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B E: [#%]1 Z£8%E % (kirromycin)2 81 L £ 4% & # (Sreptomyces collinus) Tii 365 = 4 4 —#F 4
AR - AR RIKENSY, THMARMWET EF-TuMEZAER, MREERER, EHE
WA EN, BN EREEMEAZRXANNA TERBREMFARMT. EFRAARTRE, 5
FEEAFL RN IA R E L KAR(Wolbachia)& ML Tz Meh 4 % BIRE, A LR A 67 L KK R &
Ry F Ty, (B ZRMGRMIAETE WEEHELZS HMHk, SAERELSE
R [FEVATEREZAMERERRAR AN S REZ M, HHERE BT kasOp*
HAARBATERLEHEEAMORAREN Y 2 BLABE A L RBEHALRE KirN. X L2 B -
|-BLARBE AL 3L B KirD. BBRZ BRI CIRdE A58 0 K B KirP. 352 & G A8 Rk I HE R % A A
B kirTl #= kirTH. X 3 &4% & i (Sreptomyces coelicolor) A3(2)¥ LBEsH B A BB AL I A acc
¥, FAXBEEFSTZ0RA. [ER) SRL/MEGTEA R LR ARG EREEZ A — 2R
R, E4, $akiE AL acc A4 it kL kirD. kirN. kirP. KirTl 4= kirTIl ¢4 30 % 845, £/
BEEFERFADVEAMRS ARG T 57.8%4 65.6%, £ %] 198.3 mg/L #= 208.1 mg/L. o), @it fe
AT A AR AREE TR EEREFAMESREVRRE O RDER, ZI 31 AT T AL
REBEERERATH AN S RERE., (£ AR EARBIEZFTEAXRATEREZL
WFEE, AT RHRBEFOE AT L ZZT KA.
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Abstract: [Background] Kirromycin is a complex linear polyketide-nonribosomal peptide
compound produced by Streptomyces collinus Ti 365, which interacts with the bacterial
elongation factor EF-Tu, thereby inhibiting protein synthesis and exhibiting narrow-spectrum
antibacterial activity. Currently, kirromycin is widely used as an experimental reagent in
studying ribosomal structure and function. Recent studies have reported that kirromycin and its
analogs exhibit superior activity against Wolbachia compared to the registered drug
doxycycline, making them potential lead compounds for treating filarial worm infections.
[Objective] Combinatorial metabolic engineering methods were used to construct
high-production strains of kirromycin to enhance kirromycin production and lay the foundation
for further applications. [Methods] Based on the kirromycin biosynthetic gene cluster and
biosynthetic pathways analysis, overexpression or co-overexpression of the genes encoding
crotonyl CoA reductase (kirN), aspartate-1-decarboxylase (kirD), phosphopantetheinyl
transferase (kirP), efflux pump proteins of the major facilitator superfamily (kirTlI and kirTIl),
and acetyl-CoA carboxylase (acc) from Streptomyces coelicolor A3(2) under the control of
constitutive promoter kasOp* were performed to increase kirromycin production in S, collinus.
[Results] Overexpression or co-overexpression of the aforementioned genes had a certain effect on
increasing kirromycin production. Better results were observed from the overexpression of the acc
gene and co-overexpression of kirD, kirN, kirP, kirTl, and kirTll genes. Compared to the
wild-type strain, kirromycin production increased by 57.8% and 65.6%, reaching 198.3 mg/L
and 208.1 mg/L, respectively. A systematic search for homologous proteins-coding genes of
kirromycin biosynthetic enzymes in publicly available bacterial genome databases revealed 31
biosynthetic gene clusters potentially synthesizing kirromycin-like natural products.
[Conclusion] This study effectively increased kirromycin production in S collinus using
metabolic engineering methods, laying a solid foundation for further applications and
development of kirromycin.

