosomal protein S1 and
NusA protein complexed to recombination protein beta of
phage lambda[J]. Journal of Bacteriology, 1993, 175(6):
1844-1846

[35] Caldwell BJ, Zakharova E, Filsinger GT, Wannier TM,
Hempfling JP, Chun-Der L, Pei DH, Church GM, Bell CE.
Crystal structure of the Redp C-terminal domain in complex
with A exonuclease reveals an unexpected homology with A
Orf and an interaction with Escherichia coli single stranded
DNA binding protein[J]. Nucleic Acids Research, 2019,
47(4): 1950-1963

[36] Filsinger GT, Wannier TM, Pedersen FB, Lutz ID, Zhang JL,
Stork DA, Debnath A, Gozzi K, Kuchwara H, Volf V, et al.
Characterizing  the  portability = of  phage-encoded

homologous recombination proteins[J]. Nature Chemical

Biology, 2021, 17(4): 394-402

[37] Passy SI, Yu X, Li Z, Radding CM, Egelman EH. Rings and
filaments of protein from bacteriophage suggest a
superfamily of recombination proteins[J]. Proceedings of
the National Academy of Sciences of the United States of
America, 1999, 96(8): 4279-4284

[38] Erler A, Wegmann S, Elie-Caille C, Bradshaw CR, Maresca
M, Seidel R, Habermann B, Muller DJ, Stewart AF.
Conformational adaptability of Redbeta during DNA
annealing and implications for its structural relationship
with Rad52[J]. Journal of Molecular Biology, 2009, 391(3):
586-598

[39] Caldwell BJ, Norris A, Zakharova E, Smith CE, Wheat CT,
Choudhary D, Sotomayor M, Wysocki VH, Bell CE.
Oligomeric complexes formed by Redf single strand
annealing protein in its different DNA bound states[J].
Nucleic Acids Research, 2021, 49(6): 3441-3460

[40] Taylor A, Smith GR. Unwinding and rewinding of DNA by
the RecBC enzyme[J]. Cell, 1980, 22(2): 447-457

[41] Murphy KC. Lambda Gam protein inhibits the helicase and
Chi-stimulated recombination activities of Escherichia coli
RecBCD enzyme[J]. Journal of Bacteriology, 1991, 173(18):
5808-5821

[42] Murphy KC. The A gam protein inhibits RecBCD binding to
dsDNA ends[J]. Journal of Molecular Biology, 2007, 371(1):
19-24

[43] Paskvan I, Salaj—Smic E, Ivanéi¢-Bace 1, Zahradka K,
Trgovéevi¢ Z, Bréié-Kosti¢ K. The genetic dependence of
RecBCD-Gam mediated double strand end repair in
Escherichia coli[J]. FEMS Microbiology Letters, 2001,
205(2): 299-303

[44] Barbour SD, Nagaishi H, Templin A, Clark AJ. Biochemical
and genetic studies of recombination proficiency in
Escherichia coli, 1I. rect+ revertants caused by indirect
suppression of rec-mutations[J]. Proceedings of the National
Academy of Sciences of the United States of America, 1970,
67(1): 128-135

[45] Joseph JW, Kolodner R. Exonuclease VIII of Escherichia
coli. 1I. Mechanism of action[J]. Journal of Biological
Chemistry, 1983, 258(17): 10418-10424

[46] Chang HW, Julin DA. Structure and function of the
Escherichia coli RecE protein, a member of the RecB
nuclease domain family[J]. Journal of Biological Chemistry,
2001, 276(49): 46004-46010

[47] Fu J, Bian XY, Hu S, Wang HL, Huang F, Seibert PM,
Plaza A, Xia LQ, Miiller R, Francis Stewart A, et al.
Full-length RecE
recombination  and

enhances linear-linear homologous

facilitates  direct cloning for
bioprospecting[J]. Nature Biotechnology, 2012, 30(5):
440-446

