[GRYE=(

Acta Microbiologica Sinica

2022, 62(12): 4964-4980
http://journals.im.ac.cn/actamicrocn e
DOI: 10.13343/j.cnki.wsxb.20220231 fl

Research Articles IRt &=y

Zef /R DNA FRAEFE IR LR BI R ExoCET BT IE
TBCE T R AR 7= A 0 o R R

Db, gare ', BE Y Tam Y A, BRES, aAR Y, Ra#
MFH 2 B

1 sl R Rl R 22 e, e E AR E R E A%, i 200240
2 Rigssil KRR S R B ERECE SESLR =, i 200240
3 BEHEOR KA MR BE, B BIHi/R 843300

ThiE Wt EhETEE, ERH, EICHE, A, PR, AMCR, RRRTHE, BT, BR—H7. J @ik DNA SR B Y
ExoCET AR se B2k 18 R AR = W A= 1 6 B R A= W41, 2022, 62(12): 4964—4980.

Ma Jingxian, Han Shuting, Sheng Yong, Wang Hengyu, Xing Li, Luo Xiaoxia, Bai Linquan, Kang Qianjin, Deng Zixin, Ou
Yixin. Agarose-embedded chromosomal DNA combines with ExoCET technology to capture the biosynthetic gene clusters of
natural products in Actinobacteria. Acta Microbiologica Sinica, 2022, 62(12): 4964—4980.

7 ZE: (B AARE ABTIRIRAE €32 4 &k DNA #97% ik 5 ExoCET ZAHARAILE S,
EIRERBARRFNENSRABRGIKRT =, RERABEARKFANERARERE L, FI
BAFAEMERAR K FREAZL, [FF] B4, ARAKESIRIERE QIR R &AL EAKR
B8 % DNA, R4 A BN AL SR &K DNA #9376, RIF LML) DNA # &5

RJE#|F ExoCET EAMAK, vA plSA &KMHAARKR BN B ARAR R &M R REATHK, Fad
PCR-targeting 97 %% B ARRAL T 5INPT E 69356454 DNA . 4, FHetRddEs
4% -5 N\ 3| Streptomyces coelicolor M1252 8 £ %, R AR M ETLEAMK. &/a, AR 6@kt
T K B SR BACAS Y, )5 BEATE AN BT 4w, [ 45 R Vi 3% 7 ik, MBA AR S. lincolnensis
NRR2936 ¥+ &R K 4F T AT B H A MWARILE 3 (Imb-BGC), ME #k Nonomuraea nitratireducens
WYY166" F £ %532 T 2 MEAEIRAK LS4 89 & & RIS B 4% (nioblantin, niob-BGC #=

HETH . EFRELSH AR (2021YFC2100600); [E &K H SRRl 23 4: (31770034, 31830104); LT AR =E 4
(19ZR1475600)

Supported by the National Key Research and Development Program of China (2021YFC2100600), by the National Natural
Science Foundation of China (31770034, 31830104) and by the Natural Science Foundation of Shanghai, China
(19ZR1475600)

*Corresponding authors. Tel: +86-21-34206119; E-mail: KANG Qianjin, gjkang@sjtu.edu.cn; OU Yixin, yixinou@sjtu.edu.cn
Received: 31 March 2022; Revised: 8 May 2022; Published online: 20 June 2022



ERAE | AR, 2022, 62(12) 4965

nitblantin, nith-BGC), F+5% 3T Imb-BGC £ R I &42E @ M1252 F e kL. (441 K7
FOB ARSI A 32 K 5 ExoCET AR KRBT SEEL, L& LEFHTHRTEE
BOONF ARG FERRENS YO EDERARR., Re, oA TAREHERE, EREEH
FW MI1252 45 £ 7 $ATRE, 2 AR ZAEMR MIX0L. MIX02 A= MIX04., /&, AR & A
BEMM R F RN LR HIT TN, AT THRTEZADSGRARKAEREECHER
MI1252 F I &k, ABR K il it 3K 5K 5 A R AR R BRI EE T .

XH8IF): 2 E 41Kk DNA 954 032 5 %; ExoCETH K, T E%: F LMK, FR AR,
R #

Agarose-embedded chromosomal DNA combines with
ExoCET technology to capture the biosynthetic gene clusters
of natural products in Actinobacteria

MA Jingxian"?, HAN Shuting'?, SHENG Yong'?, WANG Hengyu'?, XING Li’,

LUO Xiaoxia’, BAI Linquan"?, KANG Qianjin"*", DENG Zixin"*, OU Yixin"*"

1 State Key Laboratory of Microbial Metabolism, School of Life Sciences and Biotechnology, Shanghai Jiao Tong
University, Shanghai 200240, China

2 Joint International Research Laboratory of Metabolic & Developmental Sciences, Shanghai Jiao Tong University,
Shanghai 200240, China

3 College of Life Science, Tarim University, Alar 843300, Xinjiang, China

Abstract: [Objective] To develop a method of cloning biosynthetic gene clusters of natural products
(NP-BGCs) by combining agarose-embedded chromosomal DNA strategy with exonuclease combined
with RecET recombination (ExoCET) technology and transform the cloned gene clusters into chassis
cells for the expression of target NP-BGCs in heterologous hosts. [Methods] Firstly, the chromosomal
DNA of the targeted strain was prepared by agarose-embedded plugs with the low-melting-temperature
agarose and digested with the restriction enzymes to yield the linear DNA sample. Then, the linear
target BGC was captured by the linear vector of p15A through the ExoCET technology. The desired
integrative and conjugative elements were introduced into the BGC-containing plasmid through
PCR-targeting approach. Subsequently, the final modified plasmid was introduced into Streptomyces
coelicolor M1252 by intergeneric conjugation to yield the desired recombinant strains. Finally, the
recombinant strains were fermented and analyzed for target compound production by UPLC-ESI-MS
and the inhibitory activity against different indicator strains was detected. [Results] With this method,
the BGC of lincomycin (/mb-BGC) and the BGCs of two ribosomal peptides (nioblantin, niob-BGC and
nitblantin, nitb-BGC) were obtained from S. /incolnensis NRR2936 and Nonomuraea nitratireducens
WYY 166", respectively. Finally, the Imb-BGC was expressed in M1252 for production of lincomycin.
[Conclusion] In this study, the /mb-BGC and two novel lanthipeptide BGCs were cloned by the
agarose-embedded chromosomal DNA in combination with ExoCET technology. Then, the
BGC-containing plasmids were modified for conjugations. The recombinant strains MJX01, MJX02,
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and MJX03 were obtained by conjugation with the strain M1252 host. The fermentation broth was

extracted and analyzed by UPLC-ESI-MS and the anti-bacterial activity was detected. Finally, our

results revealed that the lincomycin was successfully produced in the strain M1252 containing the

Imb-BGC. This study lays the foundation for the discovery of new compounds through gene cluster

cloning and heterologous expression in the chassis strain.