Keywords: secondary metabolites; kirromycin; polyketide-nonribosomal peptide; metabolic
engineering; yield improvement
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R R AR KRS 2R IR
IR A, BT A IR 1 — R 55T
AR BUMIE 23 A B R A, TR RG
7« & PO AR Y VR PR AP 25 5 T K #2962
R U, 2575 % F P(mocimycin , X 4
kirromycin) J& H 111 - 5 % ® (Sreptomyces
collinus) Tii 365 A A —F HAG 25 130 71 7% 1
RIPTAE R EPE R )E T elfamycin KA &R,
HAE AP R 5 4 B AE N EF-Tu 2545,
BHI EF-Tu:GDP SRZMERAR RS, 2E A B4 A
Y A ™, X 434 BR B (Streptococc
sp.). A BKE (Enterococci sp.). Ik ERE (Neisseria

gonorrhoeae) 1 i /&% Fg Ifil #F & (Haemophilus

-

influenzae) 3 £ 5 MM I TEME . H TSP R R
BT FIVESE 3], FE AR S5 48 A 2 R
FOPRIEE AR, A, R R L
B 2 MR R W BAT ) 2otk 22 o AR TR IR
IR B 5 ER A (Wolbachia) il i 4, JH P H5ci i vie J3E
4 0.25-1.08 nmol/L, fi T HAHTIRKE 5e Lk
YR T2 2 V53R R (152 nmol/L), A B,
MIRYT LRER HUBGL T e A A
LN SrrsaRiE U REIE 3 {UN e
T, PN A MERE AP | DU S0k I PR A2
77 (sugar-like moiety, HFRA goldinonic acid).
LPUHERMNAEY G RGER O AT (R 1), >k
5 L o 2 TR Y 52 0 B R AE WS IR IR R 2

load 1 |2 3 4 5 l 6 l 7 g e Q l 12 13I 14 15 l 16
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Figure 1
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MR ARIATE 1 KS: BRIESEE; DH. ik
s A: IRTEWEAL; PCP: BKELZRIAE [ ; AT.

Biosynthetic pathway of kirromycin''®. X;: Unknown function; ACP: Acyl carrier protein domain;

KS: Ketosynthase; DH: Dehydratase; KR: Ketoreductase; MT: Methyltransferase; C: Condensation; A:
Adenylation; PCP: Peptidyl carrier protein; AT: Acyltransferase.
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82 kb, A 28 AU 51 BB pY AR R AR
Yi& A OB FR B KirAl—KirAVI FT kirB 4
% 1Y SR i A B (polyketide synthase, PKS) & AE#:
WK K5 A i (nonribosomal peptide synthetase,
NRPS), &A1 ARG 16 AT gl
Hrp WY KirAT-KirAV & T B0 it
¥ %% 1§ (acyltransferase, AT)%%#JI %) trans-AT
PKS, T AL RSRE KirCT! AN KircTT! ™!
IrR B TN IR LA A L LR TR
AT A VEMIEMIT; KirAVI 23R
ME—[# cis-AT PKS, & 2 MMEHL; KirAlll 5
KirB 405547 1 4 NRPS #bk, SR lH
WEBIAHARYS B-INEMR . SR 25
P bt i 85 1 2 5 50 B R AR R LR )G L
S B4R A B )R (crotonyl CoA reductase,
CCR) KirN!'Z 54 plt 7, 35 79 1% P 1ok 4l it
A KA R -1- It ¥R il (aspartate-1-decarboxylase,
ADC) KirD 254 % B-NEIR >, ek, Stp 7
W 2 12 T B 2 & & % % il (phosphopantetheinyl
transferase, PPTase) KirP 1 57 # i PKS H At ik I
K% M (acyl carrier protein, ACP)ZE 43k L Kz
NRPS H I RRIEZAAREE T (peptidyl carrier protein,
PCP)Z5HI " R - A W AR 2 5 e 9 26 I
$EFSE U , 1 Dieckmann FRLREG KirHI LI
BLMENERI SR IE . PKS/NRPS $7it 2k b &>,
FBEIR 3 T REFE RSP LA B, B PT RR R FERE R
T2 A R, MR 33 AR 3E N 29 A i 3 &
A g RO AR TE R B JE 4t — R AR 1B
il L, G KirM 4k 20 £ & H 1L,
KirHVI fi##fk 30 fi7324k, KirOI i fbnt g i 35
C5-C6 XUEMTE AL, KirOII £ DU & vk meg 2R 1) T
K 15, 16 iFRAEN, B A ST E R
A58 A 30 T 25 A A A A AR TR
AR, IRBFAGHREIENBENZNZSHE
A AR AR A P B T 4 A 3 P ki NET 201

