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Abstract: [Objective] Oxytetracycline (OTC) is one of the first-generation tetracycline antibiotics,
with good inhibitory effects on Gram-positive and Gram-negative bacteria. It is mainly used in animal
husbandry and aquaculture industry, and also served as the raw material of second-generation and
third-generation tetracyclic antibiotics. Therefore, there is an urgent need to improve productivity and
reduce costs in production. To simplify genetic manipulation and shorten cultivation time, we evaluated
the OTC biomanufacturing capacity of Streptomyces albus Dell4 by heterologous expression and
cluster refactoring. [Methods] Through rational cluster refactoring, we obtained a series of derivative
strains: Dell14:0xy, Dell4:0xylK, Dell4:0xylKAotrR and Dell4B:OxylKAotrR. The above strains
were fermented in shake flask and OTC was analyzed by HPLC. Additionally, the transcriptional levels
of structural genes related to otc cluster were detected by RT-qPCR. [Results] S albus Del14 showed
rapid growth and sufficient dispersed mycelia as well as high resistance to OTC. By manipulation of the
expression of two cluster-situated regulators OtcR and OtrR, the OTC yield of the recombinant strain
Del14B:Oxy1KAotrR reached 1.1 g/L on the 6th-day of fermentation, which was comparable to the
production by the native host S. rimosus M4018 on the 8th day. [Conclusion] In this study, the otc
cluster was expressed in S. albus Del14 for the first time and the potential for OTC biomanufacture as a
chassis strain was preliminarily confirmed, laying the foundation for further OTC production

optimization.

Keywords: Sreptomyces albus; heterologous expression; oxytetracycline; cluster-situated regulators

—+ % Z (oxytetracycline, OTC) 2 H Sreptomyces
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Figure 1 Schematic diagram of otc cluster (A) and
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il otcR HYLNREHEAT T HH5E, Hrh OuR HAZM
il gmfy OTC FMHEZEILN otrB [FRIA, HEM &

P4 actamicro@im.ac.cn, & 010-64807516

T oH
OHO OHO O

NH, NH,

§

OoH |
OH O O O 0

B A R E (B)
the pathway of biosynthesis of OTC™?! (B).

M OTC AI4MHE, 1 OtcR HIZIE T LR E
W45 I PR A AR S S R L TR Ay T R
X OTC WA LA OTC A6 iR #E AL
il IBIFFE R FRATT e B2 8 TR el i B4 Jhid
HHT, S IRE 2 B R G A ™ P i e 2k A
7R MR iR B TR) R, (B AR Tl T AR el rh
T i B0 R I | 38t % 18 DRI X 174 i) R
I, R A A YT Bl BAs s 2 5L
WA S £ Rk g M A ROR IS . Rk
B A KR . BAERER S, WAE IR
TP TN R . Rebets 55078
[ 22 4% 25 T4 (Sreptomyces alboniger) H g [ HY A=
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IERLIIFE S, albus J1074/R2 H a2 Bl R R Kk .

Fisomigrastatin £l steffimycin 7E55J575 3= S albus
J1074 Tl 2h Sl ek, B b H Al 5 0 1E 32
4 S lividans, S coelicolor %', S albus Del14
Je7E S albus J1074 Ry EEAR b RiBR 15 AR
W5 AR AR B AT A WAk, AMUEA
ARG IR T, T LSS T S R
BN T RVREZEALG Y, PTUA—E R
LRI TE SRR 12 Luzhetskyy 257E S albus
Dell4 H 7T A R T nybomycin , tunicamycin
B2 . aloesaponarin %5 9 FhiR A =4y, Hrp
6 B RAR =Wy 007 = T H ) S albus 71074 Al
S. coelicolor""l, FKEJE OTC Bkl 2h4: =k
B, Tolk EA ™ OTC MRk S rimosus, [A]
FETH I B G ERE RN . T JE B (— M 22
8—10 d)AY MR, X LEP BRI T % Tk B ik Y
s . L, 20058 1 TR Rh TR A DA
FE R TERIA , TR R 2 R . R T R A

F 1 KR ET R E AR

(IR, OB % 2K A W O DR R A i A R A 2
Gy BTSSR AR LR B
R T A R S IR R R — N A S U,
ik, ABFFERIER B PR S albus Dell4 H 53
MR LR R A A RN R . SRR
Ja, FATEETRCHIVGR, gt attr ok TR
o, PUIA B 0k A 7 OTC B H .