Keywords: agarose-embedded chromosomal DNA strategy; exonuclease combined with RecET
recombination; lincomycin; lanthipeptide; heterologous expression; mass spectra
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I FH) DNA B2tk B4 HoR 7k Hn
BGC. MMIZJi ik, HJcTelErF 2 30.0 kb Akna]
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gene cluster, Imb-BGC). [RH}, 7877 B 8 i
T WYY 166" s sl so b T 2 oA ik 2k
& YR BGC, KE 15120 34.1 kb 71 16.0 kb,
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AARH . BHLURAI (PR, . FINEE
D)W B b E 24 4R A 22 a0 I 0 A BR
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Eppendorf 28 ] 5 HLUK{YL K AE EPS-300, kK
REN ] TERZE &AL R-210, BUCHI A dl; #A
RSO A 1% - AT ] S HPLC 1290-MS
6230, i PEARA R ; AR R

LRH-250A, ffXTH R B anmif lRA W 18
IR FEIR ZQZY-T0BS, i F2E (U #s47 FR 2>
Al; MY, Eppendorf A H]; HER IR RS,
Bio-Rad A Al .
1.1.2  EPRFABRAL

AT i b B TR R AN R DL R 1.
1.1.3 EFERAF

LB 535, YPD Bi g 5%, R3 [ kK
FHPT, 2x YT, MS #5553 . TSBY k53:3L .
R5 [ A3 35 3L H YEME §5 35 5£52% S0k [30].
TE25S: 0.3 mol/L JFEME, 25 mmol/L EDTA,
25 mmol/L Tris; NDS: 0.5 mol/L EDTA,
10 mmol/L Tris, 1% SDS; TE10: 1 mmol/L
EDTA, 10 mmol/L Tris. 4+%|¥77 pH £ 8.0,
115 °C K& 15 min % . K& 55350 1] TE25S
i TE10 A 1 0 (2% 2 mg/mL) K 4K
fiff K (&4 E /2 mg/mL),
1.1.4 3|9

ASCH T 5 1 L3 2.
1.2 REBSIEERGIELHEREEER
“H DNA

MEEFEIE FEHREL S. lincolnensis NRRL2936
DL N. nitratireducens WYY 166" Hikk, 43 04%
T 50 mL YEME K2k, 30 °C. 220 r/min,
A3 935SR 24 hF1 48 ho 12 000 r/min &5.0> 15 min,
F B, BREAEIFT 25 mL 10.3%5ERHA R
H1, 12 000 r/min 250> 15 min, B, FHE 1K,
W AR T B IF T 25 mL TE25S W, B HIA
it ODgo=2.0-8.0 FLHIFE S, 43 HL 5 mL AR
T 12 mL BOE T, 42 °C R, Bk 2%(%
& S B RE, 50 °C PRI o B -5 1A s B
PR ARFUR A5G, BIABURH S AR
Z R GE [ 35 mine AR B BCHAHEA 5 mL
A 2 mg/mL B E M TE25S B+, 37 °C
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20 mL TE10, =i FEH 1 h, mEZL T 3 K.
IS 10 mL ¢ TE10 {5z 405 3, ik
A 4 °C UK T K IAPRA .

i 2 ho % TE25S ¥, A 5 mL NDS
W (A 2 mg/mL & K),50 °C £/ 48 h,
AN 1 R A K. F4: NDS B, A

™1 RSP K B E PR AN BURL LA R ELRFIE RO SR R

Table 1  Strains and plasmids used in this study and their characteristics and origins
Strains and plasmid Description Sources or references
Strains
Escherichia coli DH10B lacZ, recA, AMIS Gibco BRL
E. coli recE, dem™, dam”, hsdS, Cm", Tet', Str", Km" [22]
ET12567/pUZ8002
GBO05-dir GB2005, Pgap-ETgA (recE, recT, redy and recA) [10]
GBO08 GBOS5, AdlacZ, Pgap-afyA (redy, redpf, redo and recA) [23]
Nonomuraea nitratireducens Wild-type producer for nioblantin and nitblantin [24]
WYY166"
Streptomyces lincolnensis Wild-type producer for lincomycin [25]
NRRL2936
Streptomyces coelicolor Strain M 1152 carrying two artificial @C31-attB sites [18]
M1252
MJXO01 S. coelicolor M1252 with the plasmid pJQK702 This work
MJX02 S. coelicolor M1252 with the plasmid pJQK704 This work
MJX04 S. coelicolor M1252 with the plasmid pJQK711 This work
MIXO05 S. coelicolor M1252 with pSET152 This work
Bacillus subtilis 168 Indicator strain used for bioassay This work
Bacillus cereus B4264 Indicator strain used for bioassay This work
Candida albicans Indicator strain used for bioassay This work
Sarcina lutea NCTC2665 Indicator strain used for bioassay This work
Saccharomyces cerevisiae Indicator strain used for bioassay This work
Plasmids
pBluescript SK(+) lacZ, bla, ori (f1), ori (pUC) [26]
pl5A-cm-ccdB Ori (p15A), chl, ccdB [11]
pSET152 attP, int, oriT, aac(3)IV, Apr [27]
pJQK701 Plasmid with p15A and the /mb BGC This work
pJQK702 Plasmid with p15A, attP, int, oriT, Apr and the Imb BGC This work
pJQK703 Plasmid with p15A and the niob BGC This work
pJQK704 Plasmid with p15A, attP, int, oriT, Apr and the niob BGC This work
pJQK710 Plasmid with p15A and the nith BGC This work
pJQK711 Plasmid with p15A, attP, int, oriT, Apr and the nitb BGC This work

<l actamicro@im.ac.cn, & 010-64807516
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Table 2 Primers and their sequences used in the study

Primers

Sequence (5'—3")

Linco-pl15A-HAL-F
Linco-pl5A-HAL-R

Linco-152-HAL-F
Linco-152-HAL-R
Linco-p15A-verif-F2
Linco-p15A-verif-R2
Niob-pl5A-HAL-F

Niob-pl5A-HAL-R

Niob-152-HAL-F
Niob-152-HAL-R
Niob-p15A-verif-F3
Niob-p15A-verif-R3
Nitb-p15A-HAL-F

