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% Z: [#%]1 ZwF(Aspergillus nigern)# —F £ & o) LKA B R mIE, Rzt L@T A&
DNA ¢9 i8R AE T B2 . AR R TR, B3 REAAHE T AL RS RMEZ 69 RER
WA RIERE, Ri8E DNA 4 F 3 RXMELEE, KRIEHSLERL ZHhHFX R egmit k2l
AWBAT. [B ) FRL—HERZHFENRKAEADNASTAELGRN T, AAZELERBE
(Aspergillus oryzae)k /% &9 v BR & A 2 B 7% (2930 kb) £ 2wy B R A e+ KL, E I w69 7R
K. [ %) AT 44648 X £ 41 (transformation-associated recombination, TAR) L[4, #)ZiE fe 2
wh 35149 TAR 3K F R B4R pSEA-TAR; Hh BR & R AL B 45 L F #5241 kb Fl /R DNA 576 /E 51 A
pSEA-TAR, w [a]AE—09 Xho I481%, 453 8R4 Ik 35 K 8K pSEA-KLR; F/&, H Not I/Sof 1
HILEAR A EMBRARIA B KA ETHRERAFINAMERLRLE% Xho &M pSEA-KLR
%I’ﬂ%%?ﬁﬁkiﬁ B%£F(Saccharomyces cerevisiae) VL6-48, i it & fdk 4 I 1k 5K AF A2 4 3K o BR & Ak AR
HWHTHET, BRRMA, B4 KA B (Escherichia coli) ¥ 3% T4 f 45, HB RAFH
(Agrobacterlum tumefaciens)/~3 2w B 45k, AFRFESH RS RA R KA 2 B LT AT Y
BRK B, A BRA KT, [4 R ] 3k1F 7 4 ARSH4/CEN6. TRP1. hph #= LB/RB-T-DNA repeat
89T TAR A&, E/ 2 i E KL K H K DNA K H AR pSEA-TAR. 14 B) BRIE B4 5 2049 B R
FTU R G, @R R EAKFEA W ERA AR K40 Tk pSEA-TAR-KA, KR EH 5.9%.
STIRAF 69 B RS R AA 4R 69 10 AR B B EAE M KAL-KAL0 #AT L B A LI R &R T
HMER, E P2 E KA2 A# 7dewBK-FRS, 2% 586¢g/L, (£ 1METEmREHEFH TAR
LEREZ, ATRKAE DNA K. IMFEREXRBAYERAR K. VRRT RS EF R
S AR KK AAE R EF R FR RS RIET LA AN, #t—FFF 7T 2wEEHRAm
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Transformation-associated recombination cloning and
integrated expression of biosynthetic gene cluster for kojic
acid in Aspergillus niger

ZHAO Yuxin, TAN Yuyang, GAO Ying, ZHU Baisong, ZHANG Mingyi, CAO Wei"

Key Laboratory of Industrial Fermentation Microbiology, Ministry of Education, Tianjin Key Laboratory of
Industrial Microbiology, School of Biological Engineering, Tianjin University of Science & Technology,
Tianjin 300457, China

Abstract: [Background] Aspergillus niger is a commonly used filamentous fungal chassis,
whereas the genetic manipulation of large DNA fragments of this fungus lacks tools and is
inefficient. The massive genomic data include a large number of unidentified gene clusters for the
synthesis of secondary metabolites, which are difficult to be cloned due to the large molecular
weights. In addition, the relationships between most genes and products have not been resolved.
[Objective] To develop a method for direct cloning of large DNA fragments for A. niger and
achieve the heterologous production of kojic acid in A. niger by cloning and expressing the gene
cluster (about 30 kb) for the biosynthesis of kojic acid from Aspergillus oryzae. [Methods]
Transformation-associated recombination (TAR) cloning was employed to construct the TAR
capture backbone vector pSEA-TAR for the transformation of A. niger. The homologous DNA
sequences (about 1 kb) flanking the gene cluster for the biosynthesis of kojic acid were
successively introduced into pSEA-TAR and separated by a unique digestion sequence of Xho I.
The obtained capture vector pSEA-KLR for the gene cluster was linearized by Xho I and
transformed into Saccharomyces cerevisiae VL6-48 together with the Not I/Sof I digested A.
oryzae genome containing the complete gene cluster as well as the flanking homologous
sequences. The recombinants successfully capturing the gene cluster for the biosynthesis of kojic
acid were screened by the medium lacking corresponding nutrients. The plasmid was extracted
from the recombinant and electroporated into Escherichia coli for amplification. The
Agrobacterium tumefaciens-mediated method was used for transformation of A. niger. The
obtained transformants carrying the gene cluster for kojic acid biosynthesis were subjected to
fermentation, and the kojic acid titer was measured. [Results] A large DNA fragment capture
vector pSEA-TAR was obtained based on TAR cloning and adapted to the expression of A. niger
with ARSH4/CEN6, TRP1, hph, and LB/RB-T-DNA repeats. pSEA-TAR-KA was obtained as a
recombinant plasmid containing a gene cluster for the biosynthesis of kojic acid by an efficient
homologous recombination system of S. cerevisiae, demonstrating a capture success rate of 5.9%.
All the 10 A. niger recombinant strains (KA1-KA10) carrying the gene cluster produced kojic
acid in fermentation, with the highest kojic acid titer (5.86 g/L) obtained by fermentation with the
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strain KA-2 for 7 d. [Conclusion] A TAR cloning system was constructed and adapted to A. niger
for the efficient capture, recombination, and expression of large biosynthetic gene clusters. The
performance of the system was verified by the capture of A. oryzae-derived gene cluster for the
biosynthesis of kojic acid and the successful synthesis of kojic acid by A. niger. This study
enriched the role of A. niger as a chassis in the green biomanufacturing of important compounds.

