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Engineering the precursor supply pathway in Streptomyces
gilvosporeus for overproduction of natamycin

KONG Dezhen, LI Hao, LI Xiaojie, XIE Zhoujie, LIU Hao

National and Local United Engineering Lababoratory of Metabolic Control Fermentation Technology, Key
Laboratory of Industrial Fermentation Microbiology, Ministry of Education, Tianjin Key Laboratory of Industrial
Microbiology, College of Biotechnology, Tianjin University of Science & Technology, Tianjin 300457, China
Abstract: Natamycin is a safe and efficient antimycotics which is widely used in food and medicine
industry. The polyene macrolide compound, produced by several bacterial species of the genus
Streptomyces, is synthesized by type I polyketide synthases using acetyl-CoA, malonyl-CoA, and
methylmalonyl-CoA as substrates. In this study, four pathways potentially responsible for the supply of the
three precursors were evaluated to identify the effective precursor supply pathway which can support the
overproduction of natamycin in Streptomyces gilvosporeus, a natamycin-producing wild-type strain. The
results showed that over-expressing acetyl-CoA synthetase and methylmalonyl-CoA mutase increased the
yield of natamycin by 44.19% and 20.51%, respectively, compared with the wild type strain under shake
flask fermentation. Moreover, the yield of natamycin was increased by 66.29% compared with the
wild-type strain by co-overexpression of acetyl-CoA synthetase and methylmalonyl-CoA mutase. The
above findings will facilitate natamycin strain improvement as well as development of strains for

producing other polyketide compounds.

Keywords: Streptomyces supply; acetyl-CoA synthase;

methylmalonyl-CoA mutase

gilvosporeus; mnatamycin, precursor
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Structures of natamycin, macrolactone ring and its precursors.
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7 1 2 AR T A R E R R R A
Wt CEE A FRALEE (acetyl-CoA carboxylase,
ACC) IR RIXNNSR T CBEHTE A & MR
B, FEURKEE R RINT 6 57, mrik
R TR AELI & K IR FKS506 25 R B Mb &
Yy 7 R p A L AR AR B T R . e
n, I eIk BT R A AR (H
FEN RS A E SR iR AR P i G , X
IO 1) 20 B R R 4T B R FRS06P = R R 3K A5
TR BRI

TEAP MR fi B R
T8 TR X A At B 2R R R R A i = R G
G o AT LGN T R 7 A i B ISR B T (S
gilvosporeus ATCC 13326) MWFFE AL, 4355
Xt 3 FEEEETA (S BEATEE A Y AT A
LN ZBEHIE A) W FEEER, il

*1 AMRERNERS R

FIR MG RAS LN, A AT R R
PR . BT IR I Ak SRk £ T
A & (acetyl-CoA synthase, ACS)
K, s CIRBI OB A & ts, Dt
RE g HIEN B A AN
(methylmalonyl-CoA mutase, MCM) AHICHE[H ,
s ALIEFAIE A A 2 FELTN R A A R
W, H#RREMES W E IR mANME R E (LR
TIEBE> HFR T T 44.19%F1 20.51%). PITIT
R IR RS R, b Es R 7w RS U
— T (LLEPAE B RREE T 66.29%)

WL

1.1 ##
1.1.1 EHRF AL
AHIFFE BT T PR AN R LR 1

Table 1  Strains and plasmids used in this study
Strains and plasmids Features Sources
S. gilvosporeus ATCC 13326 Wild type strain ATCC

E. coli ET12567/pUZ8002
E. coli IM109

S. gilvosporeus ACYSOE
S. gilvosporeus ACSOE

S. gilvosporeus ACCOE
S. gilvosporeus MCMOE
S. gilvosporeus ACS-MCMOE
pIMEP

p1J10500
plJ10500::kasOp*
pACYS

pACS

pACC

pMCM

Non-methylating donor for DNA conjugal transfer

Host for cloning

(10]

Lab collection

OEfadD This study
OEacs This study
OEacc This study
OEmutAB This study
OEacs, OEmutAB This study
ermEp* promoter, ®C31 integrase, apr', oriT [11]

®BT1 integrase, hyg', oriT [12]