Nitb-p15A-HAL-R
Nitb-152-HAL-F

Nitb-152-HAL-R
Nitb-p15A-verif-F3
Nitb-p15A-verif-R3
Apr-F

Apr-R

GAAACGGCGCCAATTGTTCCACTGAGCTCCGGCTTCGATGGAAGCATGCGTCCACCA
CCATAACTGTGTTGTCGGGAAGGcececageccgectaatgageg
AAGGACAACCCGTCGAAGACCGGCGTCTCGTCGGGCCAGGAGAAGGAGAGATTGGT
GCAGACAATACTCGCGTCAGCCATtctgacctectggttatgtgt
ATCCATGGTTAGCCCTCCCACACATAACCAGGAGGTCAGAgaagatcctttgatcttttc
GAGAAGGAGAGATTGGTGCAGACAATACTCGCGTCAGCCATcgatctttgtagaaaccate
CTGTGAGTGTTGTGAGGAACC

TGTTGCTGAGGTCGTCGTA
TAAGCTTGCAGCGAGCTCAAGTCCGCGATCAGGTGCTTGCCGCACTGCGATAACCAA
CAGCACACGACAACCGGTCACCTTTGTAACcccageccgectaatgageg
AAAGCTTCTCGCTGAGATAGTGAGCGATCCTCCGCTGCACGGGCGACAGCCTCCGGC
CATCCAGCAGCACACCCAGCCCACCGTGATtctgacctectggttatgtg
ATCCATGGTTAGCCCTCCCACACATAACCAGGAGGTCAGA gaagatcctttgatctttte
CGATCTGGTCGATGCGCTCGCTACGCCGGATCGCCGGGTAGcegatctttgtagaaaccat
GCTCCGCAACGAACTCAAG

CACGCCATCTTCAACGACAG
CGCAAAAGCTATCAAGTGGGCAAAGGTCTTCTGGAGCGCGAACTCCATGATCTCGCA
CTGCATACGACGCCGCGAATTCGccecageccgectaatgageg
GTGAGCGCTGTACATGCCCTGATGCTCGTCGGGTCGTGTGCCCTGGGGCGGGAGCTG
GCAACTCTGCGCGGACGAATTC CTaatctgacctcctggttatg
CCATGGATCCATGGTTAGCCCTCCCACACATAACCAGGAGGTCAGATttgaagatcctttgatetttt
c

GCGTGCTAGGTCGTCGGGAGCGGCTGACTCGCTGGTTCAT caattgaactccecccagtee
CACCTACCGAGGATCGAACGC

CCTACGAGCCGCAACTGACG

TGTCATCAGCGGTGGAGTG

GTCGTGTTGGCATCGTGTC

The underscore uppercase letters indicate the homologous arms, and the lowercase letters indicate the carrier fragments.

1.3 BR&IME A1) 3 T BE HE B TR D TH 1L

3 mol/L NaOAc, 7K FAPFE 15 min, 10 000 r/min

5XFKE DNA #[E1UL

FRILZ) 500 mg Bl PEEERR L E F 1.5 mL
EP B, KHIZMELF KRR <A 2%
R, BERR 2 h e 1 REEVIZZ v, Wik
2 WIS A 500 pL FgPI 2 il , F5E A0 5 ul A
I (BTG, A 4 °C VKA 0.5 h 5, T 37°C
Y] 3-4 h, BEVIZERS, K EP B g g2
PR, JEE T 70 °C KB E T 10 min B
SEARL, FRCA 42 °C KA T AL 10 min.
B S uL BlEBERE0.5 U/uL), BT 42 °C /KInHR
HAbHE S he BEARKESERIELIE, TIA 110 (FR

2.0 10 min, B EIE T8 1.5 mL EP &,

] EP 4 H M A SERF A SN BE, BRI S B
RVER, UKIALER 15 min, 10 000 r/min ¥ 1% 25
O 10 min, 2 B3, 75%EREUER 2 Ik, #T
JEIMA 15 pL ddH,O #4715 % , & DNA HRJE,
.

1.4 REZHAMRFEREEERENGE

141 ESENEE
435I Linco-pl1 SA-HAL-F/R | Niob-p15A-

HAL-F/R #il Nitb-pISA-HAL-F/R 5|#¥%f, LI
p15A- cm-cedB AR 43 5] i#E4T PCR &1, PCR
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WA Z . 95°C 10 min; 95°C 30s, 58°C 30,
72 °C 1.5 min, 30 ME¥; 72 °C 10 min; 4 °C
10 min, K155 A 5 Hix BGC HA 80 bp [A] I
B plSA Ztkfb i B, Bl rEfb B,
—30 °C fRA71E
142 FiFEFRIEHEHENSIE

ik PCR 1972, 4341k Linco-152-HAL-
F/R. Niob-152-HAL-F/R F1 Nitb-152-HAL-F/R
519y, DL pSET152 AR #4791, PCR 2
MAKZ: 95°C 10 min; 95°C 30s, 58°C30s,
72 °C 4 min, 30 MMEFF; 72 °C 10 min; 4 °C
10 min, 3R%5 T W55 A 40 bp [FEIEE |
oriT, ®E5TME . attP RGNS ML TR RIS
RIGIERY 4.5 kb (1) DNA R Bt , AR [y
[t DNA, —30 °C #1475 .
1.5 XKREERERKS RES KIS
sk zm

W 18 1 K A BE DNA Fll pl5A 5o A 1y
2 MM A Bl T4 DNA BABHEH, =
MK ZR . LML DNA HBX, 10 pg;
pl5A-cm-Linear, 200 ng; NEBuffer 2.1, 2 uL;
T4 DNA %4, 0.13 pL; ddH,0 #h 55 20 uL.
JZ 464+ 25 °C, 60 min; 75 °C, 20 min; 50 °C,
30 min; 4 °C, 5 min. F3R1G1 20 uL =Yl
ENEEEA
1.6 FIFH RecET N SHEL RS EBFR
EE RERE K

il £ Pk GBOS-dir e R IRZ AN, K
30 uL GBO5-dir WHRIEFIT 1.3 mL LB K572k
. 950 r/min. 37 °C £53% 2 h, J0A 35 pL 10%
L-BT R A 85 S 40 min. JHJCH K P& 20 i
3K, BHRZELIMY 20 uL BER YRR
&, HFIMAZBAH | mm HEMF, 1800V
L N 5 ms, B FAEARHIA 1 mL i
B LB IR E R, PR A B

<l actamicro@im.ac.cn, & 010-64807516

ZHH EP B, 950 t/min. 37 °C #¥F 90 min,
Ja, HHRERE MR SIRME S A A SR
1) LB [EARRE SRS G A . PR S 43
S #) B Linco-pl5A-verif-F2/R2 . Niob-pl5A-
verif-F3/R3 Fil Nitb-pl5A-verif-F3/R3 5|4 %} %t
ST PCR WI2B 0k, EHEIEMR A ek . $2
Hsons, JEEEATREYISIE
1.7 EEREMESEFRNNLE