Keywords: transformation-associated recombination (TAR) cloning; large DNA fragment;

Aspergillus niger; biosynthetic gene cluster for kojic acid

i %5 (Aspergillus niger)J& —Fh &8 B (1 T
|42 /=N B I #2093 | 43 Bl S R SN 7
R, AR, BFSE N BN & IR h 2
Refg = Z Rk A=, iz HE A ]
e AR T BRI B . s i KRR e T 1 2 0
Bttt LA K B0 ) 2 4, o 6l 2 4 Ry K 48 40 i
B 1 A B TR R P IR A T, Ok iz
FIAMTH SR, SR, KB B HERE
2R A PR SR AR, X g A 25 B
VR B RS i 20 B8 I s 220 B v a)
P& B3R, 2 X G s AR R 8
UOERCR AR . A, FIRAE P An
R B A M A PR IR AR R IR, B S
T2 A [R5 Y R AR 77 6 Pl R R ST B
R EAE, B8 M B AL o 2 2R A 6ok
B T 75 45 14 TR0 PR 4 B LA L A R AR
V) B A A o FE IR SRS SR T AR S e
WE ARSI M2 L E vl , BRIt
PCR 473 . PRI N VIBGF AL . (RSP % H2 fn i
R4, T H AR TR B A R0 kAL R
W AN ASCRE IR A, 1T AR T 2 e %) B T 1 7
S T K e 67 5 R X R R B DNA E 4
SFRUEABRN . Br T DNA FrErdide, &
H DNA 1R Bt B 5 AR L5 i 25 1Ak ) 4 g
T MBI T . SR, B AR i Y L
YERGEMATE G, JUHE SR v B DNA 4%
T RSB ERERCRIL . T/ERKR, X
REL 7 R i 25 it — 20 1 .

H A HE 05 PR MG SR, A
T 3 51 F1 3% £2 1Y 50 B (sequence and ligation-
independent cloning, SLIC) | In-fusion™ ., #7ji
X (Gibson)ZH 2511 Golden Gate #H %5114 It 4%
HAEH ARIE/NF B DNA 4135 558 h Bl
W . BRI, KA Bt DNA fFfEFRK . 5%
Y RRBT ) AR B 2L A a8, 22 b i TR 1Y
AT ARk, N R E FERE R
% ¥ # (Escherichia coli) . #4 & 2 #) T
(Bacillus subtilis) 1 Fiit i % £ (Saccharomyces
cerevisiae), A KRGATFE Y ARed/ET. RecET
SSHEH RG] LK DNA FBER23E . Bk
KA EA 5 T s e TR AL
A, B IR DNA BR R BE 1A BRI
B RG R 2R AT B B R AR Ak 1, AT R
T — AP RR A 2 K e R SREG , dEa AG
FEIEAAT RN R E A, fEEAR P il g i
% DNA F B, s8I 2 Rk #RrEbric, W)
ST 16.3 kb 1/ FERZKLAARE T ZH AT 134.5 kb
KRR SR AR SE D 2 AR P L 22 5 SR, A~
“ZOKTE SR HR T B TE AR TR &, A
Send FRFRI P FEA T, PR LTS L RE 2% R am Y B (]
AU 2 v DNA H BERT LAAT 000 354 P T
BERER P & 4 DNA H4], X — R BE s TIHF
Mtk Z R R B E T H AR, vO8)
FATF R TERE  Fokoal g SO ! > 1,
PP v [ 5 2H A5Rt m 0Y o ild PCR 3R AR
T 30-40 bp LAEAIEEE TR [F] G 511 DNA
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FB, SRR BRI AR BRI R, A AR [
VR 5 46 1) 0 B A T AR B ™. sk
AF 5 S TR 1 ) v &0 () I i 2 R0 e
FIHE R 2leiils , FF0fE T 1) ik DR AR 5 R R 3% e
T I RIIR A BE VO B, A TR P v
& 1 — M54k M 5¢ 2 4 (transformation-associated
recombination, TAR) [ ve & ik, xR FEF 3L
K41 DNA 5405 H bR EE K R e 51 sl 30
LML EAR Z B AR N2, AT S AR 2
JEDR AT e Bt b . VAR 0 2 e e AR DX Sl R
N X — 8 20 3 2 R AR AE W R BB IR 5% A o 72
W, ATSRAS S B IR AR A T ekl
HH, TAR el 8 T IR DNA FEA
TN IR KT A WA I R 20

AW UAE R A & —Fh T TAR B
“HI4 BY A B K /B DNA we 5, UL 50
YEREJT TSR A, SCOE A v A
SRR IR R BACH Y A R AR, AT IR
G T W0 1) 1 A ) U A

1 MHE7%

1.1 E¥RFBRR
Fi7S % £ (Saccharomyces cerevisiae) VL6-48

F 1 KM FAE B A E R

(MATa, his3-4200, trpl-41, ura3-52, lys2,
ade2-101, met14, psi+cir®), KimFF# (Escherichia
coli) TOP 10 F14¢FT 1 (Agrobacterium tumefaciens)
AGL-1 [C58, RecA (Rif ¥/Carb®), Ti pTiBo542
AT-DNA (Sr"), succinamopine type] i1 4 S5 =8
PRk o HoAth FoR: AT AR DL 3R 1.
1.2 EBHEE

LB }iFihk. PDA #53R0 . BMhE 5 T8
#% 3 (inducing medium, IM) . 28 il 5 58 2 15 F5 3k
(complete medium, CM) . JB& i85 3 A 55 55 5
(minimal medium, MM), PEHh R AR R SR I
oK AR B 5 e B2 25 SO (221 Be ] 19 B
W 7 B 5% JE (yeast extract peptone dextrose
medium, YPD)#l SD-Trp | FJZMk#ER; 37 I fi
WRZ: 25 SCHR (21 TRC ] o MR % e 1 R B IS 2%
SCHR[23]FC i -
1.3 EFER TR