®BTI1 integrase, hyg', oriT, kasOp* promoter This study
ermEp* promoter, ®C31 integrase, apr', oriT, fadD gene This study
ermEp* promoter, ®C31 integrase, apr', oriT, acs gene This study
ermEp* promoter, ®C31 integrase, apr', oriT, acc gene This study
®BT1 integrase, hyg", oriT, kasOp* promoter, mutAB gene This study

OE: overexpression; 4yg": hygromycin B resistance; apr': apramycin resistance.
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1.1.2 EHRE

LB #idk (g/L): MERRRMY) 5.0, BREA
Jf 10.0, NaCl5.0, [E{AREEFEIMA 2%554
pH 7.0, T KIGAF A 2xYT {554 (g/L):
MERESEY 10.0, BEEEEE 16.0, NaCl 5.0, pH
7.2, PTG 56 B o) ik 2 T 16 O AR B
MS Hig# gt (g/L): H#sEE 20.0, ¥ EH 20.0, 3K
B 18.0, FMTHERE 5 KIGFF RS &% S ks
RS, R FIEFREE (g/L): Wi%IHE 20.0, &
1 6.0, BERRE H197 6.0, NaCl 10.0, pH % 7.0,
AT HER AR PRSI . KRR IRAE (g/L): #itd
Wi 40.0, KEEAM 150, BEER B 5.0, 45
B4 5.0, pHIHZE 7.5, HTHEREEPEHARE
1.1.3 E=. RN

#lE R B (100 mg/mL), %% (100 mg/mL
H,0), E 4% (25 mg/mL 100%Z ), ZEnEHR
iz (100 mg/mL, 0.1 mol/L NaOH) VF fif % Wi
F-20 CLRAFF. #£ LB IE5R3EH, WIE R B, %
WHERME WS 100 pg/mL, [ERN
25 pg/mL, ZEREMRHBRTE MS i { FH vk i
25 ug/mL, W& R B ML RTE MS #5754
HR R AR BE X0 10 pg/mL. B Rk
Bt R EREA A A

KAL) E AT F 2 BRI N IR EcoR 1,
Hind NI A% HBEADHEAR duy) ARA
Ao wfEE R A B PrimeSTAR®HS DNA
Polymerase with GC Buffer IJ B 5 H EAEYIH A
(L) AR P v A5 & ClonExpress Tl
One Step Cloning Kit, #ti# PCR H & i 2xRapid
Tag Master Mix W FH 73 5t iaMEE LE DR Iy
A FRZsF] . Bacterial RNA Kit 1 H Omega £
/5 Al . RT-qPCR Fif 57 TB Green®™ Premix Ex
Tag™ 11, PrimeScript’™ RT reagent Kit with
gDNA Eraser ¥l H 5 H EA YR (db)
A BRA v A S8 i FH BB MR E I DNA [t

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

& i DNA 8y 4 A 10 G FORL N it
G BRI dEs)) ARAF .

12 /&%
1.2.1 FREFRRAIEE

HETE AL 41 DNA 8. KIGHT sz
BB EE K o1 vE BEBRAES IR SCAR[13-14] . DNA
W e f AR R JE A BR 2 Wl 58 . AR5 i F 5 |
P 2.

LRSI A B Ut R IB BB pACS 1
. IKIEOBERE (Streptomyces coelicolor) 1
FEIN4 DNA WHisR, fHI5I#%) SCO3563-L/R
Py SR A SR (acs)™, FIH—
H: i 7] £ ClonExpress I acs HBE o A
K pIMEP (1) EcoR I 5345 Bk pACS. fig
WEAAE A G B RIB R pACYS IR EE .
PAKIEOEEFE T (S. coelicolor) BIFENZH DNA
AL, RS SCO6196-L/R 43 I Mt 4
ity A A EESER (fadD)!'®, FI)FH— 4 ve ik 5
AW fadD FilE R pIMEP ) EcoR I 5 3Rk
#i pACYS.