kirD"*"1 2 57h{k ACP/PCP [HHHRIZ BE5i 3%
CEEE RS B S R kirPRY | 8RR s A
K (major facilitator superfamily, MFS)fJ#h
HER LR ki T 5 kirTHU DR R (st
75 i (Streptomyces coelicolor)H Z kil A ¥4k
fiti (acetyl-CoA carboxylase, ACC)ZHith Kk K] 123145
MBIV RS R T AR, DU L e 1 5
PR T AT . oh, TR
W H IR R R R SR RAEY S
LR 5% 75 BE AR BLAY PKS/NRPS ZR 4 LR #%
X H A A FEAT RS o BP0 85 3R 7 TR AR R 1 A
At PR 7 AR TR %) 2 4 AT R SV R 2R T o Y
— T 0 O & B LA

P

1.1 EFFAERAL

I Fe4% %5 # (S collinus) Tii 365 (CGMCC
4.5577), M [ A ) T R R B
K W FF T8 (Escherichia coli) JM109 . E. coli
ET12567/pUZ8002 #l Jit #i pSET152-kasO*
(pBS21003)* 35 h A 52 B = ff K, R Ok
pKasO*-KA2BE-acc H1 H [E B2 Be il 4 P F 5%
T R 5L
1.2 FERFIFLEE

BRI VT A DNA Marker, 434849
BARAEEOABRA R ; DNA i I & 05
bR S, b AR AR AT FRA A
bR, RBE AR RA T,

FERY 344, boMmERHECA R AR b
KAEMIRGEFRA, BB RENERARA ;&
ROBAR G | 2 2 R S RO A, Bl
PR (P A B R 5 VRO £ - 5 0 R I 25 o
AL, IREFA ],

AWFFAE 519 03 1.
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Table 1 The primers used in this study

CIEVER S 2]l

Primer name Sequence (5'—3")

ik
Usage

SQ-kasO-KirP-F

GTGCAGGACTGGGGGAGTTCTTAAGCGCGAGTCGAATCTGGAGGAT
SQ-kasO-KirP-R  ACAGCTATGACATGATTACGAATTCCCGGCGTCAGTTGTGACTGGGT

PIGIh FeBE R TR KirP LA
Amplification of kirP gene
from Streptomyces collinus

SQ-kasO-KirP-F1 AATGACCGACGAAGACCTCGGAATTCGCGAGTCGAATCTGGAGGAT
SQ-kasO-KirP-R1 GTATGGCGCGCCGGCGTCAGTTGTGACTGGGT

SQ-kasO-KirT-F

GTGCAGGACTGGGGGAGTTCTTAAGCGCGCCATACCGAAGAACTG
SQ-kasO-KirT-R  ACAGCTATGACATGATTACGAATTCCGGGGACGGTCAGGACACTC

PGl R KT
kirTi 2[5

Amplification of kirTl and
kirTll genes from S
collinus

SQ-kasO-KirT-F1 CTGACGCCGGCGCGCCATACCGAAGAACTG
SQ-kasO-KirT-R1 AGGAAACAGCTATGACATGATTACGCGGGGACGGTCAGGACACTC
SQ-kasO-KirD-F  GTGCAGGACTGGGGGAGTTCTTAAGTGAACGGAGACCACCCGGTGTA 14111 Fr &2 14 kirD 3&