W RE RS , JE iz s A W] s B
MedChemExpress /A Fl; 5% B, #EASL
G A R AW Ha b rilh), btk sR
AR FREIVERZIRNVIEE, New England
Biolabs 2\ 1) ; Hoapor A0, b4
HEPEARBAABRA T 7 ekl e, mat

Table 1 Plasmids and strains used in this study
Strain/Plasmid Characteristic Source
Strain
S834 Aspergillus niger ATCC 1015, Tet-on::cre, AoahA, AcexA, hyg® [2]
Aspergillusoryzae Containing kojic acid biosynthesis cluster Guangdong Microbial Culture
NRRL 3488 Collection Center (GDMCC)
Plasmid
pCAPO1 ARSH4/CENS, pUC ori, aph(3)Il, ¢C31 int-attP, oriT (RP4), kan" [21]
pLH454 loxP-hph-loxP, gpdA promoter, trpC terminator, pUCori, hyg", kan® [22]
pSEA-TAR ARSH4/CENS, TRP1, loxP-hph-loxP, pUCori, hyg', kan" This study
pSEA-KLR ARSH4/CENS6, TRP1, loxP-hph-loxP, Larm, Rarm, pUCori, hyg', kan" This study
pPSEA-TAR-KA Larm, kojic acid biosynthesis cluster, Rarm, ARSH4/CEN6-TRP1, This study

loxP-hph-loxP, pUCori, hyg'’, kan’
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WMERE AR R e A FRA R BB (RS20,
Oceanpak fb2# /A Fl o RO AH AT, Agilent
AN
1.4 3|4

AR FTRBI LR 2, hoNEMER A
PR A PR G
1.5 EEEMEBE LA TARHR B EH K
I E

Ll pCAPO1 JFiki DNA Atk , i%it51%9
CAT-F Fll CAT-R, 4 34345 1 53 7 BB A e A7
FE) ARSH4/CEN6 & il i Ui v #5351 si A4 F
B IR BUA I AR C TRPL JE[H %55 £ (ARSH4/
CEN6-TRP1), PCR WA (50 pL): pCAPO1
JFikL 0.5 uL, CAT-F il CAT-R (10 pmol/L)%%

®2 AMREMANSIEY
Table 2 Primers used in this study

1 uL, 5xTransStart® FastPfu Buffer 10 uL,
dNTPs (2.5 mmol/L) 4 pL, TransStart® FastPfu
DNA Polymerase 1 uL, ddH,O %M & 50 uL., PCR
S 544 95 °C 2 min; 95°C20s, 60 °C20s,
72 °C 1 min, 35 PME¥H; 72 °C 5 min, FHBUAEHE
BERE DNA [t & [l ARSH4/CEN6-TRP1
F B, A Spe 11 Xoa DU D) 2 i 5 18 ok
pLH454% ffi F| ClonExpress II One Step
Cloning Kit ¥ ARSH4/CEN6-TRP1 % 4% |
pLH454 Z ik b, FI AL 2 e AL AL B R i A
PRS2 25 TOP 10 H, M 5L R IR AT T35
100 pg/mL M2 RABEE R 1) LB [B{ARE S5,
37 °CHiFR 16 h, PEHUR R vE AT R PCR 5 R
ki Xho I/Xba DI EEDISUE, BHEEE 417 3f— 2

519 52l ik

Primer Sequence (5'—3") Purpose

CAT-F  ATGGAGAAACTCGAGACTAGTAACACTTGAGGTACCT ¥ 4% ARSH4/CEN6-TRP1 B2EEIT {4
GTATTTA (Xho I/Spe I/Kpn I) Amplification of ARSH4/CEN6-TRP1

CAT-R GTAGGGCCCCCCGGGTCTAGACTATTTCTTAGCATTTTT

GACGA (XbaTl)

Up-F TTATTATGGAGAAAGATTTATCACGCAGGGGAATTACG ¥ 3 iR A& B [H 7% L1 986 bp [RIFE ¥ 51

GGATGAC

Up-R GTCGCTGGGAACTTACTCGAGGGTGAATGAAAGATGT

GTGATGATG (Xho I)
Down-F
AG

TAAGTTCCCAGCGACGATACGCGACGGAGTCGAAATG

Amplification of the 986 bp homologous
upstream sequence of biosynthetic gene cluster
for kojic acid

P3G M B 5 RS R E T U 1103 bp [6] 5 7 47
Amplification of the 1 103 bp homologous

Down-R  ATTTTTCTAAATACAGTTTGTATGGCTTTACCCGATGGG downstream sequence of biosynthetic gene

CCATG cluster for kojic acid
P1 GGACATGATCATCCGGAGATTTATC R G B PR A7 K P B AS R) o7 B S 5 | 4
P2 CTGAGGAGAGAGAGATGGTGATGAG Verification primers for different positions of
P3 GGAGGCCTCATTGAGCTGTTGCTC large fragments in biosynthetic gene cluster for
P4 GTCTGCAAGTTGCTAGTGTGGTGC kojic acid
P5 CGACGGGTATCTGCTAGGATTGGA
P6 ACTCAAGTTCGAGTCCATCGTCG
P7 GACGAGGGCTAGCTCTTATGATAT
P8 TGGAGCTGCCAGACACAACAGTCA
P9 TTTGTATGGCTTTACCCGATGGG
IR R VI R

The restriction sites are underlined.