LA A RGBS I8 Bk pACC WY
. B A RIS o By X 3D
W, 5H accd2. aceB F accE % 3 PM3EH
i, DIRIEESETE (S, coelicolor) 3N
SRR, FHB % SCO4921-L/R § 18 LN aceA?,
A5 1#¥%F SCO5535-L/R §" #4315 accB Ml accE Y
DNA F B, FIFl—#5ileidiil & ClonExpress®II
¥ accA2 R B vl AZUAR pIMEP 9 EcoR I i
A a] kL pIMEP::aced2, [RARER) )7 4%
accB M accE WH:F BLvil& 2 pIMEP::accA2 1)
EcoR W s ARASHE 2 kL pACC.

BN —WEH Il A AR A7 B o 383K kL
pMCM B9 %, FRATRHA S. gilvosporeus ATCC
13326 U HTBEN AT A 700 ik R Ay 2t
T pMCM. BEEZICHERENAFEG M DNA
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F B kasop*'7 Rl — 2 5 B R R &
ClonExpress “IIH i% A Bt 5 B A & plJ10500
1) Hind IO 53RTS BURL pII10500::kasOp* .
h 8. gilvosporeus ATCC 13326 FERZH ¥ 41 1 &
W, A1 BTSN R S. gilvosporeus F607
FEHF Y (GenBank &3¢S : CP020569.1), it
51¥1%F MCM-L/R, PCR ¥ #4 S. gilvosporeus

x2 AMREARSIY
Table 2 Primers used in this study

ATCC 13326 N BN LA A A (i RESE N
(mutAB), PCR ;=W F3RH, S. gilvosporeus
ATCC 13326 KR mutAB 5 S. gilvosporeus
F607 KURH mutAB He R Fr 41 58 A AR TR o {1 —
TR & ClonExpress®I mutAB Jr B 5
e A ZRAK pIT10500::kasOp* A Hind I 55 45
JikL pMCM,

Primer names Primer sequences (5'—3)

