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1 /47 SDR #4318 PKS/NRPS EFEHI=[E

RwA', & 8% FZFE, £

(1. ZEAMFIERE SR R E S5 EFHESEEE, EREKE = /R SR
P MEFRALKE, =/ B 650204; 2. mpi K% PHAGLEYRFEWR T HELRE, ~/F
B 650091)

FE, BRI HAER A0 AL Ad B A Ik o A 0 E A & BB A B/ 3F B R AR K A R B (PKS/NRPS ) 1
o, BWHRIEEGIEH Beauveria bassiana T4 SDR 4 #3549 PKS/NRPS B4 £ Mo mALh R F#, RAAR
SHBEARANKILGBA LB 5 B 1F5) 1 A PKSINRPS B (4% Bbpks2), 8 A W15 & F 5T £ skt 47
Fm AR A B AR 6.0 gL X F R A 3.0 g- L7 BRI A AR RRIZHRA, THBRRE MY AL 1.8 -
LT R F A 6.0 g LR EABARRKEIZIA, 4 AR mYIZAALGBAELEFTL, LV EHINYEE
A 40g L BRET. Bopks2 AR KEH 12051 bp, %A 4016 MRLER; H 4 MIRELURAE A KS-AT-DH-MT-
KR-ACP-C-A-PP-SDR, % —#F4-A SDR £ #3889 PKS/INRPS; % %itie o4 % 3., BbPKS2 5374 &2 JEFO07 ¥
R (PMB64475.1) . 3k3k % ¥ Tolypocladium capitatum(PNY25600.1)% #) PKS/NRPS @A R AR Mo 2 b, TihAL
— AR EA/AEAHER S IR AL S e A AR WRARR SR, BB FmPy st Bhpks2 A B LA Hw, KNZAR
ERMTHBEAERA LN EAX TR EMBRAMYG 3A4EAL, AR THFAZHOEAEAERXAZTZAMER
Aty 13480 L, R AT—FiBid F kAL LT Bbopks2 AR &9 Lkshak, AEBERMEALALR TR
FRAEE L, B3 430
KB, AWRYF,; HKILGBH; 24 PKSINRPS; A413 &F oM
FESES . S763.3 XERFRERD: A XEHS: 2095-0756(2019)06-1247-07

Gene cloning of a PKS/NRPS gene with an SDR domain
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Abstract: The compound of a hybrid polyketide/nonribosomal peptide, which usually has some particular
bioactive activity, is catalyzed by an enzyme of hybrid PKS/NRPS. A hybrid PKS/NRPS containing a SDR do-
main from Beauveria bassiana has not yet clearly elucidated. To inveastigate this type of gene, the present study
obtained a hybrid PKS/NRPS gene (named Bbpks2) from B. bassiana using genome-mining, predicted its gene
function with a bioinformatic analysis, and detected the expression level of Bbpks2 in the medium by adding 7
carbon additives (adding 4.0 g-L™" of every carbon additives) using 6.0 g+L™ malt extract and 3.0 g-L™ yeast
extract as basic medium, or 4 nitrogen additives (adding 4.0 g-L™ of every carbon additives) using 1.8 gL~