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



BFR F | ETHEUEXEEREHBRSREREREERHETHNRRESRIL 4033

D BIE, e 23RS BRI 1 B - K M FF 1 22 4 9
A B R B S R 4] B TAR 3R 2R 2 A
pSEA-TAR , H. #1 7£ LB T-DNA repeat #l
ARSH4/CEN6-TRPL (i), ;15| CAT-F 5| A T
3ABATERENI A, B XhoI. Spel I Kpnl,
FIa @ AR 2RI K 5 Br DNA fligk 4k ik
( 1A).

1.6 EEEFEE DNA g9

B 1x10° AN K il 2 16 b oK i 2B 1A
B 28 °C. 220 r/min ¥ HEFE 36 h, Uk
SRWEZZAK, WA LA R (29 150 ng), A
950 pL $EHUZE MR A 5 pL RNase A (10 mg/mL)
WIEIRZ IR A%, 65 °CFE 30 min (/E] |
TEUERS) 3 W)JE A 350 uL 5 mol/L Z FR4H
1857, —20 °CH¥E 15 min. 4 °C. 12 000 r/min
B0 15 min, BCEWE, A SEARBLR 2R 2% v
W ORI AN S BER T H o 25:24:1, pH>7.8)
PRAHIRAT, 4°C. 12000 r/min &0 15 min Ji7 B
B, A 350 pL SN EE, B RS B 2
DNA JTHE. B DNA JUEFA 1 mL 70%
CBER WO TR, L B0 KT, I 100200 uL
TE 2% #p# (2 mmol/L Tris-HC1 FI 0.2 mmol/L
EDTA, pH 8.0)i&f#. —20 °Clitifs-# HPY,

1.7 KehZBEFHE DNA FERH &

L2y 100 pg KA IEH4] DNA, Z5lmA
#4200 U Not I/Sof IR il 4 N VI 5, 75 37 °C
ATV X A B ALE 2R )
i AL AR L R E 1 kb /9 DNA X3,
TV 5 Y 2 R 41 DNA R B 28 2K 93 % v R -
S S EEIARRL N 25:24:1, pH>7.8)filidE . &
IREETTE RN 70% L BEPER:, RT3 DNA JiiiE
WARTE 100 uL i) TE ZZ Ml .

1.8 HRREHEREHBREANEE

Srs TS 149 Up-F/Up-R Fll Down-F/Down-R,
DIK h A SE R 2 DNA S A, 973 fi e 5 ik ik

R bR E [F] 95 41 Larm #1 Rarm (435
£ 1000 bp). 514 Up-R F1 Down-F #j40& —4>
Xho IFR il PEA% B8 P9 DI 1741 o fifi 1] ClonExpress
MultiS One Step Cloning Kit } Larm, Rarm #
2233 Xho I/Kpn 1 XWAFY) ) pSEA-TAR 47—
TalE, RAFHNER A B A 33 A& pSEA-KLR
( 1B). 7EH#% TAR wEZ T, XM
pSEA-KLR #ifA 752 Xho IEFIZEEAL, M=
A — AN Wi S 24 1 Kb 8 9 TR PR A4 4R
£ AN
1.9 BERERSECIR ARG &

PKHL S cerevisiae VL6-48 FABE RN T 25
A 100 mg/L RIS YPD 53R, 30 °C,
220 r/min PRGIEFRAK, HEFFH. DL 3%
H R R AR S 50 mL YPD ¥k, KR
ODgoo i85 0.7-1.0 J5, M PKHE 10 min, i
JEFE 4 °C. 4 000 r/min 254 F &0 3 min YAERH
W MR OKBER G RIAEE T 1 mol/L 113!
B, 4 °CIBBFE 20 he 4 °C. 4 000 r/min
AT B0 5 min, WEERAHEET 10 mL SPE
2% M (10 mmol/L HEPES, 10 mmol/L EDTA,
1 mol/L LLIZLEE, pH 8.0)F, LA 20 pL B-3itk s
MR 40 pL 2B Zymolyase-20T 7 (1 mg/mL),
T30 °C/K¥# 35 min 15 B BRRMAER . BRI
28 1 mol/L INAUEEVESS, AT 200 uL STC
% #p (10 mmol/L Tris-HCI, 10 mmol/L CaCl,,
1 mol/L 1A ) H1 45 F o
1.10 TAR FEEEREMEES RERE K

B 2-3 ug % Not I/Sof T TS Ak 1K Hh A 5k
RZH A B 1 pg 28 Xho IREUI 244k pSEA-KLR
HAR A TI<40 uL) 5 200 pL BEREERIRIES
ZFIRCE 10 min JFZI2HNA 800 uL 20%HK L —
BT, 2RI E 10 min J5 4 °C. 700 r/min 15
B0 10 min, BRE B, LA 800 uL SOS ZZ i
W (1 mol/L 11ZLEE, 6.5 mmol/L CaCl,, 0.25%
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A Aspergillus oryzae genomic DNA
CAT-F .
e ARSHA/CENG
y o Xbal i .
A spe [ Thpn TREI Kojic acid biosynthesis gene cluster
Kol - Y Notl 3333 34 36 37 38 39 40 4142 43 4 45 SHI
/ EAAN
- RB T-DNA repeat
T pCAPO1 Sal 1 hph = = z=

Larm L e

pVS1 StaA s o _I{—a[n; g . )
LB T-DNA repeat . ARSHAICENG Kojic acid
pLH454 - B \bol production
TRP.“gI;{ e _
PCR . . Y | xba .
Spel LB T-DNA repeat pVS1 RepA Ori | pSEA-KLR .
hph y
1 Kan' - £ A il ]
ARSH4/CEN6  TRPI ori x spergillus niger
e g RB T-DNA repeat
pVS1 RepA AMT
pVSI StaA
J;o
5 RB T-DNA repeat Cotransformation of :
Sall tph 4 # o Agrobacterium
Saccharomyces cerevisiae ;
¥t 13 VL6-48 tumefaciens
ey . pNSLiSaA AGL-1
¥ PRGACERR RB T-DNA repeat |
-DNA repe: T g g
ARSH4/CENG 10120 bp ,.,.—- -{« N Plasmid extraction,
- pVSI1 RepA ) - 4 H
1\&:‘::7 ‘I LB T-DNA repeat LB T-DNA repeat 4 B electrotransformation
Spe IS Larm g "\ Electro-
Kaw =" o Il pSEA-TAR-KA " \transformation «__—— = o)