[48] Thresher RJ, Makhov AM, Hall SD, Kolodner R, Griffith
JD. Electron microscopic visualization of RecT protein and

its complexes with DNA[J]. Journal of Molecular Biology,

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



3246 A

Microbiol. China

1995, 254(3): 364-371
[49] Noirot P, Gupta RC, Radding CM, Kolodner RD. Hallmarks
of homology recognition by RecA-like recombinases are
exhibited by the unrelated Escherichia coli RecT protein[J].
The EMBO Journal, 2003, 22(2): 324-334
[50] Muniyappa K, Radding CM. The
recombination system of phage lambda. Pairing activities of

homologous

beta protein[J]. Journal of Biological Chemistry, 1986,
261(16): 7472-7478

[51] Maresca M, Erler A, Fu J, Friedrich A, Zhang YM, Stewart
AF. Single-stranded heteroduplex intermediates in lambda
Red homologous BMC Molecular
Biology, 2010, 11: 54

[52] Lim SI, Min BE, Jung GY. Lagging strand-biased initiation
of red recombination by linear double-stranded DNAs[J].
Journal of Molecular Biology, 2008, 384(5): 1098-1105

[53] Fu J, Teucher M, Anastassiadis K, Skarnes W, Stewart AF.
A recombineering pipeline to make conditional targeting
constructs[J]. Methods in Enzymology, 2010, 477: 125-144

[54] Wang JP, Sarov M, Rientjes J, Hu J, Hollak H, Kranz H, Xie
Y, Stewart AF, Zhang YM. An improved recombineering

recombination[J].

approach by adding RecA to A Red recombination[J].
Molecular Biotechnology, 2006, 32(1): 43-53

[55] Wang HL, Li Z, Jia RN, Hou Y, Yin J, Bian XY, Li AY,
Miiller R, Stewart AF, Fu J, et al. RecET direct cloning and
Redaf recombineering of biosynthetic gene clusters, large
operons or single genes for heterologous expression[J].
Nature Protocols, 2016, 11(7): 1175-1190

[56] Wang HL, Li Z, Jia RN, Yin J, Li AY, Xia LQ, Yin YL,
Miiller R, Fu J, Stewart AF, et al. ExoCET: exonuclease in
vitro assembly combined with RecET recombination for
highly efficient direct DNA cloning from complex
genomes[J]. Nucleic Acids Research, 2018, 46(5): €28

[57] Song CY, Luan J, Cui QW, Duan QY, Li Z, Gao YS, Li RJ,
Li AY, Shen YM, Li YZ, et al. Enhanced heterologous
spinosad production from a 79-kb synthetic multioperon
assembly[J]. ACS Synthetic Biology, 2019, 8(1): 137-147

[58] Bird AW, Erler A, Fu J, Hériché JK, Maresca M, Zhang YM,

AA, Francis Stewart A.

counterselection recombineering for

Hyman High-efficiency
site-directed
mutagenesis in bacterial artificial chromosomes[J]. Nature
Methods, 2012, 9(1): 103-109
[59] Wang HL, Bian XY, Xia LQ, Ding XZ, Miiller R, Zhang
YM, Fu J, Stewart AF. Improved seamless mutagenesis by
recombineering using ccdB for counterselection[J]. Nucleic
Acids Research, 2014, 42(5): e37
[60] Song CY, Luan J, Li RJ, Jiang CJ, Hou Y, Cui QW, Cui TQ,
Tan L, Ma ZC, Tang YJ, et al. RedEx: a method for
seamless DNA insertion and deletion in large multimodular
polyketide synthase gene clusters[J]. Nucleic Acids
Research, 2020, 48(22): e130

[61] Hu K, Shi ZX, Wang HL, Feng EL, Huang LY. Study on
gene knockout using red system in Shigella flexneri[J]. Acta
Microbiologica Sinica, 2003, 43(6): 740-746 (in Chinese)
IR, JIR2%, FAEEE, HIR¥S, B K. Red A RGAE
SRIGEAT T B R RS o g I R (0. SR 44, 2003,
43(6): 740-746

[62] Derbise A, Lesic B, Dacheux D, Ghigo JM, Carniel E. A
rapid and simple method for inactivating chromosomal
genes in Yersinia[J]. FEMS Immunology and Medical
Microbiology, 2003, 38(2): 113-116