KA b T 1) DNA Ll (S HEA
BEIEE | antP BEENLE L oriT PARE %5 R BT
PEEEPRDBE 1 A-Red /519 DNA LML B4
smaoREg R R, Bk, B pIQKT0L .
pJQK703 Fl pJQK710 41 ik L 4% & GBOS
PR(EHA A-Red ARG, HIk, Hl&EH
pJQK701. pJQK703 Fl pJQK710 H £H Jii i ) Ha,
RS2 S AN GBOS, JiIA 35 uL 10% L-Ff iz 4f
B S 40 min B35 F 40 bp [FTHEAY pSET152
LMk R B 5 SRR RS 2 0
B 1 mm BEMT, 1 800 V HLE, H it
5ms, M B IIA 1 mL #020 LB 15
FRAEFEEMME, HEIFMEHEHLE 1.5 mL EP
B, 950 r/min. 37 °C £53% 60 min, [0 FikEFF
AL A 20 pL 50 mg/mL ‘L EFERIER,
BISIRATE LB ARG SR I, 8538 % LA
e IE (%) B 4 R pJQK702 . pJQK704 Al
pJQK711, X ik | () FBE AT PCR LU L]
Bk .
1.8 AEANSHNABTESHEREER
E s A

W B A BURLIE 2 B Ak 1 X AR K
& ET12567/pUZ8002 1, 37 °C Rigiid k.
TG AL I P B RR LA 10% A 422 1 5 32 31 7 8 1)
LB Jgddr, 37 °C. 220 r/min 5535 3 h,
12 000 r/min &0, FHHTCHL LB Ve 2 IR1E R
BEAEBAAS M. MECH i S ceolicolor
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M1252 WHETIREKS, 1 mL TES 5%k
BHERETE 2 WS A 500 uL TES H &, ¥ HEE
WCE T 50 °C KSR I 10 min J5 , LA 500 pL
2x YT i 9R 3 A0 5 uL 1 mol/L CaCl, iF¥k, I8
F 37 °C. 950 r/min $& IR P AT HFH & 2.5 h,
I J5 B R K A TR RN 32 1A S. ceolicolor
MI252 IG5, WERATE MS B3Rk |, i
FIFTA 30 °C JFeMi 9% 15 h, JH 40 pg/mL
ZEWERH IR FN 50 pg/mL Z & RIARE R, F
BT 30 °C KM 5 9% 5-7 d Ja v] LUULER 31|
HF . REBUES T REA VAT PCR 5 UF LA {#
YGRS F WA L, D
BEARAT A7 bR i R A 1) 28 A8
1.9 EHEHRNLZERLEIEN

W B 2H DA RS BRI R B 1Y) MS AR B 5 i
REFE 5 d, HR FAMEK A8 BR M MS #5573k
R AR & ks #20k b, 30 °C #5357 7 do
TCREFAR TG B SRR, A G PR FR i H et
R B R, B AR 30 min 5 B0, B
b VE WA T U e i AARAS EE IO, A 1 mL (Y
H B RV A 7 0 . e, R A 0.22 um A3 4L
AHUE RIS g5 , BAT ] UPLC-ESI-MS BEFT43H7 .
1.10 UPLC-ESI-MS #&;0

iR A Agilent SB-C g (45541 (150%4.6 mm,
it 5 um); FBAH A R 0.1%H K, FishiH B
JyHEE, WE N 0.4 mL/min; AEIRN 40 °C, i#F
FEARFR R 20 pL; AH €038 i VR B 5 1% .
0-25 min, 5%-60% B;25-45 min, 60%—100% B;
45-53 min, 100% B; 53-54 min, 100%-5% B;
54-60 min 5% B, HL U6 HLWSS 2 R (EST),
IEE A, B E 4000V, FASES
35 psi, TS EN 8 L/imin, B FIRIEE
320 °C, Bi¥HIAWE R 11 Limin, AR
TR R 350 °C,

1.11 ZEEEYINEMEE S

W FE N A R 2R AT 168 . MR ZE AT
W B4264 . M & BR W A B\ S Bk
NCTC2665 #F T Hrff iy LB Skt
W, DL 1% MR R T 1% Alfk LB [k
RS, BRSNS, BACERT; K
WA TR 6 YPD WAARE R L rpad ik
iR, UL 1% 2R F 1% MRk YPD
AR R E . S ATR/RIM LB 5 YPD 1
iR R R 5L FCE KBB4, 1o 2R HEAR R
ISR BRI, IF B F%7E 37 °C 3 30 °C 1Y
BRFRAR T, 15 h JE WSS TR B % B O o

2 BEREAW

21 EafRESEREeERNFES
EYIE L

RS BEEL S. lincolnensis NRRL2936 B ff
VERWEFEMRL, BN TARME s S R L T 22
W& k. mk, M&EAHER
NRRL2936 [BifgbEEE A e, B HM = &H
TE25S ZZrP 0B b Ra, A g
DL R i KX SR PR AT A B, P
TE10 ZZ P e /0 Ve i B ie e, DA 3RAS 700
B e #E LR 4] DNA 11937 B B IEE s e, A7
T TE10 Z b 4 °C f-17

10 35 X7 B Bk NRRL2936 4 £, 44 fit) 4= 5 [R 20
(GenBank: NZ CP022744.1) 40 #r B, F)
FH EcoR V X JE A 4 47 Wi U) w] LL3KAS 30.0 kb
A1 5 58 BEMRR] 5 R A W) B LSRR A% (Imb-BGC)
() DNA F B (P sy 25 a5ty R 2 A4
PUEFEHBIR 1 AR mbpUPY | ] 1),
B NRRL2936 FE K 41 (B s bt e e, Al
FH EcoR V Rl N DI REHEA TREDIAb B, fie )8
I BT IR DNA, SE )5 B T80 °C /A7 -

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



4972

Ma Jingxian et al. | Acta Microbiologica Sinica, 2022, 62(12)

Imb-BGC from S. lincolnensis NRRL2936
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PPL biosynthesis

MM Finat methylation

Unknown function

MTL biosynthesis

E= Resistant genes

- Condensation

Regular genes

1 BEHk S. lincolnensis NRRL2936 2 A A EZME YIS R EFE TR

Figure 1

2.2 FIF ExoCET AR [EMNAE Z BGC
FF ExoCET $5 A, ¥ T4 DNA A HiN

F& MR B RSMR K5 RecET At 1)
DNA ZMELMEEHE ARMEE G, Nmies T
RecET /M RITEE A% . B, #id PCR
P 1 FAS W43 515 A 80 bp [RIEVE 1 p15A 2%
KB, SR)5 , FIH T4 DNA A X DNA
BY plSA ARIEATIRINR N, FW 4595 il

