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a dual fluorescence quantitative polymerase chain reaction (QPCR) method for detecting the polyketide synthases
(PKS) gene and nonribosomal peptide synthetase (NRPS) gene of Aspergillus carbonarius. Methods Taking the
relatively conserved gene fragments of PKS and NRPS from toxin-producing Aspergillus carbonarius as targets,
specific primer-probe sets were designed and screened respectively. After optimizing the reaction conditions of dual
qPCR, the standard curve of the assay was established. Subsequently, the specificity, sensitivity, and repeatability of
this method were verified. Finally, this method was used to test 80 actual samples and corn, peanut and soybean
samples artificially inoculated with different concentrations of toxin-producing Aspergillus carbonarius spores.
Results The specificity test results demonstrated that this dual qPCR assay exhibited no non-specific amplification
with common toxin-producing fungi such as Aspergillus flavus and Aspergillus parasiticus, but specifically amplified
the PKS and NRPS genes of toxin-producing Aspergillus carbonarius. The sensitivity assay showed that the limit of
detection of this method could reach 1x10? copies/uL. And the method presented excellent repeatability, with the
intra- and inter-batch coefficients of variation both less than 1%. In the simulated sample test, this dual qPCR could
detect spores at a minimum concentration of 1x10° spores/mL in all 3 kinds of artificially infected samples.
Conclusion The established dual fluorescence quantitative PCR has high sensitivity and accuracy, it can provide
technical support for the early monitoring and control of ochratoxin A-toxin-producing Aspergillus carbonarius.

KEY WORDS: toxin-producing Aspergillus carbonarius; dual fluorescence quantitative polymerase chain reaction;
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i 1 R 2 R e oh i RN R R R AR I — IR R
Y, XEFFRELFHFEREE LRANARE NI
FARGER, FFELA R IERATA T 20 ZRMES U b
fHEE#E % A (ochratoxin A, OTA)H A UL H & 1 55> ),
B9k [ PR e B 28 HLF4 (International Agency for Research on
Cancer, IARC)¥HIB 2 7EBUEY), B HEY OTA £
Bl M 25 T8 (Aspergillus ochraceus). BRI EEE (Aspergillus
niger). WM E Aspergillus carbonarius)~A4=, dAT
FRIIR BRI E RIS OTA J5YLAYH WA,
eI R B R R L FEE O T
RHIRA, BEIEE R4 B (polyketide synthase, PKS)Z&
. AR HIA £ Ik & B (nonribosomal peptide synthetase,
NRPS)F:IN | 402 & P450 (cytochrome P450, CYP450)
J5 LRI RN 1 A0 & B (halogenase, HAL)R:[R 2 5 OTA W4W)
A SRR PKS B AL R BRI T R R 46 A, o
BLZ A0 TR S NE, AR L4319 LIRS A 2E A OTA [ 3
AREMBR A REHE TR BT K B R L R
NRPS 3R 55841227 OTA fEHMY, %W NRPS 12 i
BT OTA WG B LIEEN

1 i PRSI R R R L R SO G
(high performance liquid chromatography, HPLC)®! | A (23i-
I T2 (liquid chromatography-tandem mass spectrometry,
LC-MS/MS)P M| A A {5151 (gas chromatography, GO, Ji
4 S JZ M (colloidal gold immunochromatographic assay,

GICA)!'®! | i [] 43 ¥ 9¢ % 1 5 4> #7 ¥ (time-resolved
fluorescence immunoassay, TRFIA)' | [l B¢ ff 93 0% B 35
(enzyme linked immunosorbent assay, ELISA)!" ' 1F1rs k2
PR IR AL POV | G0 Tk N 1 R AU, g,
A 8% SCHUCR A 50 T R B L B R D AT, X2y
REAE TR, RO B A Hrife &, Al RGO uk
SRR H 355K A PGE I K - /%58 ELISA FIE
(N P T AR Uy 7 R I 2 i 4 [ I [
ALSHANNAQ 205 & 81, S0 EC T 8 Z A He, #01)
7 3 L TR B A R A X R AT X A K Bl 1 5 R R, S
U5 G ) R P, ORISR B TR A A I LA BR
T R S A T BT B, MRS R B 0 AR
TEYL,