[63] Rossi MS, Paquelin A, Ghigo JM, Wandersman C.
Haemophore-mediated signal transduction across the
bacterial cell envelope in Serratia marcescens: the inducer
and the transported substrate are different molecules[J].
Molecular Microbiology, 2003, 48(6): 1467-1480

[64] Karlinsey JE, Hughes KT. Genetic transplantation:
Salmonella enterica serovar typhimurium as a host to study
Sigma factor and anti-Sigma factor interactions in
genetically intractable systems[J]. Journal of Bacteriology,
2006, 188(1): 103-114

[65] Lesic B, Rahme LG. Use of the lambda Red recombinase
system to rapidly generate mutants in Pseudomonas
aeruginosa[J]. BMC Molecular Biology, 2008, 9: 20

[66] Kang Y, Norris MH, Wilcox BA, Tuanyok A, Keim PS,
Hoang TT. Knockout and pullout recombineering for
naturally transformable Burkholderia thailandensis and
Burkholderia pseudomallei[J]. Nature Protocols, 2011, 6(8):
1085-1104

[67] Wei D, Wang M, Shi JP, Hao J. Red recombinase assisted
gene replacement in Klebsiella pneumoniae[J]. Journal of
Industrial Microbiology & Biotechnology, 2012, 39(8):
1219-1226

[68] Hu SB, Fu J, Huang F, Ding XZ, Stewart AF, Xia LQ,
Zhang YM. Genome engineering of Agrobacterium
tumefaciens using the lambda Red recombination system[J].
Applied Microbiology and Biotechnology, 2014, 98(5):
2165-2172

[69] Egan M, Ramirez J, Xander C, Upreti C, Bhatt S. Lambda
red-mediated recombineering in the attaching and effacing
pathogen Escherichia albertii[J]. Biological Procedures
Online, 2016, 18(1): 3

[70] Van Kessel JC, Hatfull GF. Efficient point mutagenesis in
Mpycobacteria using single-stranded DNA recombineering:
characterization of antimycobacterial drug targets[J].
Molecular Microbiology, 2008, 67(5): 1094-1107

[71] Van Kessel JC, Hatfull GF. Recombineering in
Mycobacterium tuberculosis[J]. Nature Methods, 2007, 4(2):
147-152

[72] Swingle B, Bao ZM, Markel E, Chambers A, Cartinhour S.
Recombineering

using RecTE from Pseudomonas

syringae[J]. Applied and Environmental Microbiology, 2010,

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



PRI W A 4R 509 DNA [RJJR 4 TR

3247

76(15): 4960-4968

[73] Van Pijkeren JP, Neoh KM, Sirias D, Findley AS, Britton
RA. Exploring optimization parameters to increase ssDNA
recombineering in Lactococcus lactis and Lactobacillus
reuteri[J]. Bioengineered, 2012, 3(4): 209-217

[74] Van  Pijkeren JP, Britton RA. High
recombineering in lactic acid bacteria[J]. Nucleic Acids
Research, 2012, 40(10): 76

[75] Dong HJ, Tao WW, Gong FY, Li Y, Zhang YP. A
functional recT gene for recombineering of Clostridium[J].
Journal of Biotechnology, 2014, 173: 65-67

[76] Sun ZP, Deng AH, Hu T, Wu J, Sun QY, Bai H, Zhang GQ,
Wen TY. A high-efficiency recombineering system with
PCR-based ssDNA in Bacillus subtilis mediated by the
native phage recombinase GP35[J]. Applied Microbiology
and Biotechnology, 2015, 99(12): 5151-5162

[77] Yin J, Zhu HB, Xia LQ, Ding XZ, Hoffmann T, Hoffmann
M, Bian XY, Miiller R, Fu J, Stewart AF, et al. A new
recombineering ~ system  for  Photorhabdus  and
Xenorhabdus[J]. Nucleic Acids Research, 2015, 43(6): e36

[78] Ventura M, Canchaya C, Kleerebezem M, De Vos WM,
Siezen RJ, Briissow H. The prophage sequences of
Lactobacillus plantarum strain WCFS,[J]. Virology, 2003,
316(2): 245-255