The Imb-BGC in S. lincolnensis NRRL2936.

i . iR )5 B Y s % 2 GBOS-dir 857
S (K 24), EatEE R Rk RS
SiGEHAT, EHTFH PCRYIAIiE, LM
IERA R TORE o $EBUSCRL, I Xho 1 1 Bgl 11 4
A7 UL U0 35 UE (PR 254 17 133, 7 581,
4197, 1872, 856, 282 bp) (Kl 2B). /5, 3k
BEAEAATEE BGC MEA TR, maN
pJQK701,

(A)
EcoR V Digested genomic DNA EcoR V Kb
Imb ‘ ¢ 17.1
i = =
5 K et
— — 40— 42
pl5A-cm-linear -
pI3A o e B
: -
-
LLHR Electriporation : 0.85
with RecET in E. coil GBO5-dir -
=
- 0.28
-

pJQK701

e

2 M ExoCET 7AiM A & HE Y& MER R R EE(A) LR B pJ QK701 KYEE LG IE ElE(B)
Figure 2 Schematic diagram of capturing /mb-BGC using ExoCET method (A) and the validation of

pJQK701 by Xho I and BglIl digestion (B).
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23 BHEMSKE WYY166" 1 2 MabEk
FREEERERFRR =&

R WYY166" &R ATHT AN o) B 1S
) A — R BT S AT G TR B B BRI AR Y, R Pk g
R pSH B2 KR =Y BGC, il Xt
R G kb BGC 1407, HATESE T 2 %
i VN (ribosomally synthesized and post-
translationally modified peptides, RiPPs)ft-&4¥)
nioblantin F nitblantin R 4= ¥ & B¢ 3 N #&
(niob-BGC Fl nith-BGC)WE MM X4 (K 3, %
3 F15% 4), Hordr, niob W] LIF|FH Mun 11 EcoR V
WHFY)ARAT 34.1 kb (W58 FL % F B, 1 nith
Al LAt EcoR T FAEGYIETS 16.0 Kb (1) 56 5
R e BE o RATTAI 2 4 8 7 i AR 0 o5 B g
WAL, RS T AR WYY166' (W35
B

FITARAE s SRR WAL A B ExoCET 4
A4 BI%E 2 A B AR BGC 1 75E ) Fe e (K] 4A,
4C). ARG, Sr A HR USRI T RGPS AIE ,
5 p15A Bk A1 niob FH Nhe 1 Fl Not 1 47
Y], 152 M WU 45 11 575, 8 034, 5 028,
4257, 4028, 1933 11 125 bp, EFEIEMM
yLlET 44 0 pJQK703 (Kl 4B). A nith M E L

niob

FORLAE F Sal T EGY), AT LLSRAR T HH K/
6441, 4873, 4583, 1539, 252 F1 201 bp
S, IEWRI AT 44 4 pJQKT710 (¥ 4D).
24 HEYERERERIFERIERANSE

i L B R BRI 4T B ExoCET $ AR B33k
FRIIMRAT RE 2 DA B 2 AN BB iR AL & Y 1Y)
BGC H 4 kiDL pl5A Jaiik, Hibu s
S BE D DL K dC31-attP #5005, Tk HE
RS R R WP T RIA . Mk, R A-Red
1 DNA ZetE PRI 5 21 B AR X 5 40 Joohr it
el . oG, XL s Hir BGC 1Y Ik 4
A2 GBO8 Wbk, PPN A 40 bp
[ P51 pSET152 2l B i ik FL e 1 AU
HESH B A BIER BN TR . LU
I FRAR R pJQKT702 (&4 Imb). pJQK704
(%45 niob)F pJQK711 (%4 nith) (K 5A, 5C
Ml SE). Hir, Jfki pJQK702 i Xho I Fl Bgl
I W) (K 5B) . pJQK704 F|JH EcoR 1 | Hind
A1 Ssp 1 =8I (K 5SD)LA K pJQK 711 {ii ] Sal
[ HEgUI(E SF) 3 Al #EA T, 4505 1 Bl
) DNA J B, 138 T Fr A IE# ) BGCs 516 3%
KFCRL, A HAR BGCs 165 Ui 1E 3 173
H RS RIBMTF T HER

N. nitratireducens WYY 166"

el

C F G HI

D E 4 B

Others

[ ] Unknown function

2 3 4P273 5 C1 C26 T4T5B4B57 B6 8 AIP3 P4A2T6R3B7 9 T7 TS8R4 10

B reccursor peptide

2] Regulatory genes

Cyclease

Methyltransferase

IO IEEE D@

Phosphotransferase

Transporter genes

% Dehydratase

L Peptidase

3 BHEFAKE WYY166' F 2 MIFIZEARLEMEDE RERR
Figure 3 The biosynthetic gene clusters of niob and nitb in N. nitratireducens WYY 166".
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*®3 niob LA RERRRBEBBITIGE

Table 3 Proposed functions of proteins encoded by niob biosynthetic gene cluster

Genes aa Proposed function Identical aa/% Similar protein
T1 249 ABC transporter permease 92 WP_132330719.1
T2 317 ABC-2 type transport system ATP-binding protein 92 MBB5777970.1
R2 192 PadR family transcriptional regulator 82 WP _192790664.1
Bl 228 SDR family oxidoreductase 90 WP_185071470.1
P1 403 Allantoate amidohydrolase 100 WP 194244173.1
B2 440 Formimidoylglutamate deiminase 100 WP_153261453.1
B3 382 Imidazolonepropionase 100 WP 153261454.1
1 313 Sigma-70 family RNA polymerase sigma factor 98 WP _103955882.1
2 392 Oxidoreductase 73 WP_170222994.1
3 266 DivIVA domain-containing protein 100 WP _153261455.1
4 145 Hypothetical protein 46 WP _138666046.1
P2 305 CPBP family intramembrane metalloprotease 49 WP _179747983.1
T3 305 ATP-binding cassette domain-containing protein 99 TMR36822.1