40 871 bp 1 >
/ Escherichia coli
Kojic acid biosynthesis
gene cluster

1 ET TAR ZEMEMBHMIRESMERKRKFE DNA #HRRIE A SR &%) TAR 7§
RE IR pSEA-TAR WM. B: HIBRG AL DIl g . T Hh B e AL AN R A I8 . K it 20 I A 1 TR
B FE N % DNA F Bl 13 DT ERELL AL, SN 4] DNA £ Not 1/Sof I AL 5 15 2140 3% ¢ sl iR &
IR % ) DNA F B, BfJ5 5 248 Xho IR AL A & A7 #h R 5 Ak DR % b1 90 [R] J5URF (Larm 1 Rarm) f4 47
HPEF K pSEA-KLR JL#4 4k S, cerevisiae VL6-48 IBRIRIA. 7ERRIFBELEANM , ZeHEALIY pSEA-KLR
H 1 kb B[R] PR 550K F E  2H DNA Z ) & A= (Rl U s 2, BV R 5 i R 3R 9 pSEA-KLR # AR 3k,
FRAE T AR RE- R AT I R TORL, TR R AT RS I BORL, 280 AMT Beqp Riha, iR
B R R G PR R L N A, SRR B K

Figure 1 Schematic illustration of direct capture of the kojic acid biosynthesis gene cluster from Aspergillus
oryzae based on TAR cloning in Aspergillus niger. A: Construction of TAR capture backbone vector
PSEA-TAR adapted for transformation of A. niger. B: Kojic acid biosynthesis gene cluster capture, A. niger
transformation and kojic acid production. The DNA fragment of the A. oryzae-derived kojic acid biosynthesis
gene cluster consisted of 13 ORFs, and the genomic DNA was digested by Not I/Sbf T to obtain the DNA
fragment containing the completed kojic acid synthesis gene cluster, which was subsequently co-transformed
with the capture vector pSEA-KLR containing upstream and downstream homologous arms (Larm and Rarm)
of the kojic acid biosynthesis gene cluster linearized by Xho I into spheroplasts of S. cerevisiae VL6-48. In
S. cerevisiae cells, homologous recombination occurred between the 1 kb homology arm of linearised
pSEA-KLR and A. oryzae genomic DNA, i.e., the gene cluster for kojic acid biosynthesis was captured by
the pSEA-KLR vector, generating a plasmid that could shuttle between yeast and E. coli, and the plasmid was
amplified after electro-transformation of E. coli and transformed into A. niger by AMT, where the gene
cluster for kojic acid biosynthesis integrated into the genome of A. niger, realising kojic acid production.
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T BEAEELY L 0.5%2E 171 k) BB IR, T 30 °C
BEE 30-40 min, KA RERRIAS 7 mL
SD-Trp I J2Ki# IR AR #4E SD-Trp Hifg
b, 730 °CREHE 3 d IR HREBUR LT, #5R2 5
) SD-Trp [I{ARKEFRIE I, 4kLk 30 °CH55F 2 do

K FHTE V& PCR Jy 12 i 14k 1 2y vt e ity i 56 1A
R BAPE AT HARERAET . BRI R
FHPT Zymolyase-20T 2, 30 °CIRZ I E
2 h, SRJFHEE/KIS 5 min, B IEWAE AR, %
31519 P1/P2 (7 Mg B A W] 5% Larm) \P1/P3
(T HEFEA 20 M [R] PR Larm+AO090113000132)
P4/P5 (4 #% AO090113000136 #I & 4> 5
A0090113000137 Z [al ) [aI k&5 41) . P6/PT (§”
#4943 AO090113000142 FIF 43 AO090113000143
FE5)F P8/PY (115 AO090113000142 FI ik P 4%
A M H) Y5 Rarm)#E4 T PCR ik o

FI ] BAC/PAC DNA K $2 U & M
e B IE R LT b, SREBUTTRL, @A
e SR B A KA FF B TOP 10 4 i, Bk
U R R AR 2 (100 pg/mL) Fitk KIGAFE 20
M, $RBUTCRL, FIFH5IY P1/PS F1 P6/PY Huiik
Jks, BRINERBUTOR AR T h AR A R R R
F kL, 744~ pSEA-TAR-KA.
1.11 RFENSHEHRSEL

A HF TH A 5 19 1k (Agrobacterium-mediated
transformation, AMT)H gl 85 7 - 2 % CHik[22].
Bk pSEA-TAR-KA HLEE AL B R AT AGL-1
o, RS R AR AT R A MR 3R 2 ODgoo M
0.8 Zity, SHeBE R 1x107 4>/mL Y 3 i 25434k
7R SF AR BUR A5, B 400 uL IR A K%
THMBIEHTE IM BHASE R EE(E A 100 pg/mL R
AR ZE 1200 umol/L Tt T A i) [ 19 0.45 pm J&
TR, 25 °CHiFF 2 d Ik B SR B 3 s s
FidE (&4 100 pg/mL SLAEEENS4E . 100 pg/mL
FURHERR . 100 pg/mL HEEER | 250 pg/mL 5

% B), HE K. KRR A2 PDA
BRSNS A A R B 1 PDA KRRt b rhutk
Wik EEUEA R B brtknvisib+, $REBCL
JLHZH DNA, 514 P1/P3. P4/P5. P6/P7 Hil
P8/P9 #£47 PCR B 1iE

1.12 EEHBRERERKXEHEREKD
HhER & B X% 53 4

EVES . RYE Fed ] BB AR,
RIAFRINLI A, FRWIETE 495 nm 40P,
5 50 TIE 1E B 1Y) FR D 2 v B A Rl R A IR R
b 35 FE 4 d JR s g A I AGE & 10 mmol/L
FeCls B, MELREIR RO N .