maltose and 6.0 g-L™" as basic medium, 3 replications every treatment. Results showed that the Bbpks2 gene
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had 12 051 bp, encoded 4 016 amino acids, and had a sequential domain organization of KS-AT-DH-MT-KR-
ACP-C-A-PP-SDR. The proteins of BbPKS2 could belong to a hybrid PKS/NRPS, which was comprised of a
short-chain dehydrogenase reductase (SDR) domain. BbPKS2, PMB64475.1 from the strain of B. bassiana
JEF007, and PNY25600.1 from Tolypocladium capitatum were three hybrid PKS/NRPS proteins that clustered
in the same clade meaning that BbPKS2 could take part in the biosynthesis of a compound belonging to the
hybrid polyketides/nonribosomal peptides. Comparing the expression level of the Bbpks2 gene when appending
different C or N additives, the expression level of the Bbpks2 gene with lactose added to the basic medium was
found to be at least 3.4 times higher than the other C additives, and beef extract 1.3 times higher than the oth-
er N additives . The present study could provide some help in further identifying the specific function of the
Bbpks2 gene through heterologous expression and could provide a basis for explaining the molecular regulation
mechanism when utilizing the gene resource of B. bassiana. [Ch, 3 fig. 30 ref. ]
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BRI H 1B Beawveria bassiana J&—Fh 0] 25 A FE Z2Fh B d b HAss B0 PERY B A s ez HAEDT
AR, RAEY R FER YR, B A R ARHAZ Ik RS A, T 2
PR AR B A A L o R SRR Z IR S A B AL S W R P L R URER JERoHA
ZIRhERR, AERTY; RIEAHEREEZ IR GG Wit scw | mInER" | HokE
R B R YA A G 0 s R AR A B Y 124k, BRA R PR b SRR AR A b
TR Z KA B RUL A WA BRF6 A5 R 38 20 5 DR i o A S R 3 TR 2 e (G, SRS R R A O 2
FBAVY NG RAR A AW, 390 o 25 1 (polyketide synthases, PKS) | JAEAZME AR5 Bt
(nonribosomal peptide synthetases, NRPS ) {14 & B BRI R 1 R B A B4 S8 5, TR SR 5 il = 22
JET 1 A PRSI A5 Ry dala 7 AL F5 AR & B (ketosynthase, KS) , BEIEFS RSB (acyltransferase, AT)
A 7K B (dehydratase, DH) , H 3L 22§ (methyltransferase, MT) , 4 B Bt 18 J5L B (enoylreductase, ER) , il
IR 5 (ketoreductase, KR), BEEEZARTE H (acyl carier pretein, ACP)FIA iR a5, H0 B B S0
(short chain dehydrogenase/reductase, SDR)ZGAE PKS W@ A i B B!, PKS F A SDR Z544 300t IS4
PEPEH—E IR SN, NRPS 2—Fh i S i 2l 2 G, i AR fL 4544 38k (adenylation do-
main, A), JRBEZEAKE 145438 (phosphopantetheine attachment site, PP) Fll1 4 & 45 #4138 (condensation do-
main, C)%§ 3 MMZ%OE5H 8 B R Y2 U HES T ZH ), O3 PKS/NRPS BRI R G & A N dihy
PKS HFFN C o) NRPS ZHAF ) ] A A ol A T 5 o 2 T A 4 7 R ) e B R s IR B AL S
A 0[] i SRR AN R SRS AL S W RE S A ML R R RIR G, R A
185 K (epothilone) . TRMA%EE & (rapamycin ) FIHER 5 &K (bleomycin) JEX IR G T EERE, i
LA A YIH PKSINRPS JERR/INAIZ 10 kb2Y, Bl i il B0 F HoR B & J LT R DR A A5 AN
o, BERIZR N R H AT Ol S5 % | R AN AR Y3 PRI S SRR GE T R B 1 AR U E A
WA VKL — o, ECRRHE PR 4 v v A i 1 RAR LR A ) AR 0 IR TR 5 ISR Z AR
TAETURORE, HZ 56 ML E YR Z MR E™); NP A AZ R BOR nDR X et AR ) &
BRI R, PR U B SR B 7 AR B A T G 2 B A5 T U S LR B AT AR i AR AR
B2 S Y R R R B SRR AR A 2 IR A B 2R AL B W A W B SRR, AR RIS SR
PRI 2423 119 7 SON L RE R A0 B0 v 3745 1 4% PKSINRPS $E8 (fiv 44 Bbphs2), 813 A4 W15 B 2F 40 mon
WIETIRE, ST HRIZEE R FR SR, e HR IR W) SO H R IR 3R B Jel