Purpose

SC06196-L  ATCTAGCGGAACGGATCTAGAGATATGAGCGGTGAGCAGGAGCTGT pACYS construction

SCO6196-R  TTCCATCGCCGCTTCATGATGAATTCAACGAAACAAGCCAGCCGGG pACYS construction

SCO3563- L. TAGCGGAACGGATCTAGAGATGTGAGCAACGAATCCTTGGCC pACS construction

SCO3563-R GAATTCGGTACCGGATCCGATTCGGTGGGCAGCACGGAACA PACS construction

SC04921- L. CGGAACGGATCTAGAGATGTGCGCAAGGTGCTCATC pACC construction

SC04921-R  TTCGGTACCGGATCCGATCAGTCCTTGATCTCGCAGAT pACC construction

SCO5535- L. CTGATCGGATCCGGTACCCGACGGCTCGCAATCCTTG pACC construction

SCO5536-R  TCATGATGAATTCGGTACCGGGCCTCTCTTGTCGTTC pACC construction

MCM-L GCCGAAGGTCTCCTATCGACCATAGCGGGCAGGGAG pMCM construction

MCM-R CCGAGAACCTAGGATCCAAGCTGTAGGGCAGCAGTTTCACCAGC pMCM construction

YZ-ACYS-L GCGAACGGGCGAACCTTGT S. gilvosporeus ACYSOE
verification

YZ-ACS-L  CGAGCACCCGCTGTTCATC S. gilvosporeus ACSOE
verification

YZ-ACS-R  TGAGCGAGGAAGCGGAAGA S. gilvosporeus ACSOE
verification

YZ-ACC-L  CGTTATGTTGATCGGCACTTTG S. gilvosporeus ACCOE
verification

YZ-MCM-L ATCTGGTACCGAAGATGAACACGATCAGGCA S. gilvosporeus MCMOE
verification

YZ-MCM-R ACGCCACCTCCGTGACATCC S. gilvosporeus MCMOE
verification

gPCR-ACYS-L GTCGAGGAGTTCCTGTACGC fadD qPCR

gPCR-ACYS-R TGAGTCCGAAACAGTCGGTG fadD qPCR

qPCR-ACS-L GTGGATCTGGTACCGCAAGA acs qPCR

gqPCR-ACS-R TAGGTGTCGATGAACCGCTG acs qPCR

qPCR-ACC-L AAGGTGCTCATCGCCAATCG accA2 qPCR

gPCR-ACC-R TTCTCCGAGAGGAACCCGTA accA2 qPCR

gPCR-MCM-L CATGTACGTCAACCAGCCCT mutA qPCR

gPCR-MCM-R TCATCGTCATCGACACCGTC mutA qPCR

gPCR-HrdB-R CGAATTCGTAATCATAGCCCCGTACCCCCATGC hrdB qPCR

gPCR-HrdB-R ATGCGTCGCACTAGTGTGCTGGCCGACACGAACAA hrdB qPCR

=: 010-64807509 B<: cjb@im.ac.cn
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1.2.2 EHEFEHHIBE
ARMF 5T R FH 25 A 5645 0 5 Dol 4 ok %
AR AR R ™, T R S A A A
TR, SRR EMRWT . AT
M SR K pACS # 4k = K W A A
ET12567/pUZ8002 J&sz2&rh, & BTk gk
AT ET12567/pUZ8002 S M filbk & E (S.
gilvosporeus ATCC 13326) A7 FEAREL G
B, 30 C. 18 h i %58 R RN Z8 e R i 1 7
e, 5 d JGRIPTHRBUE S F TR BN 4
DNA, {#i 151 #%F YZ-ACS-L/R #47 PCR Bl ,
RAFHH R S. gilvosporeus ACSOE., ¥ ki
pACYS % A %45 v sk 25 i 2R v, i 5
¥ YZ-ACYS-L Hl SCO6196-R #1T PCR KilE,
RIS T S. gilvosporeus ACYSOE,, [A] £
Tk, BEBURL pACC 5 A B 8 fludif 25 i BF A=
Rieh, (514 YZ-ACC-L #1 SCO4921-R 47
PCR 5 ilE, K 13 EH H K S. gilvosporeus
ACCOE., ¥k pMCM %5 A 3|4 8 76 5 25 T
A BRI S %F YZ-MCM-L/R #4T PCR
Uk, RS EAREE S. gilvosporeus MCMOE
B 5ok pACS ¥ A% S. gilvosporeus MCMOE
o, RSN YZ-ACS-L/R 47 PCR KiiF,
A EAHFER S. gilvosporeus ACS-MCMOE , A&
SCHUE TR 51 L3R 2.
123 #EREKRNERLE

WEEB M RIZL T MS P b, 28 CHi%
7-10 do FHICH KRBT S A1, il 2507 fef 10
TIPS T IR 2%~ 4% 4P A
F%EA 20 mL FFEEFRIEERY 100 mL (9 =M
Hr, 28 °C. 200 r/min 3535 2 d, SRJGHF 55
TR S% MR B EE AT 50 mL KRS
FRHERY 250 mL =, 28 'C. 200 r/min &
% 144 h,
1.2.4 EREFRIEKFHRN

S 1.22 MR R TR I, 5

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

FEENEW, WE 2 mL X E EAK
Bacterial RNA Kit #£HU5 RNA, £ RNA [
PrimeScript' ' RT reagent Kit with gDNA Eraser
SR PEAT REE S, B 100 ng JLEESEFEY), Fi PR
TB Green™ Premix Ex Tag™ IIAY% K BeHlIR &
W4T RT-qPCR, )P E H:95 C 305;95 C
10s,60 C 305,72 C 15, 3£ 40 MEHR; 72 C
KEERNAES . UL dB NS, BB 3ANEY
SRR 3 A HORES, Hi BAREE AR T
WS I Y 5 5 27 b B, Hoh-AC=
—~(C,q—Cieb), Coq N HFRIETEHEL, Cucb Ny
WS B E AL

125 #EBREEAINE

I RFEMAREIRA E R, LR
FRWE THIE A AT, IR 10 mL & BT
INTEDRAR 7 KT8, JA shahiE A s A, 5
AWARIELL & TR T 2 E S, A
RVFFRE BB IEAC W E R IFIC %, iR TE
GEFREBM AN E S, DIBREIEAR R,
L2 L R A b R Al 2 A0 B Y AR Rl 2
1.2.6 MNEER~EREN

FEARALTR: BT mL A&, A 9 mL (Y
i, TR, #7520 min, ZJ5 8 000 r/min
B0 15 min. K EIE R R RS E AU
FH0.22 pm AL L8, BRAS 2RI -