ERHT: B 2x10° A4~ i 25 B bR 2 A 1
THMT 50 mL MR & BRI, 9 EYA
WEM )G, T 28°C. 200 r/min }53% 7d. B
5d 17 d R BERE ST 12 000 r/min 5.0 20 min,
WA B, E YRR, 4 0.22 pm BIK R
b U8 R FH = OB 354, ] COSMOSIL-
5C18-MS-II (4.6 IDx250 mm) & &5 SEF 7461 .
AT 10 puL, FEER 50 °C, WA H
f%:20 mmol/L KH,PO, (18:82, AT )R G,
W H 1 mL/min, AWK K 273 nm,

2 HZRE5OM

2.1 TAR ZERMER & R EE 5%

iR A R R K 24 30 kb, U 134
TERCEHE , Hoh B 48 E AO090113000136
H— PR R S B IR (flavin adenine
dinucleotide, FAD)K i 1) 48 £k i Jirt 1 4 ) 3&
kojA, AO090113000138 *H £k ki 1k ¥ iz K ik
(mitochondrial carrier family, MCF)¥%iz 25 1 4w fi5
A koj T, AO090113000137 137 T+ AO090113000136
1 AO090113000138 =[], 41k —BHiR4EsH,
J&— F Zn(ID2Cys6 I 5% A F 4 55 Jk
kojR*, H it , Wu 26125 53 A= W15 B 24 40 B Al
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FE BB TR AR B, BEFEHHAL 10 4
S DR 7E B v i B AR R R A S R
AR, AR IE T RE L A e A i
R A EUARTERE, X2 T A
A=) RS A T i R Sk €0 A ) s R . 3l
RSN A HT A BR, TE R G R DR A 1 0 3
A Hp A A A Y B T U 7 0, RIS PR A
M )75 (4 Not 1, A5 3514 Sof I (& 2D),
DKL AT LA P Not 1/Sf 13X 2 AN BRI 5 40 455k
1B K 55 5L 2H DNA, DT R840 5 4 A i
fig A L N1 DNA FBE . & Jfok pCAPO1
FE TR B DSBS DB A e, Xl T
TAR SefEd i iaEfe R EA, ML r
ARSH4/CENG-TRP1 JT {4 /2 12 Ji fr 7E P 174 %
R EAER LT ICHE; pUC ori MR ToRs &
oA A R AR R AT B b DL 2248 DU A EAER
3k PCR Y14 T ARSH4/CENG-TRPL IG: %41,
IR TR F] pLH454 H1f) LB-fil RB-T-DNA

repeat JPHIZ (0], FRAGE BC R &L LY TAR i
BB pSEA-TAR (&l 1A), F|/H] Xho I/Sal 1
UL 96 E TE A (] 2A) . ik PCR 473 il iR &
BEE AR P 41 R UEZ 1 kb A X, JF
P H i P 2 pSEA-TAR 1, {15 T iR A sk
[H Sl 48 ok pSEA-KLR (& 1B), FIH
Sal 1/Xho DXLt 1) 56 iE 1E 4 (B 2B). #F Xho 12
P4k kL pSEA-KLR, LUK F| F Not 1/Sof 17 1L
KHi RN DNA, dLE4E1L S cerevisiae
VL6-48 BTS2 b F (B 2C). BREERE
237 4>, il PCR Y& HBHME LT 14 1,
P 5.9%, M BEHLE HC— > BHAE To R
TTHEAL T BB UE 25 A& 2 Fin . MR &
S 5 DAL B T ATV Hh B BUBTRL (18] 2F) , dd ot
AT IEF AL RIGFFE TOP 10 47 Bk
#4248 PCR BN T WK AFE TOP 10 H
PERCR R & L R R F 41 Bk pSEA-TAR-KA
(K 2F).
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E'bpp M 1 2 3 4 5 6 7 8 9 Fobp

10 000
6 000

3000
2 000
1500
1 000

750

500

250

52 HIRARERBZBREEARNAEE A @RS TAR KB 2250k pSEA-TAR
FIH Xho I/Sal DGV FGIEQ2 A~ 5kE). B: MR A BSR4 S Ml 48 Bk pSEA-KLR A Sal I/Xho 1
VI IE (2 S TEE). C o6 Xho 1k V4L Bk pSEA-KLR , DA K F1] i Not 1/Sbf T74 4k K th 85 2L [N 24 DNA,
L[5k S cerevisiae VL6-48 BRR AT 544k +. H AP TAITIV A Not 1I/Sof DRI P 24 5 26 Xho 12k
Pl pSEA-KLR ZARILELALERIF AR 105 pSEA-TAR JFURIFALERIEELE; M Xho IZ&M:ALBTkL
pSEA-KLR # ALBRIF I 1E; Vi pSEA-KLR ORI LB RE; VIl pCAPOL FUkif% L ERiPI BEEE. D
A A L TR B b R 90 R B B 777 BRERE (LT PCR J0E. FUrb 1 Wk B 5 LK 5 2
B, 290 LAS 19 P1/P3 (JKIH 2). P4/P5 (JkiH 4). P6/P7 (UKiH 6)F1 P8/P9 (JKiE 8)iEAT PCR 41y
VRN B R 5 DL 77" BT 1 B 5 Ak T &k DNA VR MR, LAS |9 P1/P3 (JkiH 3). P4/P5 (Jki 5). P6/P7
(VKB 7)F1 P8/P9 (VKIE 9)HEAT R V& PCR. F: Jr il NEBEEEFAL 7 (UK IE DRI e AL 7 (K IE 2) 42
HUE 41 FikE pSEA-TAR-KA