SQ-kasO-KirD-R  TACGCGACTGCGGATCGGTGCGGTCACGCGTC

SQ-kasO-KirN-F  CACCGATCCGCAGTCGCGTACACGGAGGAGCA

Amplification of kirD gene
from S collinus
714 1 Fe B R T KirN L

SQ-kasO-KirN-R  ACAGCTATGACATGATTACGAATTCCGAGGTCTTCGTCGGTCATTTGTT Amplification of kirN gene

from S collinus

152-A2BE-F GTGCAGGACTGGGGGAGTTGATGCGCAAGGTGCTCATCGC PHh R A A3(2)

152-A2BE-R CCTGGTTCCTTCTTGTTGTTTCAGCGCCAGCTGTGCGGGG acc LA
Amplification of acc gene
from Sreptomyces
coelicolor A3(2)

152-psf-F CGCCAGGGTTTTCCCAGTCAC Bk 11 e B A A A R

152-psf-R TGCTTCCGGCTCGTATGTTGTG Validation the recombinant
strains of S collinus

1.3 IExE 1.4 FRnp g

LB BRI TE SRR A, 2xYT H53%
B MS BTG, TSB BT
FFiAe, M2 MO0k 25-26]RCH] . HA KR4k
FF 1 A 8 R A R, ML, M2,
M6, M8, FM2, MSL.SSM 155 F H kA%
K, Hp M2, M6, M8, FM2, SSM K553k
ZMESCHR[27]BC ], MSL 155535 B SCHR[14]0
file M1 K533 (g/L): PIVEMESERY 20.0, Hj2HH
10.0, HE M 5.0, BEEHHEEM 5.0, NaCl 4.0,
K,HPO,-3H,0 0.5, MgSO,7H,0 0.5, CaCOs
2.00, pH7.2,

DAL Frfie 25 B 2 R 2 DNA AR 2O, fefi ]
%1 HY 4 51514 SQ-kasO-KirP-F/R . SQ-kasO-
KirT-F/R., SQ-kasO-KirD-F/R F1 SQ-kasO-KirN-
F/R 23 991 & kirP (918 bp). kirTI+kirTIl
(1 755 bp). kirD (485 bp)Fl kirN (1 443 bp)F&[H
) DNA FBt. PCR W ARZR(50 uL): . TiF
S1#1(10 pmol/L)%& 1.5 pL, DNA Bi#z(50 mg/L)
1 uL, DMSO 2.5 uL, 2xApexHF FL PCR Master
Mix 25 pL, ddH,0 18.5 uL. PCR JZ ¥ 4514 : 94 °C
1 min; 98°C 10s, 55°C30s, 68°C 2 min, 354>
PE¥R; 72 °C 5 min, 7351 kirP, kirTI+kirTIl
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kirD 1 kirN JEH - Be 548 Afl 11 Fl1 EcoR 1 i)
) pSET152-kasO*#ifA#E1T Gibson 41%é, 4
VI uk S e 3wk J, R4S B s 2L i 3Rk i
. pSET152-kasO*-kirP . pSET152-kasO*-kirT
DI pSET152-kasO*-kirD-kirN, LA SQ-kasO-KirP-
FI/R1. SQ-kasO-KirT-F1/R1 T X5 | 4145 4% B8 I
[ ik PCR ¥ 1 & kirP (903 bp) .
KirTI+kirTI (1 740 bp)JER B, # kirP,
KirTI+kir T SE ] B 5 4 EcoR 1 E P11y
pSET152-kasO*-kirD-kirN 28411 T Gibson ZH %%,
ZEWE) 30 UE Sy B S, AR AL A A Rk
$i pSET152-kasO*-kirD-kirN-kirT-kirP, DA 152-
A2BE-FR N5, %M LIHPTIR PCR 45044 3
KE AHER TR A3Q2)T I LT A B2 AL 4 i
LA acc (3 639 bp) A B, W acc FEF BS54
Bam H I 1 Xba I il U119 pSET152-kasO* A&7
Gibson ZH%%, ZRGYIIUE M FIUEE, 3RS
R IR R pKasO*-KA2BE-ace., KT HEFF
Ak, BUREEHUAE 2 BROCHR[26]3E1 T
1.5 KM E-ESHEEEERR