5 252 ABC transporter permease 46 WP _055507900.1
Cl1 373 Class IV lanthionine synthetase subunit LxmK 100 WP _153261456.1
C2 324 Hypothetical protein 54 WP _128433866.1
6 106 Transposase 63 WP _128433865.1
T4 277 ABC transporter ATP-binding protein 70 WP 128433864.1
TS 276 ABC transporter permease 62 WP _181449702.1
B4 328 LLM class flavin-dependent oxidoreductase 60 WP _128433863.1
B5 202 Flavoprotein 99 WP 139628885.1
7 334 Hypothetical protein 100 WP_153261457.1
B6 247 Class I SAM-dependent methyltransferase 100 WP _153261458.1
8 86 Hypothetical protein 99 WP _139627772.1
Al 65 LxmA leader domain family RiPP 58 WP 031041759.1
P3 421 Insulinase family protein 100 WP_139628883.1
P4 421 Insulinase family protein 100 WP _153261460.1
A2 70 LxmA leader domain family RiPP 56 WP 128433855.1
T6 288 ATP-binding cassette domain-containing protein 100 QFY06859.1

R3 194 TetR/AcrR family transcriptional regulator 92 WP _192790670.1
B7 267 Alpha/beta hydrolase 100 WP _153261462.1
9 256 MOSC domain-containing protein 100 KAB8197984.1
T7 308 ABC transporter substrate-binding protein 84 WP _206061054.1
T8 437 Ammonium transporter 100 WP 153261463.1
R4 112 P-1I family nitrogen regulator 99 WP _192790675.1
10 741 [protein-PII] uridylyltransferase 100 WP _153261464.1
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x4 nith EYEREERRBEERITIEE

Table 4 Proposed functions of proteins encoded by nith biosynthetic gene cluster

Genes aa Proposed function Identical aa/% Similar protein
D 134 Hypothetical protein 75 WP _093892002.1
E 817 Methyltransferase, FXLD system 99 WP 138709493.1
A 67 FxLD family lanthipeptide 100 WP_043615234.1
B 1023 Lantibiotic dehydratase 99 WP _055483637.1
C 410 Lanthionine synthetase C family protein 100 WP _043615228.1
F 278 Methyltransferase 99 WP _055483639.1
G 383 Hypothetical protein 100 WP_155344709.1
H 47 Hypothetical protein None None
I 100 Site-specific integrase 95 WP _011595865.1
(4) (B) & & © (D) g@
~ kb EcoR 1 EcoR 1 kb % kb

i,

Z:1/4-2 pl5A-cm-linear
2 D

1.1 LLHR l

115 niobi 158 — i.l
8 : &

<\ N RN SN
S $% 6
pl5A-cm-linear 4
- )
1

LLHR l Electroporation

with RecET | in E. coli GBO5-dir with RecET

Electroporation
in E. coli GBO5-dir

7 6.5
1 48/4.5
15 1.5

0.3 0.25/0.2

4 RIBRIRAETEEIEAH A ExoCET R ARHMEN niob REE (ALK pJQKT03 Bt EIE(B); K15
RIRAEVEEIEE AN A ExoCET ¥ AHEY nith 7~ B E(C)LAR pJQKT10 Eg ] [E1E (D)
Figure 4 Schematic diagram of capturing niob through agarose-embedded chromosome DNA assisting
ExoCET technology (A) and the validation of pJQK703 by Nhe I and Not 1 digestion (B); schematic diagram
of capturing nith through agarose-embedded chromosome DNA assisting ExoCET technology (C) and the

validation of pJQK710 by Sal I digestion (D).

25 EVMERERBFEAEREECEER
M1252 F R RiERIE

A3 S BORL pJQK 702 . pJQK 704 F pJQK711
M % E. coli ET12567/pUZ8002 1, [a] Bf 4 o s
pSET152 441k %2 E. coli ET12567/pUZ8002 H{E
xR RS, BRSNS B bR
Fobi e A BRI R M1252 K35 145
EFr AN 59 Linco-pl 5A-verif-F2/R2 |
Niob-p15A-verif-F3/R3 | Nitb-p15A-verif-F3/R3

Apr-F/R #17 PCR 3e Uk, W] LIS 2| WY 14 Hbr
257N 725 bp. 692 bp. 722 bp F1 481 bp (& 6).
AR ENEM S T a, 20lar4 o MIX01A-C
(S. coelicolor M1252::pJQK702)., MJX02A-C (S.
coelicolor M1252::pJQK704) . MIJX04A-C (S.
coelicolor M1252::pJQK711) #l MJX05A-C (S.
coelicolor M1252::pSET152). ##1E8 A0 B #K 31|
BT ORISR, OB 20 20% Hl i
PR o
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A B ¢ 0 ol
SO
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f 1(7) i ori Eimern 10 —%569/12.3
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3 : \ 1.5 1.3

2 1 !
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Figure 5. Schematic diagram of A-Red-mediated DNA recombination and verification of recombinant
plasmids. A: schematic representation of the recombination of pJQK702; B: the validation of pJQK702 by
Xho 1 and Bgl 11 digestion; C: schematic representation of the recombination of pJQK704; D: the validation
of pJQK704 by EcoR 1, Hind III and Ssp I digestion; E: schematic representation of the recombination of
pJQK711; F: the validation of pJQK711 by Sa/ I digestion.
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Figure 6 PCR analysis results of the recombinant strains for heterologous expression.
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11.6 min 355 T m/z °~ 407.214 7 [M+H] 1Y 5 ik
S5 (B TA), SHAIER A MaTFEYS
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0 ]
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2T 1
7 8 9 1011 1213 14 1516 17 18 1920 21 22 23 24 25 26 27 28
t/min
B) (©)
x10° [M+H]*
61 407.214 7 Lincomycin A
5t OH
_S.. _~_OH
4t
vy,
37 N
q| sl N H o on
C,sH3N,0,8
Lr Exact mass: 406.213 8

0|| 1 1 1 1 SR |
QO VN N O V0O NN
OO A M OO AN

milz

7 EBEFEMEImb EREBHRER M1252 PR ERIESTER

Figure 7 The results of heterologous expression of /mb in S. coelicolor M1252. A: the result of
UPLC-ESI-MS analysis of lincomycin A in MJXO01; B: the mass spectrometry result of lincomycin A; C: the
inhibition estimation of MJXO01 against S. /utea NCTC2665. 1: extract of the control strain MJX05; 2: extract
of containing /mb cluster strain MJXO01; 3: 50 pg lincomycin standard; 4: methanol.