HHXTT OTA J7AE W 73 7 LE P 2=l FI B o5 2 4
Hh T T R Y, e SR R R R o
T D B A A 5 U)AE X 85 20 o e G E i 3R A i =R
(quantitative polymerase chain reaction, gPCR)J&4;T 44
2O ORI EOR, R T A U IR 2 PR TR
FEPR K- 52 Bk Z2 A Bl s e A kG R, AR RS
WIS . FERELr . REUE SFRARNE, B8 a0
RIZWH S B S PR S sk i 3 k2 — o AR
g m A i — PO ESOEE R PCR RSB = w ik B
s i PKS SR NRPS H DA (4[] A6 80 ) A0 5 %, 38
PEOEA B 2528, DUAR THRGI A 2R 80 5 i
SN ATT G B P R R R Y H R I IR T
LR AR S
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1.1 Efk

FAEME CGMCC30124 M AL B AR L #2
it #EHhETH CGMCC3.4520 , M E H CGMCC3.3927 Iy
F TR A Tl A P A TR RS oL 77 2 B ih A
NRRL3357, TkEEAHEE [TEMS5010 H#iys Tolk ki
it BETIEE F-21 HARSEI B4 B -7 o
1.2 #R5ERF

26 K L 20 1 TN 34 A REAR Y T K
R ERL E R B4t

DNA {2EGRFI & QlAamp DNA Mini Kit[HFEHLAS
(Qiagen) /A 7] ]; Premix EX TaqTM (Probe qPCR)( H 7
TaKaRa /A rl); DEPC 4b3 H,O, DNA Rl . 1x =3 H
FEAFEH bi- 2 M 2R Z% R [Tris  (hydroxymethyl)
aminomethane-ethylene diamine tetraacetic acid buffer,
Tris-EDTA]. 1xB§H2EE 2% (10 mmol/L phosphate buffer
saline, PBS)(_Eiff/: TAHARA AT, JoKZEEGHHr
gl G ROMR AL TR A BR A |l ), T 4% 2 4 25 0 3 i
(potato dextrose agar, PDAYR; 3R 3L | S ALEN(Iral, TR
B IR A PR FD); 0.4~0.6 mm BRVEDY B Bk (i [ 2R
FEAHE)o
1.3 UFE5E%

LightCycler 4801ZH} ¢ 5 it PCR {(f&F Roche /A H]).
1.4 SRS EK

K4l GenBank ¥ e o B FF B F= HE Tk A B B B
PKS 1 NRPS K:[H 551, {fi ] Primer3 3 {4H7E 5 DR 21 A X
PRAF DX 43 30 35 T 5 6 e S M B W RR AR (R D DL
GenBank &35 MG701890.1 F7™ 2 Bk S it 25 14 B [ )¢
G, K i R &R PKS 1 NRPS 43l sikE 2
pUCS7 ZsEIR TR, A4 Bk S 24 pUCST7-PKS il
pUCS7-NRPS, MiSkrueiki pUCS7-PKS Fl pUCST-NRPS
(A S8 50 pg/ule ARAEZA: #5 DU E=(mokimk i <
BT ER: 7 5 e K< 107%)/(660% J [K] Fr B L H50) 113 H e v
ik pUC57-PKS 1 pUCS57-NRPS W9 %) R ¥ U1 4 34 K
1.6x10"" copies/uL. 54, FREPRIBREFRIS B A T2
Ciksy
1.5 S4IRET AR METHIE

DL dE i Bl E H ITEMS5010 JEF 4 DNA AR,
433 PKS Hl NRPS %5 | W46 sl ik 4 1 5 5 e
B PCRYHE, LAMLGRE PKS Il NRPS A5 M4 X, &
KL RE 7 PCR W BB E 3 IRE A, [ 2514 K2 95 °C
AR M 60 s; 95 °CAEME 10 s, 60 °CiB 2k 30 s, 1B Kk [AIA
FEXT I A9 FAM/HEX %656, 4k 40 MG

Fz1 SRS
Table 1 Sequences of the primers and probes
Gk B FF31(5'—3") Exiigll
CTTGTTCGAGTAGCTTGGTG
TGGAGGGGATGTATCTGAC
FAM-AAGGCTGCATGGACGTTCGG-
BHQ!
ATTAACTCACCCCTGGATCT
GACGACGGATGGTAGTAGAA
FAM-TATCAACAGGTCATGGCTGC-
BHQI1
CAGATTCCGATGGTAGGTTG
TCCACCGTACTAGCCACATT
HEX-TTGTGTATGGATGGGTCGGA-
BHQ2
AGACTGATCGAAGACGACTG
GGACAAACTCTGTGTGGAGT