3 S R TR - A TR S R R Rk K
RSB UE ST ik ivAva it 5 % NT NN eks 22 d s N e
B RIXWEAR . HEHRBLISH
Mk [281HEE , 8 FH 25 pg/mL ZE0E B iR A1 50 ug/mL
LGRS T, ] PCR ¥ 1A
) DNA J Bk & F M IEsPE . PCR ik
Z (50 pL): 5% 152-psf-F/R (10 pmol/L) %%
1.5 uL, ZE K21 DNA 4% (50 mg/L) 1 uL, DMSO
2.5 uL, 2xRapid Tagq Master Mix 25 pL, ddH,0O
18.5 pLo PCR W s&fF: 95 °C 3 min; 95 °C
15s, 60°C 15s, 72°C30s, 35 MEH; 72 °C
5 min,
1.6 HEENLE

L A A A A T N B TRIARAE. HA 575
128 °CHEFE 7 d, HHEAMHZHEC T emx] em AYAF

SR, etk TSB 554, 28 °C. 180 r/min
g 2d e, BUS mL FPFEEHE R 50 mL K%
R M1, M2, M6, M8, FM2, MSL,
SSM), 28 °C. 180 r/min 53% 7 d, %} 24 h BUkE
1 mL; 75 A MSL B335 5 K S INAR g iy 42531
TERERE S 2 KIRIN XAD-16 BHig, 55 7 K4k
KW T A R B S 8 2 3 IR, f#iF GraphPad
Prism 10 A 8ds g A48 it ot AR, il
FH t R 50 He A 2H T i 1 22 7 S 2
1.7 EHEeE-So#ERIES T

et FHTBORR €33 - 2 20 ML I 25 B i {) e C18
IR (2.1x50 mm, 1.7 pm)idEf 7 40 HE A
WA o
1.8 “EMNS B

Il A 8 PR 7E HA [ /REEFRIE I 28 °CHE 3%
7d, FHERSHZEC] cmx] em BT R BT IE P
Fl TSB }E 95 5L, 28 °C, 180 r/min 535 2 d, HL
50 mL PP P4 500 mL MSL & EEREFRIE,
28 °C, 180 r/min K55% 2 d, Jin A JE T il K FL I B
WG, FRARZSLLIAHF ARG TR 5 do RGNS
WCEERIRE , RS B, R SR %) R st B e
T, HWEEER, B C18 mERAL#H T
2L OBA B e G e T, RS
J&i ffi ] Sephadex LH20 BERCAEVEI 74085, #45 H
P WA A T, RS (A A 28 e SO
g T gk, @A SilGreen C18AQ
(10 mmx250 mm, 5 um), FaHF T 0.1%H iR
1) 40% B /KW, Ji#N 3 mL/min, #1154k
Bt EWHRTE, BT acetone-ds
6 [ER A B fCAE P i 5 T i N SRR v
HATARZRE 3 AT
19 ERSHEFERETEIERNZE

B 500 pL & RO A SSERFU R A, PR
iIRA], 12 000 r/min .0 15 min B EVE, H
0.45 pm Y8 MR U8 5 HEA T RO G B,
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FH OB AR 6354, ZORBAX SB-C18 {4t
(4.6 mmx250 mm, 5 pm), 7E 328 nm AYEESME
KRR, AP 190-800 nm.
WM. A HINK+0.1% IR, B M ZHE+0.1%
HR ; S 1 mL/min, BEEVENRRT : 0-2 min,
5% B AH; 2-25 min, 5%—95% B FHEZMERL);
25-30 min, 95% B #f; 30-35min, 5% B #H.