WL

1.1 SEIG#FHt
1.1.1 EHRFMEFEY

AMHSE T R . BORCFIS 1) 53 0 an sk 1
i 2 frn. S albus Delld4 2k AT Andriy
Luzhetskyy S¢50 %, /M4 OTC By =18 F
PIRR . BERE T B FEELAUFE MS Ml RS, 05k
B AE MS Al FE5E 3 d IR, R R
30 °C. 454 FITHET EH 50 pg/mL %54t

Table 1  Strains and plasmids for this work
Name Description Sources
Strains
DH5a Cloning host This lab
ET12567/pUZ8002 reck, dem, danmt, hsdS Crr, Tetr, Srr, Kmr This lab
Epi300 Cloning host Commercial
IM109 Cloning host This lab
GBO08-red Harboring an arabinose inducible RED/ET recombination system
DH5a (BT340) Containing the temperature sensitive FLP recombination plasmid pCP20 [16]
S venezuelae WVR2006 Mutant strain, which deleted the jadomycin biosynthetic gene cluster [17]

S venezuelae V2006::0xy2K

of WVR2006
S albusJ1074
S albus Del14

Del14:0xy
Del14:0xy1K
Del14:0xy1KAotrR
Del14B:Oxy1KAotrR
S albus Del14

Integrated the plasmid pSET153-OTC in the genome of S albus Del14

Integrated the plasmid pSET153-OTC-KotcR in the genome of S albus Dell4
Integrated the plasmid pSET153-OTCAotrR-KotcR in the genome of S albusDell4  This study
Integrated the plasmid pSET153-OTCAotrR-KotcR-BT1 in the genome of

Integrated the plasmid pSET153-OTCAotrR and pSOK616-KotcR in the genome This lab

Strain, which derived from S albus DSM 41398
Mutant strain, which deleted 15 biosynthetic gene clusters of S albusJ1074

Andriy
Luzhetskyy
This study
This study

This study

(F5%0)
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S 1)

Plasmids
pLC803 Integrative vector, containing the BT 1sequence This lab
pSET153 Integrative vector This lab
pSET153-BT1 Derived from pSET153, containing AmR, oripUC18, attPBT1, oriT and BT1 site This study
pSET153-BT1tu Mutant Nhel restriction site of BT1 sequence This study
pSET153-OTC Derived from pSET153, containing otc cluster This study
pSET153-OTC-KotcR Derived from pSET153-OTC, kasOp*-driven otcR This study
pSET153-OTCAotrR-KotcR Derived from pSET153-OTC-KotcR, knocked out otrR This study
pSET153-OTCAotrR-KotcR-BT1 Derived from pSET153-OTCAotrR-KotcR, containing BT1 This study
pSOK616-kotcR Derived from pSOK616, containing one copy of kasOp*-driven otcR This lab
plJ779 Containing FRT site, addA This lab

x2 FARFASY
Table 2 Primers for this study

Primers Sequences (5'—3)

Dell4-otc-F CGAGATGCCCGCAGTGACCG
Dell4-otc-R GGCGGAGCAGACGCTCGTC
OTC-Sok616-kotcR-F CATCGGTGCGATCATGGTTC

OTC-Sok616-kotcR-R
Dell4-otc-OtrRDM-BT1-F
Dell4-otc-OtrRDM-BT1-R
otrRDM-BT1-pSOK616-kotcR-F
otrRDM-BT1-pSOK616-kotcR-R
Nd-F