K 444 . Cosmosil 5C18-MS-II4E (4.6 mm
IDx150 mm); WENAH: HEEL D IK=7 3 (V/V);
WL : 0.700 mL/min; R : 303 nm; i
Fefb: 10 uL; AEIR: 30 °Co

2 ZREA

2.1 s A §RIREFEIERBUET M
EEZTENET

N[ 2 R R A AR ST R W . Ak PR
FE 0 5 BA AN M N P BE S = BE3E H Il (TAGs)
AR B3R S BB LR (acetate) [N
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AP = BEE TR L RS LA S A AR
RIEERMAY R (8 2A). RiE F 2 o ig
MR B AR A L S R A, JEBEATE A &
W (acyl-CoA synthetase, ACYS) L%
%S AR BRI A IR 2 BRTE AT A
A W (acetyl-CoA carboxylase, ACS) A fL
VEF R AT DL B3 A B 2 BE Al i AT o TSR

A B
TAGs
| OC31~f
\% ;
Fatty acids
l/ACYS attp—"
Acyl-CoA aac(3)IV

_____
- ~

ACS
Acetate ———> AcCoA

s}

1 000

[ ——WT
-#-ACSOE
800 —+ACYSOE /i/\‘

Natamycin (mg/L)

0

24 48 72 96 120 144
Time (h)

CTREEEE A ML R AR B AL 2 X g B R
FEAERIEE W, FRATEE S. gilvosporeus 53 ) %
LIRS OB A B RGOS HE L [
AT TR RIK

W R 0B R BORIR A IR A e A 5 1
HH (fadD) ' THERE ARG 3 F ermEp*
2, B AR R R AT pSET152 H,

C
04 ¢ X
ermEp % acs expression

03r

acs

0.2}

0.1}

0

WT ACSOE

0.7
0.6 t
0.5 ¢t
04 ¢
03
02 ¢
0.1 r

0

fadD expression

Relative cDNA abundance Relative cDNA abundance

WT ACYSOE

[—— WT
12 =+~ ACYSOE
| -#ACSOE

DCW (g/L)

0 24 48 72 9% 120 144
Time (h)

2 ZEiHEE A HARERPEENENAEER LT

Figure 2 Effect of engineering the supply of acetyl-CoA on natamycin production. (A) The acetyl-CoA
pathway engineered in this study. ACS: acetyl-CoA synthase. ACYS: acyl-CoA synthetase. (B) The plasmids
map for the acetyl-CoA-providing pathway. pACYS: plasmid used for overexpressing fadD (the gene
encoding ACYS in S. coelicolor). pACS: plasmid for overexpressing acs (the gene encoding ACS in S.
coelicolor). (C) Expression of acs in wild-type strain (WT) and ACS overexpression strain (ACSOE). The
transcript abundance of acs was determined by RT-qPCR and is presented relative to ArdB in the
corresponding strain, which was arbitrarily assigned as 1 and is not shown in the graph. (D) Expression of
fadD in wild-type strain (WT) and ACYS overexpression strain (ACYSOE). (E) Natamycin production in
ACYS overexpression strain (ACYSOE), ACS overexpression strain (ACSOE), and wild type strain (WT). (F)
Growth curves of recombinant strains and wild-type strain.
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M SR BER I A & UL R IK BB pACYS
(# 2B) . ¥ & 4 it ki pACYS #: 1k A
S. gilvosporeus ATCC 13326 Bf A= R kK, K75
REWEHIEE A & BB RIKRPE (S. gilvosporeus
ACYSOE). 2, # Kk (LR R IEA 2
BEATE A A BUEEIEN (acs) B T4 55 R 241 AR
SR B ermEp*Z T, - vi bR A B AL A Y
ik pSET152 o, i d 4 ikl pACS (&
2B). B EL R pACS ¥ b A S. gilvosporeus
ATCC 13326 PTG PE, K15 QWA A &
B R IR R (S, gilvosporeus ACSOE) .,

RT-qPCR 5256 4 B K 15 €0 Bl 25 o R T i S R e
Xof N P B2 G R AR ] ARG, |
T GG P a e e, A G B PR BT A 2R R ik
RIS E A (K 2C-D).