1 M5 %

1.1 EdkAniEsRE& e

R Eom AR B R (FR T . YHO2) RIE T o B A ARARAE, ¥ YHO2 FikiE
FHTE MY [ERES F25E (malt/yeast extract medium) I+, BT 25 CHEIREAM T EFE, M2 B 1k, H
THEN 4 DNA FLE RNA B0 B EEA TR MY 535350 BT 120 remin™ 125 C&MF FH3E 5~
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7dJ5, WORZ 0.5 g 224K, HIM K AR T 5 TR AR BT T PO R B s A T 55 4 DNA il
B RNA FO4REL, MY RE3R3E0) BARRC T 22 2808 6.0 g- L7, FBERHRIRY) 4.0 g L7, REAE; IR 5ERC & iin
20.0 g- L ZHE .

1.2 WF S8

I LA A . FRE 4] DNA $2HGGH & (ALt RO IR 2 A DIRHCA R AT, MR RS
B, HEE RNA RBGAN G CRIEE AV TRAF), R & BRI RBHECA RA R, Josk
TEREIR ) & (Biomiga) . - EAH FHALES AN NanoDrop™ 2000 45 4N 6B H (FEER KR BH A FRA A |
Azure C300 BERBIG R GE (Azure Biosystems) | Bk 2UIE il 15 3748 (RSO AT IRA R BT ) |
ZIREH B FEIR (TLI RO SEIB)),

1.3 Bbpks2 EEMIZRE R EE

HAEMUME T EHRE LR PKS BRI, A AL BLAST (basic local alignment search tool ) %3k
A EREIER AT, RIS TRES A PKS FER I E S (contigs), ZRJFHIH antiSMASH (https://anti-
smash.secondarymetabolites.org/ ) B #EATEE, J1FIFH GENEFISH X} 8 & BEUEATHF R e 48, 180
AW B2 AT RAS VR SER 2  Bbphs2 FEH ) DNA J751,

4 DNA FEH T 2 54 2514 (Bbpks25F: 5'-ATGTCTTCGCACCAAAACGA-3'; Bbpks2MR: 5'-
AACAGCACTGTCACTGTCCAC-3" ; Bbpks2MF. 5' -AACGCTGGCTATAATGCTCTT-3" ; Bbpks23R. 5’ -
GGCTTCCTGGAGCGGTAA-3") T Bbpks2 F[H 4K cDNA [UFekE, DAERTE R cDNA Bk, H
HiFi PR BB 004 3G ) Bbpks2 BEIA Y 5" 1 Befl 37 B, 48 DNA afifb il &kt X 2 4> i Bealifb e
Fie HEJCAE v B0 & Ui B 5 H ) B BR06 Bophks2 JERIY 57 Befl 37 B Hake ok, R4 K cDNA,
FEIZ I P Bt 42 2 SRR ZRAA Peasy-T3 I, $% 40 % Trans-T1 BEZ AN, SETH ABEMivE)S, @i
7% PCR % & A4 AR B B e Bk 21 E Az THEF Ty
1.4 BRESWAHE

T AP AR E B0 (NCBID) F¥E R RB L 0 LA L G701 PKS/NRPS R )74, A& ¢t
% Aspergillus flavus, KHIEE A. oryzae H 4t IR VT B JE iR (cyclopiazonic acid ) 49 & BB Cpad F&
(BAI43678, BAG82673), ¥ &8 Penicillium expansum T 4at5ER 5% H K (chetoglobosin A) A=) & ¥,
] CheA FEH (CA091861), BEHIEE A. clavatus F AL MIAATL Z E(cytochalasin E) Y& AT CesA 3
XM_001270542, S8 JIH Fusarium heterosporum R EE K (equisetin) i EqiS 3EK (Q5SBL2) ,
KA G B Fusarium Juyjikurot, BRI Gibberella moniliformis FAB RS IR R Fusarium pseudo-
graminearum < EL T T S ik J) T & C (fusarin C) ZE Y& MUY FusA (AFP73394) | FusS (AAT28740) ,
pks10(EKJ71911) 55 3L K, M2 Aspergillus fumigatus H 9m i B FUZE R 22 A (pseurotin A) [ PsoA FEA
(ABS87601), BRFI e i v 2 A% IR T [ T8 22 (tenellin) 4 TenS L (XP_008600657 ) 4528 11551 T8
HorHr, R MEGA 7.0 HH) Clustal W X BT %) PKS 8 781 FIERA F1 48 3 19 BbPKST 8 H
FFANHEAT ORI, R AR AR #23 (neighbor-joining) , FIASZE 1000 UK, HsRk HIBRIAS Bty it R Sk
T, MR R 2EAE R, IIEDR IR 5 DhRe oL i) 1 B2 T AL R T RE ,  JEaE— 2D HE D2 PR A Y SR
waEw.