[79] Yang P, Wang J, Qi QS. Prophage recombinases-mediated

efficiency

genome engineering in Lactobacillus  plantarum[J].
Microbial Cell Factories, 2015, 14(1): 154

[80] Tang B, Yu YC, Liang JH, Zhang YM, Bian XY, Zhi XY,
Ding XM. Reclassification of ‘Polyangium brachysporum’
DSM 7029 as Schlegelella brevitalea sp.
International Journal of Systematic and Evolutionary
Microbiology, 2019, 69(9): 2877-2883

[81] Wang X, Zhou HB, Chen HN, Jing XS, Zheng WT, Li RJ,
Sun T, Liu JQ, Fu J, Huo LJ, et al. Discovery of
recombinases cryptic
biosynthetic gene clusters in Burkholderiales species[J].

nov.[J].

enables genome mining of
Proceedings of the National Academy of Sciences of the
United States of America, 2018, 115(18): E4255-E4263

[82] Yin J, Zheng WT, Gao YS, Jiang CJ, Shi HB, Diao XT, Li
SS, Chen HN, Wang HL, Li RJ, et al. Single-stranded
DNA-binding protein and exogenous RecBCD inhibitors
enhance phage-derived homologous recombination in
Pseudomonas[J]. iScience, 2019, 14: 1-14

[83] Li RJ, Shi HB, Zhao XY, Liu XQ, Duan Q, Song CY, Chen
HN, Zheng WT, Shen QY, Wang MQ, et al. Development
and application of an efficient recombineering system for
Burkholderia  glumae and Burkholderia plantarii[J].
Microbial Biotechnology, 2021, 14(4): 1809-1826

[84] Bian XY, Plaza A, Zhang YM, Miiller R. Luminmycins

from Photorhabdus

luminescens identified by heterologous expression in

A-C, cryptic natural products

Escherichia coli[J]. Journal of Natural Products, 2012, 75(9):

1652-1655

[85] Yin J, Hoffmann M, Bian XY, Tu Q, Yan F, Xia LQ, Ding
XZ, Francis Stewart A, Muller R, Fu J, et al. Direct cloning
and heterologous expression of the salinomycin biosynthetic
gene cluster from Streptomyces albus DSM41398 in
Streptomyces coelicolor A3(2)[J]. Scientific Reports, 2015,
5: 15081

[86] Xu XK, Zhou HB, Liu Y, Liu XT, FuJ, Li AY, Li YZ, Shen
YM, Bian XY, Zhang YM. Heterologous expression guides
identification of the biosynthetic gene cluster of
chuangxinmycin, an indole alkaloid antibiotic[J]. Journal of
Natural Products, 2018, 81(4): 1060-1064

[87] Fu J, Wenzel SC, Perlova O, Wang JP, Gross F, Tang ZR,
Yin YL, Stewart AF, Miller R, Zhang YM. Efficient
transfer of two large secondary metabolite pathway gene
clusters into heterologous hosts by transposition[J]. Nucleic
Acids Research, 2008, 36(17): e113

[88] Perlova O, Fu J, Kuhlmann S, Krug D, Stewart AF, Zhang
YM, Miller R. Reconstitution of the myxothiazol
biosynthetic gene cluster by Red/ET recombination and
heterologous expression in Myxococcus xanthus[J].
Applied and Environmental Microbiology, 2006, 72(12):
7485-7494

[89] Wenzel SC, Gross F, Zhang YM, Fu J, Stewart AF, Miiller
R. Heterologous expression of a myxobacterial natural
products assembly line in pseudomonads via Red/ET
recombineering[J]. Chemistry & Biology, 2005, 12(3):
349-356

[90] Tu Q, Herrmann J, Hu SB, Raju R, Bian XY, Zhang YM,
Miiller R. Genetic engineering and heterologous expression
of the disorazol biosynthetic gene cluster via Red/ET
recombineering[J]. Scientific Reports, 2016, 6: 21066

[91] Gurumurthy CB, Saunders T, Ohtsuka M. Designing and
generating a mouse model: frequently asked questions[J].
The Journal of Biomedical Research, 2021, 35: 76-90