Figure 2 Kojic acid biosynthesis gene cluster capture and recombinant plasmid construction. A: TAR capture
backbone plasmid pSEA-TAR adapted for A. niger transformation was verified by using Xho I/Sal 1 double
digestion (2 clones). B: Kojic acid biosynthesis gene cluster specific capture plasmid pSEA-KLR was verified by
using Sal I/Xho T double digestion (2 clones). C: pSEA-KLR linearized by Xho I and A. oryzae genomic DNA
digested by Not I/Sbf I were co-transformed into S. cerevisiae VL6-48 spheroplasts. Among them, I and IV
are Not I/Sbf T double digestion of A. oryzae genomic DNA and pSEA-KLR linearized by Xho I were
co-transformed into S cerevisiae; 11 is the transformation of S cerevisiae with pSEA-TAR plasmid; III is the
transformation of S. cerevisiae with pSEA-KLR linearized by Xho I; V is the transformation of S cerevisiae with
pSEA-KLR plasmid; VI is the transformation of S cerevisiae with pCAPO1 plasmid. C: Schematic illustration of
the kojic biosynthesis gene cluster and its upstream and downstream sequences. Primers used for verification were
also shown. E: PCR validation of the positive transformants 77*. Where lane 1 is the negative control; the genome
of A. oryzae was used as a template for PCR amplification with primers P1/P3 (lane 2), P4/P5 (lane 4), P6/P7
(lane 6), and P8/P9 (lane 8), respectively, as a positive control; and total DNA of 77" S cerevisiae transformants
was used as a template with primers P1/P3 (lane 3), P4/P5 (lane 5), P6/P7 (lane 7) and P8/P9 (lane 9) following

colony PCR. F: Recombinant plasmid pSEA-TAR-KA was extracted from S cerevisiae transformant (lane 1) and
E. coli transformant (lane 2), respectively.
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22 RMFENSHIBEE S RERKELE
HE RiET

BT T 0 R a2 e A = Rl s kAT
WAL ERERE o B MR AT 1 B
MR LR 7% 5 4H Bk pSEA-TAR-KA (%] 2F)H,
AN AGL-1, 1)K %A pSEA-TAR-KA
FORLIARFF R 5 A niger S834 Fikk>E A F4E
B, BRBUEAL T 514, I HurE R Bk,
AT 49 MRAWIE R B Pk T ( 3A).
PP AL T LN 4] DNA JEfriE—4m
PCR 43#r, #4554 MBRG L R FE i SR th 25
AT 10 Bk, &4 A niger KAI-KA10, H
BElE A niger KA1 ) PCR 36 UEZE 40 1% 3B iR .
23 SEHEREMRERENEMSEHEK
B

B, AR e s E A TR AT L

—

3 RTFENSHHERSHERKECRNE

PDA+hygromycin B bp M 1

AR . & R A niger S834. A. oryzae
NRRL 3488 FI5A Mz & ik H %R A niger
KA1-KA10 Z il T il ik Wi ki 12 4L
M, 353% 4 d R TR AR, BlE S834
FMREE R A H P46, A oryzae NRRL 3488
1A niger KAT-KA10 5B H AN R F2BE 414
R PAEAE MR (B 4A)

Sy ik — 255 A R A B TR 17 ot
B o R (7K, DA A RS bl , il k
P DA A il A AL P R R R i . A il AE
KIS AT dFATIE, ik HPLC 43 #r it 2
e, WK 4B Fis, HEERE A niger S834
M TAS ARG RO, &R IR
HES, T A niger KAI-KAL0 7EREE 5 d 1 7 d
PIA AR i RR AL 2, Fodh AL niger KA2 7E
7d B, AEERH R K B, 153 5.86 g/L.

23 45 06 78 9

A AT A R A 2 R R 5 AL 2 A niger

S834 Ak F1E PDA I A% K B 1Y) PDA #5575 A K150, B: A niger KA1 PCR K iE L yk &l H
#1 M: 5000 bp DNA Marker; 1: FAVEXTRE; 2. 4. 6 Fi1 8. DISKEIEIEIRALU M, 205 LA P1/P3 ., P4/P5 .,
P6/P7 1 P8/P9 A5 |#iEfT PCR 43#r; 3.5, 7 Al 9. LISARN B AL T I N4 o Asidie, 435I LA P1/P3 | P4/PS .,
P6/P7 #1 P8/P9 Jy 5| ¥ 4T PCR 41t

Figure 3 Kojic acid biosynthetic gene cluster integrated into Aspergillus niger through Agrobacterium-
mediated transformation. A: Growth of A. niger transformants potentially harboring kojic acid biosynthetic
gene cluster on PDA and PDA containing hygromycin B. B: PCR analysis of one of strain A. niger KA1l. M:
5 000 bp DNA Marker; 1: Negative control; 2, 4, 6 and 8: PCR analysis using the A. oryzae NRRL 3488
genome as a template with P1/P3, P4/P5, P6/P7 and P8/P9 primers, respectively; 3, 5, 7 and 9: PCR analysis
using A. niger KA1 genome as a template with P1/P3, P4/P5, P6/P7 and P8/P9 primers, respectively.
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mm7d

Kojic acid (g/L)

~
1

T 9 o &N % @

SFFSISSS

g
&

N
<&

B4 SEHBREREERKNEMSEHERLZE ST A SAMRGBZEEERN A niger KAI-KA10
AR IR L R SR 9% 4 d )5, A 10 mmol/L FeCls ¥ 5 i 1B . Al: A. niger S834;
A2: A oryzae NRRL 3488; A3: A niger KAl; A4: A niger KA2; B1-B4: A niger KA3-KA6; C1-C4:
A. niger KA7-KA10. B: HPLC Z3#7 A. niger KA1-KA10 S0 kK 5 d F1 7 d & EEH 0 dhig & &