1.5 Bbpks2 EEEAREEFE LRHFRIE

R 73 215 20 Bbpks2 FEF B DNA J¥51, RS K5 9 (TBbpks2F: TCTCCTTGGCAAGGT-
TACTG; TBbpks2R: ACCACGCTCCATCATGTACT), A EKAA MBEIEFRAEM A [FIRRIE . AR A 1S
Fibk b AFERIE S SR SR I 6.0 - L7 22278, 3.0 g- L7 BEREREIRY), 4r5Idin 4.0 g-L7' 3
Wi, HERmE, 2P0, MARE . LANEE . CROBE . LB, ARSI A SR B IR AL 1.8 oo L7 A2,
6.0 g- L FZ0E, Z3nldsn 4.0 g- L A NRB . BREE AR, BRERR, D%E, IR 14 d)a, N
iR bt FWOIR 0.5 g Z2AK, RITER S RNA $2IURGR Gk B 45 0 BRAE I A BB RNA, JFEHRMk
JEE A ) RNA SR FH S s a7 ok HOR 3 s il e DNA, FEFYES5 190 TBbpks2F FITBbpks2R A6 1% 3
R ZRIBTH O

TEBE R HEEE R VKR i A, 4% PCR P=4R1 1 kb DNA marker [ s BRI R 2.5 pl., HLIKES
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J&i, MIHT Azure G300 BB BUR R G A AT EHG T E 734 2 25 AR O RE , LUAEAS PCR 7“1 2%
WL (R, JFLUZIES 1 kb marker B A7 HEAT UBAE AN Feab i e AR

2 ZEREpN

2.1 Bbpks2 EE £ cDNA HIEER HF 545

2 TCHE SRS Bbphks2 FER A4 cDNA, 4377 . Bbpks2 JE 41K 12 051 bp, ZWi% 4 016 4>
RIETR ; Lol )P A S RSP S5 IR T B, 1% 3k R s 3 1 A 25 A S 4 21U Sk KS-AT-DH-
MT-KR-ACP-C-A-PP-SDR; %K 1 [ 54 PKS Fl NRPS B [ 45 tde, it HEWhHZ s 12 —Fh PKS/
NRPS i 2 A1,
2.2 BbPKS2 EHMN T RS HML ST

BRA R E H BbPKS2 85 5 HA B H PKS/NRPS & 070 T R G B SR (] 1), %R AT
R ANERAWEGIE T, T, I, V), S WREMEEHIRA LI FAAFE2ES, B 1A
SR ; BRITTHE Fusarium BRI HRER | AR EFE T2 5RmMAMRAHE R E fEE TR
FE—sr % b, HERGRRW AN, BB AR BbPKS2 8 51X 2 e (g a2k 8050 2 1
o, %2R RS ZH 2Rl KS-AT-DH-MT-KR-ACP-C-A-PP-SDR; BbPKS2 S5Ek#f [1{E B4 JEFO07 B
Bk (PMB64475.1) . SR I EE Tolypocladium capitatum (PNY25600.1) 8EE—ANE 4032 #EM BbPKS2 &
HIrZ 58 MR RR ARG W) SRR | AN SR E AFTE—E IS5 AR LT
2.3 Bbpks2 EEEREAEKRIERMMIEFE LHRIE