GTCGACCTGCAGGCATGCTC

GCCGCGATACTGGGCGTATG

ACTCACCGCGACGTATCGG

GAGCTCGTCAGCACGAGCGTG

CGAGGATCGTGGCATCACCG
GCCAACATAGTAAGCCAGTATACACTCCGCTAGCGCTGATGTCC

Nu-R CTCACCGCGACGTATCGGGCCCTGGCCAGCTAGCTAGAGTCGACCTG

oxyA-F GCGTGCTTCGACGCGATCAAG

oxyA-R GTGCGCGTACTCCTCCAGGAC

oxyl-F TGGGCGTTGGCGACGAAGA

oxyl-R CGCTCTACCAGGAGATCCAGCA

oxyJ-F GTCACCGTCAACGCCGTGTGC

oxyJ-R CCAGCGGGATCTTGTCGTTG

oxyR-F GATCATCTCGTCGGCGCAGTG

oxyR-R TCGTGGACGACGTGCCGTGC

oxyS-F GTACGAGGTCGAGTGCGCGT

oxyS-R GCGATCACCGCGAACATGTG

otcR-F GGAACCATTCGTCGTAGGGG

otcR-R CGTCCGCAAACTCCGCAT

HrdB-F CGACATGTTGAGCGAGACCG

HrdB-R GAGTTCAACCGCGAGAACGGC

OtrB-F GATGCCGACGCCGAGCCAGAG

OtrB-R GATCGTGGGCCTGGGCTCG

kaso*-F GAGGTATGTAGGCGGTGCTACAGATTGTTCACATTCGAACGGTCTC

kaso*-R GGACGGTGTACGTGCCGGTGCCGATTCAAGACGCCGACCTCAACA

otrR-FRT-F GGCTTTTGACAAGGTCTTGTCGTTCTCCGGGGAGTACATACGCTGTGGCC
AATTCCGGGATCCGTCGACC

otrR-FRT-R ACGCCCGGGCCACTCCGGAGAGACGGCCGGGCGGGGCGGLCGGLCGLTCA

GGTGTAGGCTCCAGCTGCTTC

<l actamicro@im.ac.cn, & 010-64807516
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K AF# DH5a,.JM109 . ET12567/pUZ8002
WAL I S ek, 20 5 T Bkl DNA #8245 |
kL 2 AL AR BRIk . KA AT T BT340 H
F FLP i s fE b A1 RIgFF s
PRTE LB S5 i gs, PrAd R M wE . 2%
R 50 pgmL, RIFEE 50 pg/mL, AR
50 pg/mL,

1.1.2 EHFE

LB }igidk(g/L): BEEEFE 105 Mebkigi
Y 5; NaCl 10, fsK#Ef#, 7 pH 7.0, Nz
WRKEZ 1000 mL; [FEAEEFRIETZ A 1.5%1)
BUIEKS . 121 °C. 1.01x10° Pa K 30 min.

R5 $: 5555 (g/L): FEME 103; K,S04 0.25;
MgCL6H,0 10.12; HijZjh% 105 B&E M2 5L
0.1; f#EICEK 2 mL (ZnCl, 40 mg; FeCl;-6H,0
200 mg; CuCl,2H,0 10 mg; MnCl,-4H,0 10 mg;
Na,B;0;-10H,0 10 mg; (NH,)sMo70,4-4H,0 10 mg;
BIZKE 22 1 000 mL); FEREEE ) 55 TES 5.73,
INZEEKEZRZE 1000 mL, @ It FEastHER
EH5], A 500 mL B =AM, B
200 mL, RS FRELNNA 4 g BBIEHRY, 115 °C,
1.01x10° Pa KB 30 min,

AT, AHMA 2 mL KH,PO, 2% i
(0.5%); 0.8 mL CaCl, Z& 1 (5 mol/L); 3 mL 20%
) L-fifi% % ; 1 mol/L 1.4 mL NaOH.,

MS 13 (g/L): HEBRE 20; T 20;
BilE 155 MAKKERZE 1000 mL, 121 °C,
1.01x10° Pa K 30 min,

2xYT HigfrH(g/L): REAK 16; MR
B 10; NaCl 5; AIH 5 mol/L NaOH ¥ pH &
7.0, IMZELE/KEZE 1000 mL, 121 °C. 1.01x10° Pa
K 30 min,

1.1.3  FERFANLEE

FkLER B 6 . B DGR e B R AR

AR AL ABRA A . BRI UIEEF QS5

DNA Al A NEB 23], T4 DNA & Al
Taqg DNA R&W H TaKaRa 2y F; A5 AE
(5 um, 4.6x150 mm), HPLC (%), OTC 434t
P A IR AUV P RHECA R\ o SERSEt
ZE+HE PCR {CRH] ABI 7500 Fast Real-Time PCR
Systems, 2644k} SystemsPowerUp™ SYBR™
green master mix (ABI),
1.2 FJHRNAIEE

pSET156 Bk 4 £ - i ik PCR ¥4 pLC803
ok BT1 A Beoaiad Sph 1 #1 Pvu 1 i) BT
JEHIAIE AR pSET152, it T4 DNA %&£ i%
PR R B, i TR V& PCR B LA S XL 1)
UENG , FRATE A A B BRI, Dy
&8 L 1 4 B E 4 SOk A R

pSET153-BT1 itk f4 % : il i Soh T Al Pvu 11
vl Fki pSET156 F#k{A& pSET153, il T4
DNA RS 3R B, @il @ PCR
B EFE PRI, 00 43 SR T A R R 4 R R A
.