FREL 10 mg 578 85 2 400 i T FH R, Bk
10 o/L WISSPUER B, 4 5I# B 500, 300,
100, 50, 1 mg/L MUARIEEWR, KA _EiR 5kt
A7 R OB € 3% 3 A, 328 nm T I AR Z:
(iENiiE e R

ZIESCHR[291R FH R e 2 A A AE W i
1.10 £ EEESHEE

20 7 e R 2H 0P8 T 3 3 NCBI Genome ${4
PEGZE 2024 4 2 J1)o L ik e b sy
T REYE BRI E P AR,
TE T T 2800 20 T 5 1R 4 rh 4 2% L [R]J8 2 11 e Y
LR, R U HES B [R5 2 P gm g SE IR, AT
REAY LV 75 2SR W) 5 LR IR o B b S R A
NI R 4R 26 11781 5 MIBIG $idi 12 b 2L K
SR HE W G 8 DR v 5 DR g 5 A 1) 4
AR, AN T Sk SR R A
Wy i DR v AL ) 6 TR 72 o 8 11 471 E X
{4l BLASTp }% Parasail_aligner 52 i{"*",

fi 11 2 05 5507 511 43 #7 (multi-locus - sequence
analysis, MLSA) LSRRI KIR ™Y
A= 16 R TR 2 T T A 32 TR R 110 35 DR 2R AR R
S CHR[28,32-33H I ik, iE#E ATP 4 B
B% . DNA JEXsmg B Wk, S A. RNA RS
ik (b MV E A (0 22 R 15 I B AL ST 5 A i BE A F
135081 ZHEFHHST . Kimura XSS 2
B R HEARAR R (8 F MEGA 11.0 5EA5Y,
i iTOL Wl b1 7 HEAL A T AR,

2 BER54

21 LWEHEBEEPERSENTEMNETE
R T ARG I R S A S P R R e
SERIZEAY , ] MSL 3535 5L 35 10 A 25 14
TER B R R XAD-16 KL A
SN A B , o FH B 0 AE 0 o A L R ™
Y, S5R BRI MRG0 Kb,
328 nm Kl AT LOUEEI— R ALY A 55
PO Z AR S AMRIBOEE (K] 2A), ff FHEAH
T -5 4 B IS 55 i — 2 e M R B
B Herh 3 AT B [M-H] JBafar b o3 31k
795.408 3. 779.4152 5 763.421 1, /3B 55
EOTHEAE 795.406 8, XFhi4rT3 CysHgoNLO12,
b4 1) .30-deoxy-kirromycin (31441 779.411 9,
Xt N g F X CsHeoNOy , 6 & 91 2) M
30-hydroxy-5,6-dehydro-1-N-demethyl-16-deoxy-kir
rothricin (31 % {8 763.417 0, Xf 4 7 X
C43HeoN2O1o, &Y 34T =AHAF (K 2B).
TEARTIIW R K BER T, Y EEEEEY
1, G 2 F1 3P0 R AN B (18] 2A), #E
DU M e B 25 T LR 6 P AR5 2 0 3
Ref e AL b & 1. T b
Y11 oASVEEE R, i MSL KE3E5t 1 A4 7S
RHEAT 10 L $HARE, oresaifbiilisib a1,
PR Ja IR A AR A . {F ] acetone-de I
JEHET TH BRI PC g4 (& 2C Fi 2D), FILL
WEER 5 A B BL (R4 1 A4 2 8y 3.17/5¢
56.1.2 WU | F L 8y 2.00/8¢ 13.5 F1 8 1.68/5¢
11.2). 2 B e 1/ U AL &y 1,74
(br.d, J=7.0 Hz)/ 5¢ 13.6). 1 A=W 3t 0.92 (t,
J=7.2 Hz). 9 X, 7 MERRFIE, 3 N
FECEH 1 ANEEREE 8¢ 2019, 1 A-P4EEE S¢
100.5)% 3L A . DL 25 35 SCik[36] H 4 38 1 B4
FOEE W — 3, b A9 1 g e s

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



3604 WAEY

4

FIER

Microbiol. China

o TS R TEANIH R I (i 5 DL I
1): '"H NMR (500 MHz, Acetone-dg) & 7.80 (t,
J=5.4 Hz, H-26), 7.61 (d, J=7.5 Hz, H-6),
6.50—6.64 (overlapped, H-9/10/11/23/36), 6.41
(dd, J=150. 94 Hz, H-12), 5.98-6.03
(overlapped, H-5/13/22/37), 5.72 (dt, J=15.1.