Figure 4 Fermentation analysis of recombinant strains of Aspergillus niger harboring kojic acid biosynthetic
gene cluster. A: Phenotypes of A. niger KA1-KA10 recombinant strains after 4 d of growth on kojic acid
producing medium with the incubation of 10 mmol/L FeCl; solution. Al: A. niger S834; A2: A. oryzae NRRL
3488; A3: A niger KAL; A4: A niger KA2; B1-B4: A. niger KA3-KA6; C1-C4: A. niger KA7-KA10. B:
HPLC analysis of kojic acid content in the fermentation broths of A. niger KA1-KA10 recombinant strain for

5dand7d.

X LSRRI, K R TR B i P BB IR 7
IS TE Rl B B, IR S TR
B, AT BRI o

3 WwE5E&#

WA ) HA v JE R 4 M 2 R 2R
Pt , JE VR 22 B2 R0 Tl Ak 27 il O E ORI
WFFEX LER IR W A W) R AR AL, 15
B R T T B v Hom i ML L g by, 2
LRI ST AL A b A ) B B H AR 2 —
WL A R AR R B TR BT
P RUBAL AR BT, U E SR,
SR ARAFAE— & (1 SRy BRAEDO2S, 54k, #5 Dl
AR GAC 7= 10 1) 5 R TR 7 5 7 5 BT Jie 48
20 P 0 2 TR S IR G A 7 7 Y — o
AT HARO A P K B DNA 11 5 e il

BB KR T IR BAC Y TR R
PR BT R S O . SE T REAL SO R K R B
DNA Hlik  f 1hF B s Az W 25 B 20 il D)y
INFB, M — AN BEPLAE A R B S,
Bl ISR AbTE AN, Zad YRR . 4> 0 e
FNL)RE G0 E S 55 B0 AE WG 1 DR 7 K 7 B i) o
Be. B, TAER K, SRR
AN EPS0 PCR PRI TR B, I E
SLVR I A A R M . SR, [RUR A
A 2 4 Bl B 50 [ 3R W (U Red/ET 5 AR Al TAR 4%
AR)E LB T MWEEH 4] DNA 1 B b
A By B AR BE DR #% . Wu 280 ] TAR $5 K
A4 ot 2 T TP SRS T 6-25 H RS DU AR
FA I HFE(43.5 kb), I B ©C31 2 A Y
L Fe AL, A5 T &AMEE D 6-DCT &
JI R PR 1) 4 v €0 % B A R PR o Lebe S5 PN 1L
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J IR A B RN 3 F TAR 5 AR TE K i 25 rp b A 7 2L A
RRSFIRERR, W T 4,8- & Z-XFR[3.2.1]
FLEEE C-12 B AT S AR B A AL A A4
GRS AR AMAEY, &
AALER . B SRR AR A & D T A
MR, BARERTC S TIiE T
Cre-loxP'*?1 | CRISPR/Cas9U*14: fit) 2 [H] 4 4 T
H (HIENT K B DNA JE 54T A 5230 A A5k
o HETI, ARUFFRME TIEREMEN TAR
TR R, T KA BE DNA SR . sl
TR R AW EBIER T, HTREACH ™Y
PRk s . AR, RATE RS+
AL T R E N DI B A TAR 8 ] s+
A, BB RUE T K i 5 Y it R G i R
R 3] — &4 Tk pSEA-TAR H, 153|140
JFUkL pSEA-TAR-KA iid AMT #41b =B %
o, RASIEL T R G R T R it Y
BARARMFTE I SL B T 26 F TAR s R A
Bt DNA SRR S i a& o i iR G
ik, A MCEAS . AR AR T EAE HiR
FE DR A 7 BRIk D, SR e 22 BN
T, M TR DNA F B, H58 BRIk
2 R B T P10 57 i A 30 2 ) /Nl AN T
I EREEYIA A B A BT, 530 TAR 7l
RHRRARY 5 220] 245855 T CRISPR/Cas9 %L A
i T H, 4R HAR P SRR T sgRNA, TE
RS X B 2H DNA #E4781%], 98/ TAR bifE
() H bR B BRI, 425 TAR SEResicRP, il
JF & 1 CReasPy-Fusion J5 ik, 38 1b 4 4H 15 4 iy
E#47 CRISPR-Cas9 R G M BELEERCIR AR5
AL B P [R) B AR AT o o R TR PR A B R TR
PR B 20 M 0T, A B 3 Aol 5 s AT 1 — 2 fRi 4
TAR s8R, $Em KR Bt DNA ffigkas.

RIFHEAT DNA ek 8 il 10 Jr ik e g
%, ABRBBL, 1R £ B (polyethylene glycol,
PEG)/1 5 A4 it AR B A e A AT REIA SR R 4
D AR a WAL TR0, Rh E AL Tk
LA Bk — DR THEARRCR . S35, KRET
FA 0 DNA 7 Boa] RE 238 5 51 JE il 25 AR ]
HEYAETUAN L, B 2H S50 A RE A ek
A5, X ATRES DRI, e w5 Y
FeIR AR, PRI RT 3 a6 R e M A S B
DNA J Bk 5 ABT9,

M2, X —3F TAR KA B DNA FpElk
FAUER T B e AR B R A W2 4 v
BRIV DA T s 1% 5 B 40 2508 v Pl k45 1T
REZ 5508 B R A ™ W LAY 2 DR e R /2
BRI TR, 534, Wik —DARTIIFY R T Rl
B AL H AL G YA @Y S TP R fER]
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