pSET153-BT1tu Fikit4 4 : 7E pSET153-BT1
R R FEAE b, BT Nhe T 28280 s
RIS 149 (primer €48 1 Al primer Z€48 2)fd H. 1
ANE R BE, SR)5 Dpn 1 W4k 1 h, Hijk % & If
B ETROUS B A IM109 SR Z S h, Fe e e &
B ST A HE BE P v BRI

pSET153-OTC-KotcR JFkif L : JH kaso*-F/
kaso*-R PCR 4" pSOK616-KotcR!™ | — Bt &
F kasOp* Jii 3114 otcR 3K /Bt 936 bp, 5 I [F]
i Fil EcoR V ] pSET153-OTC FRA3£E 1 2 4
F B, RE BRI 7 BeAE R I AT A
Epi300 #£47 Gibson 41%%, Il il LM B R itk
B 1 H B T

pSET153-OTCAotrR-KotcR JFi ki f 4. i
1:f PCR-targeting £ R % pSET153-OTC-KotcR
ok B R RN otrR. T SRS Rt

http://journals.im.ac.cn/actamicrocn
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otrR-FRT-F/otrR-FRT-R 7E plI779 JF A 4" 4 i
—~ 1406 bp A9 F BE(FRT 5 . L8 Ptk
FEDIFN otr R A [F] P58 50 bp 58 X)), 21
fbJE ) PCR F BEAILERL pSET153-OTC-KotcR
FAKGFH GBO8-red H & 4E Red/ET HE 4,
A R Pr bk o £ 2K 15 B B9 ikl pSET153-
OTC-KotcR-FRT, &% 1k 5] 5 A7 ifit 5 B Jou ki
pCP20 i K JZHFT# BT340 4 g+, i3k PCR Al
MFUESE T otrR FIRE IR

pSET153-OTC-AotrR-BT1 JFkikb & . %31
A R () —X) 51 ¥ (Nd-F/Nu-R), 345 BT1
FEA1, kRl i@ i Nhe T B 5k: pSET153-
OTCAotrR-KotcR, #& Ji 18 i: 7 2H i (NovoRec”
PCR — 253 n se il R &) B4, T3tk KT
A EPi300 17 126 15 21 1E i ity Bk 5 3% R E D
w] (LD
1.3 RNA M9 BURFEEER

FI ] Trizol R BUE R R FEA K S RNA,
SRJE Wil DNase 1 (TaKaRa)iH fb 3L K 41 DNA DX
THER YL L DNA V544, [1] 2 pg & RNA HIA
4 uL Random 6 mers (TaKaRa), 70 °C 544 10 min,
SERIVKIER A 3 min, F SR Sk (Promega)
WEAT R S cDNA. B 1 pL cDNA fE A #5
W EFT9¢ 5 7 PCR. LA hrdB 2[R A 23
DRl o 3 DR A AR B St kST, RT-qPCR
PS8 e 2,
1.4 EESFHIFIEUAR Bk A B

Wi R WGBSR L E RN
fiE LA B PCR BGiEA3 R IEM M4 . K1
TE TE 3 A0 31 20 A AR AE MS Pl B3R 3-4d, 77
fi s Aw APl 23 (1 emx2 ecm)4bH, 7E
RS B FE b A7 A Uk R SE 0 . o
Pl FRE SRR E & 36 h, $#% S%iEfEiEEER
W s R Heh 5958 6 d, 220 r/min, 30 °C #EIK K
WERE 7 o

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

1.5 SERHEEILSH

OTC it it /AT : UL 1 mL, RJ5
F 9 mol/L $hRFR 1k, PH JLIHIFE 1.5-2.0 ZJA],
12 000 r/min &.0> 10 min 2247, B EEFHA0
EP &, 0.22 um JEEE 85 HL 200 uL T4 5
PR . AR PR & Diamonsil Cig
1614 (250%4.6 mm), HPLC # B3 shAH Ay
60% LB FIK . 10%H EE . 20% L EF 10%E R
(2 mmol/L) A FEH A ZE I K 0.35 mL/min,
B ZE i34 4 0.15 mL/min, #6043 K S 350 nm,
OTC W i e (1% £ B4 Bsf i) 2 6.0 min 224517,

2 BERXR504

21 TEZREVERERENFIRERIE

R T EIA T R AR R BRI . A ROR
AN, AL ERLL S venezuelae
WVR2006 1FR 5k - RAEY S AR
R £l — 25 LR E S venezuelae
V2006::0xy2K OTC =ik %] 320 mg/L"™, B
SR S venezuelae WVR2006 A A KL . &
MR . AR R R, HERAITAE)S
SRag AL o AR XMESEEE OTC 77 it KR B 4R T«
Kk, AT FREAENEFE, EARMR PR
i1 Andriy Luzhetskyy S T R IS 35
Pk S albus Dell4 2} OTC 47745 3. S albus
Dell4 /&7E S albus J1074 1Y FE R F Rk 15 4
WA ) 3 R e AR AT AT A T v, TR e O
A HE /N, it iy, AT Rl
f# % S venezuelae WVR2006 15 3=, HAL# i
503 3,