54.5.4Hz, H-24), 5.67(dd, J=15.1, 5.4 Hz,
H-35), 5.44 (m, H-38), 4.31 (dd, J=6.2 Hz.
5.5 Hz, H-15), 427 (dd, J=14.8. 6.2 Hz,
H-14), 424 (br. d, J=5.5 Hz, H-33), 4.20
(dd, J=5.5Hz, H-16), 4.05(dt, J=15.4. 5.5,
5.5Hz, H-252), 3.91 (dt, J=15.9.5.5.5.5 Hz,
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Figure 2

Analysis of kirromycin-related metabolites of Sreptomyces collinus. A: HPLC analysis of

kirromycin-related metabolites in Sreptomyces collinus (1: Kirromycin; 2: 30-deoxy-kirromycin; 3:
30-hydroxy-5,6-dehydro-1-N-demethyl-16-deoxy-kirrothricin). B: HR-MS results of 3 kirromycin related
compounds. C: 'H-NMR spectrum of kirromycin; D: >C-NMR spectrum of kirromycin. E: The standard curve

of kirromycin. F: Yield analysis of kirromycin in different culture media (without resin).
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Figure 3 Revision of the kirromycin biosynthetic gene cluster in Streptomyces collinus.
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Figure 4 Evolutionary tree of strains containing biosynthetic gene clusters of kirromycin-like natural
products. Red: S collinus Tii 365 selected in this study; Orange: Strains containing biosynthetic gene clusters of
kirromycin-like natural products; Black: Other model strains. The serial number within the parentheses is the
genome's accession number in the NCBI genome database. The scale on the chart indicates a Kimura

two-parameter distance of 0.01.
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Fitk SQ-KirP. SQ-KirT, SQ-KirND & SQ-ACC f#) PCR ¥ilF (M: DNA marker; Control—: [l F-4% % H
Y A= U K 3 Plasmidp: pSET152-kasO*-kirP 5y ; Plasmidgir: pSET152-kasO*-kirT ik ; Plasmidgipn :
pSET152-kasO*-kirD-kirN Jfiki; Plasmidacc: pKasO*-KA2BE-acc fikr). E: 1 Zik bk 584 R bk &k
el R rh P 2R R S A R AR 4. F: MSL B3R LR SR 6 RIS XK= R(**. P<0.01)

Figure 5 Verification and yield analysis of recombination strain of Sreptomyces collinus. A: Schematic
illustration of the plasmids pSET152-kasO*-kirP, pSET152-kasO*-kirT, pSET152-kasO*-kirD-kirN and
pKasO*-KA2BE-acc. B: Schematic illustration of the plasmid pSET152-kasO*-kirD-kirN-kirT-kirP. C:
Verification of strain SQ-KirDNPT (M: DNA marker; WT: The wild-type of S collinus; P: The plasmid of
pSET152-kasO*-kirD-kirN-kirT-kirP; 1—4: The strains of SQ-KirDNPT, Larm: The upstream genes of
pSET152-kasO*-kirD-kirN-kir T-kirP; Rarm: The downstream genes of pSET152-kasO*-kirD-kirN-kir T-kirP).
D: Verification of strains SQ-KirP, SQ-KirT, SQ-KirND and SQ-ACC (M: DNA marker; Control—: The
wild-type of Sreptomyces collinus; Plasmidg;p: The plasmid of pSET152-kasO*-kirP; Plasmidg;r: The
plasmid of pSET152-kasO*-kirT; Plasmidk;pn: The plasmid of pSET152-kasO*-kirD-kirN; Plasmidacc: The
plasmid of pKasO*-KA2BE-acc). E: Time-course curves of kirromycin production and biomass of

recombination strains and wild-type strain within 7 days. F: Kirromycin yields of different strains at 6 d (**:
P<0.01).
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