HEX-CATTATCGCATCCACGTCCA-
BHQ2

PKS-1

MG701890.1

PKS-2

NRPS-1

MG701890.1

NRPS-2

o (A|ml e |®[™| 9 |[R|™|] 9 |[F|™

1.6 REFHRSAL

AT FIR R EYOE  PCR RN A, 4
BILLFRUE R pUCS7-PKS Fl pUCS57-NRPS 1 BH AR AR,
T LR AT PKS FIl NRPS W45 M FURE AR 40 &
AT RGN AL, B E AR EDE PCR IR
NARFR
1.7 fRERZEN

FETFALE IAE DO EER PCR VKR, BwIlh
W HE N 1x10'0 copies/ul B #5 fE i kL pUCS7-PKS FlI
pUCS7-NRPS % 10 f5HHR EHILWE R 1x10°~1x10°
copies/uL 3t 6 ABREEUR B, AR VR EE IOV A 3 UK,
Toe 245 B bR o TR B R B 6 1) PCR i g A6 4 19 {1
(cycle threshold, Ct). H4 Uk B2 X BUA N X 4h, DL
B CEME A Y, ff ] Numbers 14.3 FE20 512l 4 PKS
1 NRPS WARAEY 4R, 115 PCR R B R0 .
1.8 #HHFMXE

H I EE R E RS TF PDA B3R5 1, 28 °CIHIR
gt 7 d JE AR B IR AR T TR 224K, R FH LT DNA $2HL
TR & o SR O™ Bk BN 22 T ITEMS010., )7 BE 2 1 2%
P NRRL3357. A8 W CGMCC30124 . #i# i 2% 14
CGMCC3.4520, B CGMCC3.3927 MHETIH F-21
HHE K41 DNA, DA BRI AL R 41 DNA AR AR, ddH,0 7
A BAPEXT HE, XA 23 7 1 U 9 6 52 8 PCR 5 I A4
ST E
1.9 BURRMLIE

BEWIIRHR B K 1x10° copies/uL ARUEFUR. pUCS7-PKS
1 pUCS7-NRPS 4% 10 £ LR B B S E N 1x10'~1x10°
copies/uL # 5 VBRI, HAWREEL 10 1k, LALIRIIE
T TR R
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1.10 EEMLR

PIVEIE R 1x10°~1x10° copies/uL B pUC57-PKS Fi
pUCS57-NRPS bR BURIR A P1E i, R NS M
LA PRI UE . AP E I S0 X [] — i B A o Jo
HEAT 10 YOVAT RN ; 2 IR 53 S50 A W] (] kA 7
3 RMNSL I o THE B ST A PN S AL [E] C B bR i 25 A1
AR SRR, ALRAIEZ i AR

.11 SEfRtER S A TRIMZ 4 S

AR IR B 2 EAR XA 26 4 EK. 20
%E 34 RAEAERE S, X ILHETT B DNA $25U5, *f
AR B UEA T AU 26t 5 B PCR Kl . o A T AL %275
Yebfdh, FRIE RN 5 g MEK . AINERIR GRS ETT
R R AL R, 28 M BRI BB EUR, AR UG UK i R
1x10'~1x10° spores/mL F ™ 7 ik 2 [ 55 7% ITEMS5010 {1
TERTEI, A B A B X R A B KR A B R [ B R
i, (A AR A BRI B IR B 5.4.3.2 AT 1 log cfu/g,
BeFPSE UG B F 28 CCHHIRIE IR P ARG RS, Xt
AN T 2 Aol e B 1) AN TR B AR AT A R AR BB, el FH A B 52 2t
S T R B R AR G R R R M AT X 9K O E it
PCR I, A — (2 YLV BT AL IRFE S B4 AT 3 IR &2,
VAPFAS A 7 VA8 £ bl B il o 0 R R A 35k

112 BURAE

R EE RIS FE A 3 Ko Primer Premier 5 #F53 47
IR P A R PE AR <P, Numbers 14.3 F{4xt
qPCR JrikMbruEdige . P IGR0R . drifE 2= FAE 5 208
TP 2K, KA i GIMP 3.0.2 HEfR S, FA%h
WPS Office 12.1.0 21}l .