RrBPAE IR AR (WT), IRBEAIE A & B
I (ACYSOE) FIZFEAIEG A &
1 RIBWR (ACSOE) #ATRENL A . K4S
RFEW], A 3 ANRARAE 120 h B9 {8 R ™
HIRFIRKME, H, CBEHME A 6 Sl R
AW R (ACSOE) i ficiy, o= A b T 5F
AR TE T 44.19%. NRTBEAIEE A & UG Rk
ik (ACYSOE) 557 A RITA#RAHLL , 24 fh5E 2
PR A BE 2SS (B 2E). IR E 4 kS
AR IEAK EAUIE 25 (K 2F),

22 AIEHE A &BIRFIEESUEXTH
b E R E RIS

R AR )6 it A v 3K 3k >R 1 7 i
BRI C——9 RS A TE A0 TR AR N 32 2RI
L LA A PR AL T 2 R A
TEC LA A BALEE (ACC) MHEIL T ATLIE
Fe B N ZEAETE A (I 3A). O 7RIS 7k
BTG A R8RS 3515 B0 X A At R R 7 A 15
iy, FRAILE S. gilvosporeus ATCC 13326 H X} &
B A FRILEE (ACC) MIgmiBREH g T T3

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

ik B KK COBE R R R IR Y i i L R4 A
RALEE W FEIEN , accA2. accB Ml accE ‘& T4
HWAHANI G BT ermEp* 2 T, b ABERE
PR G RUZRAA pSET152 H, MY £ B4 T A
RACEG F Ik TR pACC (] 3B). HE 4Lk
pACC 4L A S. gilvosporeus ATCC 13326 Hf4E
RUGRAR , 2015 SRR A FRILE S R IR AR (S.
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Figure 3  Effect of engineering the supply of malonyl-CoA on natamycin production. (A) The malonyl-CoA
pathway engineered in this study. ACC: acetyl-CoA carboxylase. (B) The map of recombinant plasmid pACC
used for the overexpression of acetyl-CoA carboxylase. accA2, accB and accE are three genes from S.
coelicolor, which encode the a, p and y subunit of acetyl CoA carboxylase respectively. (C) Expression of
accA2 in wild-type strain (WT) and ACC overexpression strain (ACCOE). The transcript abundance of accA2
was determined by RT-qPCR and is presented relative to ArdB in the corresponding strain, which was
arbitrarily assigned as 1 and is not shown in the graph. (D) Natamycin production in ACC overexpression
strain (ACCOE) and wild-type strain (WT). (E) Growth curves of recombinant strain (ACCOE) and wild-type

strain (WT).
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Figure 4 Effect of engineering the supply of methylmalonyl-CoA on natamycin production. (A) The
methylmalonyl-CoA pathway engineered in this study. MCM: methylmalonyl-CoA mutase. (B) The map of
recombinant plasmid pMCM used for the overexpression of mutdB. mut4 and mutB are two genes from S.
gilvosporeus ATCC 13326, which encode the a-subunit and B-subunit of MCM, respectively. (C) Expression
of mutA in wild-type strain (WT) and ACC overexpression strain (ACCOE). The transcript abundance of
mutA was determined by RT-qPCR and is presented relative to ArdB in the corresponding strain, which was
arbitrarily assigned as 1 and is not shown in the graph. (D) Natamycin production in MCM overexpression
strain (MCMOE) and wild-type strain (WT). (E) Growth curves of recombinant strain (MCMOE) and

wild-type strain (WT).
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Figure 5 Effect of engineering the supply of acetyl-CoA and methylmalonyl-CoA in combination on the
production of natamycin. (A) Expression of acs in wild-type strain (WT) and the recombinant strain
(ACS-MCMOE). The transcript abundance of acs was determined by RT-qPCR and is presented relative to
that of 4rdB in the corresponding strain, which was arbitrarily assigned as 1 and is not shown in the graph. (B)
Expression of mut4 in wild-type strain (WT) and the recombinant strain (ACS-MCMOE). (C) Natamycin
production in recombinant strain with the overexpression of ACS and MCM in combination strain
(ACS-MCMOE), and wild-type strain (WT). (D) Growth curves of recombinant strain (ACS-MCMOE) and
wild-type strain (WT).
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