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



4978

Ma Jingxian et al. | Acta Microbiologica Sinica, 2022, 62(12)

3 wE&#

H 55 DR AL 03 AR R WA B2 o b
BARWT & R, R A T TR i A A R
TR W S A R E R EP, B
A, SR K B 2 A R HITER BGC HEf TS
R PH AL A R R ] R soE
] $R A5 K B A= 6 i DR 2 e R 3Rk i
HOCHRE R — 2 . ARG R HUE I A Yy i i
TN B R IEA T 0 T PR AL B, A5 A 4 DNA K3
FRFEFESN, 7E DNA $REGEFEH i T AL 15
71, PATE T DNA BONEME, 2m T 584
BGC 3w PEMIBCR . AWFIE 45 G IR S B e bl 5t
AL HREE A, W i 2R B PR 4] DNA A 3 7E A%
MBURREERE T, TR EEER, R
P17 20 A Y o R B 7 B DR 2 $E IG A H LAR
FOREER , DA AT LA S B 58 B4 et A (R 4R 75

[, A FRATT S T %) B AR A B e e fA
DNA 4B ExoCET #iA, Ik T
Imb-BGC FIEFE WYY 166" H1 2 >3 5 A% i 14
RGP A6 R R, HRE N EA
kL 2 ad el I, R R s (R AR B M 1252 Hift
177 RiRaE . w2, FATMIh S 1 ARl 2
FAEYA NI HEFE N FRE, X R\ EBKE
NCTC2665 A R 4F iy a9 il 2 R, I H o
LC-MS #l B AT 8 R A S ES . A2,
FERTIN = B KIS A0 A ) S 5 2 8 TR PR 1Y) % I8
YRR, TR B WS .
AIREfAAE 3 R 55—, KRBT XH
PRI RE IR Sk OGO B 22, SRR
3 2o R DR H R AR ) B0 A 2 R R
s E 3F, DAOREE R o Re JE R i % 5k, ik
M3k Hinfb A =, RO &E W
M1252 15 F 5 Hikk WYY 166" Y364 % R T,
FEALIER A & B R R R IAANEE, 5

<l actamicro@im.ac.cn, & 010-64807516

W% JE e PG A AR IR B S T, PR T
IRRIB AR AR 05 B =, RIBEARFIR
ARAGIE, R T 2 AENERRE, oL
1A 7 B A e Ty U Bz - ok
T P H AR R R 1 23517

A FE A RS S BN AL B AR SR = T
FARARE) DNA il &, R)n, il RE
ExoCET 77 AR #ATHCE] B AR A= 945 i A
2, XN R BAL G R M T — S B,
o A HAR TR R AL 0 A BRAR L T AR 42 .

S0k

[1] Krause J. Applications and restrictions of integrated
genomic and metabolomic screening: an accelerator for
drug discovery from actinomycetes? Molecules: Basel,
Switzerland, 2021, 26(18): 5450.

[2] Onaka H. Novel antibiotic screening methods to
awaken silent or cryptic secondary metabolic pathways
in actinomycetes. The Journal of Antibiotics, 2017,
70(8): 865-870.

[3] Huo L, Hug JJ, Fu C, Bian X, Zhang Y, Miiller R.
Heterologous expression of bacterial natural product
biosynthetic pathways. Natural Product Reports, 2019,
36(10): 1412-1436.

[4] Li X, Hu X, Sheng Y, Wang H, Tao M, Ou Y, Deng Z,
Bai L, Kang Q. Adaptive optimization boosted the
production of moenomycin A in the microbial chassis
Streptomyces albus J1074. ACS Synthetic Biology,
2021, 10(9): 2210-2221.

(5] 2%, whéFle, s, MR, BEATYE, B,

XS5 e bR 3R A ) TR DR ) 20 25 R S Y
ik AEYEER, 2022, 62(1): 291-304.
Li X, Han ST, Ma JX, Tao MF, Kang QJ, Bai LQ, Deng
ZX. Assembly and heterologous expression of the
pholipomycin  biosynthetic ~gene cluster. Acta
Microbiologica Sinica, 2022, 62(1): 291-304. (in
Chinese)

[6] Hopwood DA. Genetic engineering of Streptomyces to
create  hybrid antibiotics.  Antibiotics:  Basel,
Switzerland, 1993, 4(5): 531-537.

[7] Kouprina N, Larionov V. TAR cloning: insights into
gene function, long-range haplotypes and genome
structure and evolution. Nature Reviews Genetics,
2006, 7(10): 805-812.



ERAE | AR, 2022, 62(12)

4979

(8]

[9]

[10]

[11]

[14]

[15]

[16]

Yamanaka K, Reynolds KA, Kersten RD, Ryan KS,
Gonzalez DJ, Nizet V, Dorrestein PC, Moore BS.
Direct cloning and refactoring of a silent lipopeptide
biosynthetic gene cluster yields the antibiotic
taromycin A. PNAS, 2014, 111(5): 1957-1962.

Tao WX, Chen L, Zhao CH, Wu J, Yan DZ, Deng ZX,
Sun YH. In vitro packaging mediated one-step targeted
cloning of natural product pathway. ACS Synthetic
Biology, 2019, 8(9): 1991-1997.

Wang H, Li Z, Jia R, Hou Y, Yin J, Bian X, Li A,
Muller R, Stewart AF, Fu J, Zhang Y. RecET direct
cloning and Redof recombineering of biosynthetic
gene clusters, large operons or single genes for

heterologous expression. Nature Protocols, 2016, 11(7):

1175-1190.

Wang HL, Li Z, Jia RN, Yin J, Li AY, Xia LQ, Yin YL,
Miiller R, Fu J, Stewart AF, Zhang YM. ExoCET:
exonuclease in vitro assembly combined with RecET
recombination for highly efficient direct DNA cloning
from complex genomes. Nucleic Acids Research, 2017,
46(5): e28.

XHEMR, EHEE, FEh. MYEERE BAC SUER
MR R o, AR AR R E274), 2016, 35(5): 45-50.
Liu JD, Wang GJ, Luo MZ. Construction and analysis
of a BAC library of Streptomyces avermitilis genome.
Journal of Huazhong Agricultural University, 2016,
35(5): 45-50. (in Chinese)

HPF, RERE, KW, XU FEEER T A02 4
PN TG o (AL R 2 SC R iy . R 4k, 2013,
31(25): 53-57.

Dong D, Wu HL, Zhang TT, Liu WC. Construction of
bacterial artificial chromosome library of Streptomyces
lydicus A02. Science & Technology Review, 2013,
31(25): 53-57. (in Chinese)

EM, WL, TR, B, PO L. AR
THEREERE T FR-008 [ MEURL. AR Y i 4,
2017, 44(1): 141-149.