2 HER50

2.1 SI¥IXTBEMMETFIE

7 GE B PCR 7EY 1 PKS RHrh, PKS-1 5|#1A%ET
B Ct FHE N 24.26, BEALT PKS-2 5I¥1/4EH Y Ct F3y
{8 (24.7), HETEDOERE BE S TE 5 (B 1A), 2OLE &
PCR 7E4/ 1% NRPS JE[H 1, NRPS-1 BI¥IARE Y Ct F-491H
(25.31)% T NRPS-2 5| ¥1/4541(24.68), FLG# 5600 AL
(Bl 1B). UL FSCB PAT RIS ALY, BIPEXT BRI IO 1, 25
A CHEMPE NI BEFe bR, BZOK PKS-1 Fl NRPS-2 Hi£H 5]
YA LA T F S WE 96 1 PCR ik

22 WERNKEE PCR R FHMKE

X} I AR 2R AR B vk b AT R A A I, A E
T PKS I NRPS X B 5¢ 562 it PCR BB AL UMK £ (55 2).

2.3 qPCR ¥rfEhZk
% iF 55, pUCST-PKS [y ¢ ¥ 5 % )y B H

Y=-3.361X+38.16, Hl 3¢ & % 17=0.9994, P~ 3 5 K 4 Ny
98.40%(1¥] 2A).pUCS7-NRPS Bk 3 ZFE N Y=3.304X+
37.19, 1K REL 7=0.9994, PR LIH 100.75%(1&] 2B).
pUCS7-PKS FI pUCS7-NRPS [AI£M: [n] 55 T (U Ab R ¥ 78
3.1~3.5 I, HHSCERE 23590 0.9994, KF 0.99, sk
AT 98%~101%X [B] N, H pUC57-PKS Fl pUCS7-NRPS
540 SR BE BT I A CAE A BRI 223/ N TF 0.1, KM
AW BT L ) R LA AR I B AT RCR, B
SR Ct B 55 AR X I 5 e B8 % 85 22 (0] A R A iy 2k

906 -

AE103.

£ 93.906}

= 83.906+ //1
? 73.806f e

8 63.8061 /

¥, 53.806| ;
& 3806 =
= 33.806 / 2
4 23.8061 /

2 13.806f N
33806k  — .

510 15 20 25 30 35 40

w

P (1 553~580 nm)

15.703 -
14.703+
12.703+
11.7031
9.703F
8.703r
6.703F
5.703F
3.703F
2.703r
0.703f

;AL PKS BIWHREF4; 1. PKS-1; 2. PKS-2; N. [AM:XT AR
B. NRPS 5| #4454t 4H; 1. NRPS-2; 2. NRPS-1; N. B¢ HE
1 PKS il NRPS 5| ¥#4H 78 1 PCR P 455

Fig.1 Amplification results of fluorescence quantitative PCR of the
PKS and NRPS primers and probes

F2 WERNEE PCR KEFHR
Table 2 Reaction system of the dual fluorescence
quantitative PCR

ZH K RBUUL
Premix EX Taq™ (Probe qPCR) 10.0
PKS-1-F 0.6
PKS-1-R 0.6
PRS-1°P I LITE Sy 06
NRPS-2-F 10 pmol/L 0.4
NRPS-2-R 0.4
NRPS-2-P 0.4
ddH,0 3.0

FRE R (pUCS7-PKS+pUCS57-NRPS) 2.042.0
syl 20.0
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2.4 qPCRYFFHM

A3 BB R R B A = B L 4 DNA B
WAy 3, RE R EMERSHEbZ A ER
W TR R 38, (0 R A B A S S P
MLk (F 3), FaRZEREM, AHFFE T ST A AR 56 E Tt
PCR, X7 2 A 5 A CH PKS LK B NRPS %t
R SE B ST 1, AT SO TR R 0 P ik R
) S 2 T 3 o
2.5 qPCR 83t

10 WKEE K 35 REA HE 0 B A o i Y S MG DL AL
W E R G E R PCR 5 ¥ M AR A Y BR (limit of
detection, LOD), LR E R 3), HBEhikENR