TES A AR E RIS PR 3756 | Bbpks2 JEN K 22 W W% SIS R BRVE 75 iy st

100 Cordyceps brongniartii OAA40384.1
100{ Beauveria bassiana XP_008600657.1
Cordyceps confragosa OAR02827.1
100 73: Cordyceps militaris XP_006673463.1
Penicillium expansum CA091861.1
89 100 Aspergillus lentulus GAQ05296.1
98 Aspergillus novofumigatus XP_024685502.1
100 ——— Aspergillus nidulans EAA67034.1 (1) KS-AT-DH-MT-(ER)-KR-
L Aspergillus fischeri XP_001258701.1 ACP-C-A-T-R
00 — Trichoderma harzianum XP_024769433.1 | Uftenellin, chetoglobosinA,
100 —  Trichoderma guizhouense OPB41699.1 aspyridone A, cyclopiazonic
Aspergillus lentulus GAQ10073.1 acid
100 [ Aspergillus arachidicola P1G79668.1
63 100 EAspergillus oryzae BAG82673.1
Aspergillus flavus BAI43678.1
100 Beauveria bassiana BbPKS2
100 Beauveria bassiana PMB64475.1
Tolypocladium capitatum PNY25600.1
100 Fusarium fujikuroi SC027903.1 ] o
eqlusetm

100

(1) KS-AT-DH-MT-KR-
ACP-C-A-PP-SDR
UMequisetin, cytochalasin E

R 100 Fusarium dlaminii ALQ32818.1
Fusarium heterosporum Q5SBL2
Rosellinia necatrix GAP90879.1 }

97 100
Aspergillus clavatus XM_001270542.1
100 Daldinia sp. OTB17067.1
100 Phialophora cf. hyalina RD1L33251.1
100 Fusarium fujikuroi AFP73394.1
100- Fusarium proliferatum CZR48161.1 (Ill) KS-AT-DH-MT-KR-ACP-
100 Fusarium verticillioides AAT28740.1 C-A-T

Fusarium pseudograminearum EKJ71911.1 | {nfusarin C

lOOI: Fusarium culmorum PTD10448.1
100 Aspergillus udagawae GAO86271.1
_|: Aspergillus clavatus XP_001276488.1 (IV) KS-AT-MT-ER-KR-ACP-

100~|: Aspergillus novofumigatus XP_024678584.1 C-A-PP-T
100

cytochal-
asin E

100 Aspergillus fumigatus ABS87601.1 fnpseurotin A
Aspergillus fumigatus Q4WAZ9.2

S

0.05

B 1 #IEGMEE T BbPKS2 & & 5 JAL L b 4 & PKS/NRPS & & 89 R EHT
Figure 1 Phylogenetic analysis of the protein BbPKS2 of B. bassiana and other relative fungal hybrid PKS/NRPS proteins
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(F12), FEFLBEREFRIE L, Bbphs2 LR FRIA B m, HAGAE B35 THAMS IR, e PR %
R b, Bbpks2 FERIARFEKIE; Bbphs2 IEFFA NS EVRMRUCNZURE, 400, (0A4EE, WUEE, HE&p,
FoE, Horp DLRURE A BRI I (0 R 33 T HGR B R K2 A AR I 3.4 £500 L M4u iR E
RIS (B 3), Bbpks2 JEHNIHE A B LI, ESFREMNEEFRIE L, Bopks2 FEF PRI,
HFGR AT HALR 1.3 f524 L MBS AR IRIE I, 2RI R AL, T WS 32k
VPP LR . SRR A R R AR MR A s T2 BURRIE 22 2R 0 | SO H I AR 1 VR A i U T L 22

91 251
- ©
= S 20+
X 6 X
m g 1.5
X X
H%‘ 3k -H% 1.0 -
= 7 -
- ﬂ = 0.5F
0 — — oL—
Haam e LARE JUL At By AR
ER R FLbE R L% Z R b 7=l
3R IEY] RE A )
B 2 Bbpks2 AR EAH R R BIRIERA L B 3 Bbpks2 &R EAH R ROR A 355
Rk ESRLF S5
Figure 2 Expression level of Bbpks2 gene in the medium Figure 3 Expression level of Bbpks2 gene in the medium
containing different carbon additives containing different nitrogen additives
3 3t