Xu YS, Gao TL, Yu H, Deng ZX, He XY. Curing linear
plasmids by nitrosoguanidine in Streptomyces sp.
FR-008. Microbiology China, 2017, 44(1): 141-149.
(in Chinese)

Jiang W, Zhao X, Gabrieli T, Lou C, Ebenstein Y, Zhu
TF. Cas9-assisted targeting of chromosome segments
CATCH enables one-step targeted cloning of large
gene clusters. Nature Communications, 2015, 6: 8101.
Liang MD, Liu LS, Xu F, Zeng XQ, Wang RJ, Yang JL,
Wang WS, Karthik L, Liu JK, Yang ZH, Zhu GL, Wang
SL, Bai LQ, Tong YJ, Liu XT, Wu M, Zhang LX, Tan

[17]

(19]

(20]

[22]

[23]

[25]

GY. Activating cryptic biosynthetic gene cluster
through a CRISPR-Casl2a-mediated direct cloning
approach. Nucleic Acids Research, 2022, 50(6): 3581-3592.

Gomez-Escribano JP, Bibb MIJ. Engineering
Streptomyces coelicolor for heterologous expression of
secondary metabolite gene clusters. Microbical

Biotechnology, 2011, 4(2): 207-215.

Li L, Zheng G, Chen J, Ge M, Jiang W, Lu Y.
Multiplexed
overproducing bioactive

site-specific genome engineering for
secondary metabolites in
actinomycetes. 2017, 40:
80-92.

Peng Q, Gao G, Lii J, Long Q, Chen X, Zhang F, Xu M,
Liu K, Wang Y, Deng Z, Li Z, Tao M. Engineered

Streptomyces lividans strains for optimal identification

Metabolic Engineering,

and expression of cryptic biosynthetic gene clusters.
Frontiers in Microbiology, 2018, 9: 3042.

Hao T, Xie Z, Wang M, Liu L, Zhang Y, Wang W,
Zhang Z, Zhao X, Li P, Guo Z, Gao S, Lou C, Zhang G,
Merritt J, Horsman GP, Chen Y. An anaerobic
bacterium host system for heterologous expression of
natural product biosynthetic gene clusters. Nature
Communications, 2019, 10(1): 3665.

Liu J, Zhou H, Yang Z, Wang X, Chen H, Zhong L,
Zheng W, Niu W, Wang S, Ren X, Zhong G, Wang Y,
Ding X, Miiller R, Zhang Y, Bian XY. Rational
construction of genome-reduced Burkholderiales
chassis facilitates efficient heterologous production of
natural products from Proteobacteria.  Nature
Communications, 2021, 12(1): 4347.

Paget MS, Chamberlin L, Atrih A, Foster SJ, Buttner
MJ. Evidence that the extracytoplasmic function sigma
factor sigma E is required for normal cell wall
structure in Streptomyces coelicolor A3(2). Journal of
Bacteriology, 1999, 181(1): 204-211.

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

Ou Y, Sheng Y, Hu X, Leng D, Huang J, Hu Z, Bai L,
Deng Z, Kang Q, Wu Y. Nonomuraea nitratireducens
sp. nov., a new actinobacterium isolated from Suaeda
australis Moq. rhizosphere. International Journal of
Systematic and Evolutionary Microbiology, 2020,
70(9): 5026-5031.

Meng ST, Wu H, Wang L, Zhang BC, Bai LQ.
Enhancement of antibiotic productions by engineered
nitrate  utilization in

actinomycetes.  Applied

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



4980

Ma Jingxian et al. | Acta Microbiologica Sinica, 2022, 62(12)

(28]

[29]

(30]

[32]

Microbiology and Biotechnology,
5341-5352.

Kang JS, Son BW, Choi HD, Yoon JH, Son WS.
Dynamics of supercoiled and linear pBluescript II
SK(+) phagemids
metal-ligand complex. Journal of Biochemistry and
Molecular Biology, 2005, 38(1): 104-110.

Bierman M, Logan R, O’Brien K, Seno ET, Rao RN,
Schoner BE. Plasmid cloning vectors for the conjugal

2017, 101(13):

probed with a long-lifetime

transfer of DNA from Escherichia coli to Streptomyces
spp.. Gene, 1992, 116(1): 43-49.

Corbacho I, Teixidé F, Velazquez R, Hernandez LM,
Olivero I. Standard YPD, even supplemented with
extra nutrients, does not always compensate growth
defects
strains.
591-600.
Shima J, Hesketh A, Okamoto S, Kawamoto S, Ochi K.
Induction of

of Saccharomyces cerevisiae auxotrophic

Antonie van Leeuwenhoek, 2011, 99(3):

actinorhodin production by rpsL
(encoding ribosomal protein S12) mutations that confer
streptomycin resistance in Streptomyces lividans and
Streptomyces coelicolor A3(2). Journal of Bacteriology,
1996, 178(24): 7276-7284.

Kieser T, Bibb MJ, Buttner MJ, Chater KF, Hopwood
DA. Practical Streptomyces genetics. Colney: John
Innes Fundation, 2000: 406—414.

Kieser T, Bibb MJ, Buttner MJ, Chater KF, Hopwood
DA. Practical Streptomyces genetics. Colney: John
Innes Fundation, 2000: 249-250.

Kobérska M, Kopecky J, Olsovska J, Jelinkova M,

<l actamicro@im.ac.cn, & 010-64807516

[33]

[35]

Ulanova D, Man P, Flieger M, Janata J. Sequence
analysis and heterologous expression of the lincomycin
biosynthetic cluster of the type strain Streptomyces
lincolnensis ATCC 25466. Folia Microbiologica, 2008,
53(5): 395-401.

Zhang HZ, Schmidt H, Piepersberg W. Molecular
cloning and characterization of two
lincomycin-resistance genes, [mrdA and [mrB, from
Streptomyces lincolnensis 78-11.
Microbiology, 1992, 6(15): 2147-2157.

Hou B, Lin Y, Wu H, Guo M, Petkovic H, Tao L, Zhu

X, Ye J, Zhang H. The novel transcriptional regulator

Molecular

LmbU promotes lincomycin biosynthesis through

regulating expression of its target genes in
Streptomyces lincolnensis. Journal of Bacteriology,
2018, 200(2): e00447-e00417.

Sheng Y, Ou YX, Hu XJ, Deng ZX, Bai LQ, Kang QJ.
Generation of tetramycin B derivative with improved
property
engineering. Applied Microbiology and Biotechnology,
2020, 104(6): 2561-2573.

Wagner N, Osswald C, Biener R, Schwartz D.

Comparative analysis of transcriptional activities of

pharmacological based on pathway

heterologous promoters in the rare actinomycete
Actinoplanes friuliensis. Journal of Biotechnology,
2009, 142(3/4): 200-204.

Scherlach K, Schuemann J, Dahse HM, Hertweck C.
Aspernidine A and B, prenylated isoindolinone
alkaloids from the model fungus Aspergillus nidulans.

The Journal of Antibiotics, 2010, 63(7): 375-377.