A Red-ET HHH ARG 5EEM L
BRAEYE IR, JFE T pSET153-0TC
FURL (B 2A) 0 ASWFFEHE 23 25k pSET153 LA
pSET153-OTC Jiifi%& 5 %] S albus Dell4 Hr,
it —X# & 514 Dell4-otc-F/Dell4-otc-R
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% 3 S.albusDell4. S.rimosusM4018 #1 S. venezuelae WVR2006 75 E B9 LL 3k
Table 3 Characteristics of S. albus Dell4, S rimosus M4018 and S. venezuelae WVR2006

Strains Genome size/Mb G+C/% Fermentation time/d Resistance/(ug/mL)
S. venezuelae WVR2006 8.16 72.3 4 100-150

S albus Del14 6.34 73.3 6 200-300

S. rimosus M4018 8.90 72.0 8 500

(B)

G
© N OTC standard
. Dell4:control
‘7 Dell4:oxy
0.0 2:5 5.0 it 10.0 12.5

Retention time/min

2 pSETI153-OTC FRHIEE(A). ES TFWIEMB)LL K HPLC {8 X E# OTC =&(C)

Figure 2 The plasmid map of pSET153-OTC (A), the results of the colony PCR (B) and HPLC analysis of
OTC production (C). A: the otc cluster is inserted into the vector pSET53 to obtain the recombinant plasmid
pSET153-OTC; B: Dell4:control: a derivative strain obtained by integrating the empty pSET153 plasmid
into S. albus Del14; C: OTC titers of strains Dell4:control and Del14:0Oxy is detected of by HPLC.

#AT Y5 PCR Bk, O i 2 147 A4 | bk
Dell4:control 1 Del14:Oxy (& 2B). il #25i
R T S T A AH O TR B i OTC HYRE T, 45
KB, TEWFE Delld:control Fil Dell4:0xy 4 Ji%
W B I E] OTC 1A (Bl 2C).
22 HELIEZREMEREEEKRFRIE
OtcR J& OTC =4 fir b5 Y SARP 37 [H
+, HIBPOE TR RAEY S BER T oxyA.

oxyl . oxyJ. oxyR Fll oxyS e 5 MR TH)
FE7 (K 3A) . ARBFFETE S albus Del14 H 53
FETHRAEY A BIEEE, HARKNE OTC
) B 8 o 00 L R T R A S U T v 7
I A OteR ARk, MMTCHkEg & E LY
BRI RIE . b TIESX —sE A, (i1
it RT-qPCR S EAG 5 2 PRk Del14:Oxy % i
551 ROPEAWAIES 3 K(RaE )5k N s LA
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Figure 3 Schematic diagram of OtcR directly regulating otc cluster (A), the results of the PCR screening
(B), and transcription levels of related structural genes are detected by RT-qPCR (C) and the titers of OTC of
selected strain is detected. A: OtcR directly regulates the transcription and expression of OxyA, oxyl, oxyJ,
oxyR and oxyS; B: the screening of Dell4:OxylK; C: the level of transcription and expression of OTC
cluster-related structural genes OxyA, oxyl, oxyJ, oxyR and oxyS is detected by RT-qPCR. The experimental
results were obtained from three biological replicates and statistically analyzed by Student’s t-test. ***:

P<0.001.
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Figure 4 Schematic diagram of OtrR regulates the otrB promoter region (A), the results of the PCR
screening (B), the level of transcription of otrB is detected (C) and comparison of intracellular and
extracellular OTC titer (D). A: OtrR inhibits the level of transcription of otrB through binding to the
promoter region of otrB and OTC could binds to OtcR to inhibits otrB, thereby allowing OTC to be effluxed;
B: the results of the PCR screening; C: the transcription level of otrB is detected by RT-qPCR on the first and
third days; D: analysis of OTC production of Dell14:0xy1KAotrR and Del14:0xy1K strains in intracellular
and extracellular. The experimental results were obtained from three biological replicates and statistically

analyzed by Student’s t-test. ***: P<0.001.
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Figure 5 Conserved sequence alignment of ¢C31 integration site (A), the results of the PCR screening (B)
and the titers of OTC of selected strain is detected (C).
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