BRI PR 2R AE MU ) B VR A T R g B gy ) FE R R il e A= A& AR A
KEGE A R BOLE F1, HIZERRAEEHRR DI A R R RS, A REr AR
R WG R R 5 A DA B W K . A5 6 B N A2 R B R T — T8 22 77 ) W (one strain many
compounds, OSMAC) . 53R IRSEHRAERAR AT S [n] A A e, DA TRT 8 PR A 500 vh el R e 42 4 A5
2| PKS, NRPSSEAWARGERE, @t PRI . S50, JE A B KN SR 2B A S0 D HE Wi
SERMIRE, W12 T RRZEEIT S 56 AL G Y B SR EE S5 Ry 120 A Sty 2-nH i R B £ 1A 2R (2-pyri-
done tenellin) B# 25 [ A9 PKS/NRPS £ 25 12.9 kb | 4t T % C B W fusA FEH (PKS/NRPS) %
11.9 kb); BALI % E RMIRA W Escherichia coli Wi i385 H SDR S A RBEAS I, KL L5
BT TR S PR IR R B S RIS RS BIFSE R Y Bbphks2 PR 1 A A AR $4¢ v (AT R ]
FEAE, T S5 F B3 A4 2R DX 2 A 1) Bl 2 118 T PKS/NRPS, 25 R EAEZE A Z IR A &
W, HiZAEY SIRER | A ER E AAE RS W st @ e r s R . diifaia it R
E, ZRG TG W] BE S kg e 454

BETRFZ IR A A T i W BT E i PR 4 v () R A A B 1) A - IO PRRIT A= ) L AR 1 —
PSR AR IT o TEIARAFERER | AW 2 IRGE TR AR i A=W & R, Tl R gt E
BEFRAA, WA SRR IR AR Ty . R Or R BIEE LR 27 (OSMAC) 45 )5 AT et |-
PSRN, BB EA TR ARG R iE T, F R A TER R PKS AT NRPS 5535 K15
SRR R AR IS 53T Bbphks2 FERTE S AN R B IR I3 5 5L A BAARGAENL, AR
ZHERTE DL ZURE ARIR . LA PBER A AR IR SR E BRSO S Rk TR S A AR RIS IR
ARG FRAE b, BRI RIA T 22 7 03 TELLE PRI SR 2t |, B RL , TR AR &R
RN RIRI SR EE I, R R A i R TAE VMR R | SR M R A 1 R S5 AR A 5 57
SR XA E I RTE S AN F R SR A E IR E R BB TIF 2 B, K
Usnea longissima " UsNRPS 3& R 0] 9 A AL PSR Z05 T, gk KA RG> it OSMAC 5 mE M
SR IC 22 0% Talaromyces wortmannii RS 3 FHTRY A RN, =L T T Fusarium tricinctum TEAN
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RIS IR 2 bR AR AT 1 2 BT RLA R : fusarielin K I fusarielin L™ X FhEEPIFEA [ FRA4F T
FIRIRBIF AT B T 3R [ AR AR PR ) B R B SR 26 A | i o oA T 22 SR AR s i U A AR
LS, BCRARBAL S PN BAASE R SCBGEAR HA 15 30

AT AT FE N A2 PSR BRI RRHE N 4 P & 4 A 81 17—~ PKSINRPS &N Bbpks2, SElERs
FIHAK DNA, FIRIE I I7 L= PG AT 0N, I8 b AR AN ) B 50R SR 1 RS 5
SEIEN R R BAER TR, BRI B h PKS/NRPS 3N A TR Fk BOIE N T e, & HaHr
R TE A PSR A SR B AR AL R Z IR B AL S WIBE 1 RTYIERT

4 Bk
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