[92] Thomas KR, Capecchi MR. Site-directed mutagenesis by
gene targeting in mouse embryo-derived stem cells[J]. Cell,
1987, 51(3): 503-512

[93] Skarnes WC, Rosen B, West AP, Koutsourakis M, Bushell
W, Iyer V, Mujica AO, Thomas M, Harrow J, Cox T, et al.
A conditional knockout resource for the genome-wide study
of mouse gene function[J]. Nature, 2011, 474(7351):
337-342

[94] Baker O, Gupta A, Obst M, Zhang YM, Anastassiadis K, Fu
J, Stewart AF.
Cas9-assisted targeting for protein tagging and conditional
analyses[J]. Scientific Reports, 2016, 6: 25529

[95] Baker O, Tsurkan S, Fu J, Klink B, Rump A, Obst M, Kranz
A, Schrock E, Anastassiadis K, Stewart AF. The
contribution of homology arms to nuclease-assisted genome
engineering[J]. Nucleic Acids Research, 2017, 45(13):
8105-8115

RAC-tagging: recombineering and

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



3248 A

Microbiol. China

[96] Rostovskaya M, Fu J, Obst M, Baer I, Weidlich S, Wang HL,
Smith AJH, Stewart AF.
Transposon-mediated BAC transgenesis in human ES
cells[J]. Nucleic Acids Research, 2012, 40(19): e150

[97] Rostovskaya M, Naumann R, Fu J, Obst M, Mueller D,
Stewart AF, Anastassiadis K. Transposon mediated BAC
transgenesis via pronuclear injection of mouse zygotes[J].
Genesis, 2013, 51(2): 135-141

[98] Brumos J, Zhao C, Gong Y, Soriano D, Patel AP,
Perez-Amador MA, Stepanova AN, Alonso JM. An
improved recombineering toolset for plants[J]. Plant Cell,
2020, 32(1): 100-122

[99] Zhang WL, Fu J, Liu J, Wang HL, Schiwon M, Janz S,
Schaffarczyk L, Von Der Goltz L, Ehrke-Schulz E, Dérner J,
et al. An engineered virus library as a resource for the

Anastassiadis K,

spectrum-wide exploration of virus and vector diversity[J].
Cell Reports, 2017, 19(8): 1698-1709

[100] Smith HO, Hutchison CA, Pfannkoch C, Venter JC.
Generating a synthetic genome by whole genome assembly:
X174 bacteriophage from synthetic oligonucleotides[J].
Proceedings of the National Academy of Sciences of the
United States of America, 2003, 100(26): 15440-15445

[101]Ando H, Lemire S, Pires DP, Lu TK. Engineering modular
viral scaffolds for targeted bacterial population editing[J].
Cell Systems, 2015, 1(3): 187-196

[102]Shin J, Jardine P, Noireaux V. Genome replication,
synthesis, and assembly of the bacteriophage T7 in a single
cell-free reaction[J]. ACS Synthetic Biology, 2012, 1(9):
408-413

[103]Loessner MJ, Rees CE, Stewart GS, Scherer S.
Construction of luciferase reporter bacteriophage A511: for
rapid and sensitive detection of viable Listeria cells[J].
Applied and Environmental Microbiology, 1996, 62(4):
1133-1140

[104]Kiro R, Shitrit D, Qimron U. Efficient engineering of a
bacteriophage genome using the type I-E CRISPR-Cas
system[J]. RNA Biology, 2014, 11(1): 42-44

[105]Fehér T, Karcagi I, Blattner FR, Posfai G. Bacteriophage
recombineering in the lytic state using the lambda red
recombinases[J]. Microbial Biotechnology, 2012, 5(4):
466-476

[106]Shin H, Lee JH, Yoon H, Kang DH, Ryu S. Genomic
investigation of lysogen formation and host lysis systems of
the Salmonella temperate bacteriophage SPNICC[J].
Applied and Environmental Microbiology, 2014, 80(1):
374-384

[107] Oppenheim AB, Rattray AJ, Bubunenko M, Thomason LC,
Court DL. In vivo recombineering of bacteriophage A by
PCR fragments and single-strand oligonucleotides[J].
Virology, 2004, 319(2): 185-189

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