A 40T
Y=-3.361X+38.16
r?=0.9994

TEFEL

0 L 1 1 1
0 2 4 6 8 10

JERE e X85/ (copies/uL)

10" copies/uL [, 10 YR\ PKS KH it 7 Ik, NRPS K46
WG MR S T ER T 107 copies/uL I, %05
e 10 RE L WEER L PKS Al NRPS bR FORL, #0i% 1A
Z%F pUC57-PKS F pUCS57-NRPS 33X T F kg v 5 it 14
LOD 4 1x10? copies/pL.
2.6 qPCREEM

T PSR4 RN, pUCST7-PKS LN S S R Bl
0.09%~0.55%(1&l 4A), #tIZER RN 0.23%~0.79%( &l
5A); pUCS57-NRPS LN 28 55 R R 0.07%~0.39%([E] 4B),
A AR 5 B2 BN 0.38%~0.98%(/& 5B), 3 KA ALK SLG 1)
RS T B B2 R, SRR AR S R O e i
PCR ik HA RIFHEE M

B 40,
Y=-3.304X+37.19
*=0.9994
30 |
séé
\% 20 F
10 |
0 . . . . ;
0 2 4 6 8 10

JERE I X85/ (copies/uL)

A, PKS FRifEii2k; B. NRPS Frifeii<k, & 3 A,
B2 WETEE R PCRARAERLZE

Fig.2 Standard curves of dual fluorescence quantitative PCR

>

90.253¢
‘e 82.253f1

m

66.2531 yd

58.253¢ P
50.253¢
42.253f /
34.2531
& 26.2531 /
X 182531 /

# 10.253f / 28
2.253 [

(W :465~510

S 742531 /

1
510 15 20
TEFEL

o]

m

76.2441
~ 69.244f /
g 62.244f y

55.244f
48.244f /
41.244f /
34.244f
X 27.2441 /

20.2447 /

3 132441
62441, F 28
~0.756[

1B (P #:533~580

TREREL

1 A, PKS LR HEHILR, B. NRPS JERPBEHHE; 1~6. P 3eti AN EZ A ITEMS010. j=2E #2578 NRRL3357, FrEMHER R CGMCC30124 ., il
I CGMCC3.4520, BHlFH CGMCC3.3927. #iRJJH@ F-21;7. 8.ddH,0.
B3 XWEZOLEE PCR FRF ISR
Fig.3 Specificity experiments of dual fluorescence quantitative PCR
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R3 WERNAEE PCR HRAMIE

Table 3 Sensitivity experiments of the dual fluorescence

quantitative PCR

et PRI e comfic so
(copies/puL)
1x10° 10/10 21.863 0.06
1x10* 10/10 25.243 0.15
pUC57-PKS 1x10° 10/10 28.738 0.24
1x10? 10/10 32.144 0.65
1x10" 3/10% / /
1x10° 10/10 21.285 0.1
1x10* 10/10 24.623 0.42
pUC57-NRPS 1x10° 10/10 28.038 0.17
1x10° 10/10 31.352 0.64
1x10" 9/10% / /

TE: *FR CUE/NT AT 35 WHE N BHE, AORRKL, frifi2s

(standard deviation, SD).

2.7 qPCR #&NLFriFERE A TEIMRRER

Ve w i R i 2 RO 9O E B PCR W PKS Sk
B J NRPS ZERY 3 Ct HY/NT 5T 35 MG HE N
BEPE, 80 143 SEBRAE b A4 45 2R R, 4R BUAYAF &b
DNA ¥ B¢, H R 5L R R A K F 35, v
S TR B R i TR R A HE 7 OTA B 3R 177 5 itk 2 it 5
B o X T READUA ) 42 4 e BE (1% 10'~1x10° spores/mL)
BEK . /NERKR GRS TR, I ESO e &
PCR JiiEHEATAIN, BE—FEahEAE 3 YOI Ct 1y
B BRI, AWFFE A W 9 E Tl A R
RARER EAR ., /NERKREHS DNA SRk 8T
e 110 spores/mL(F 4).

A 40 B 40
0.55% 0.39%
30k 0.31% 30F T 023%
& 0.09% & —
iy | |y 0.13%
ey 0.10% =y 0.07%
— f——
20 b~ 0.13% 20 |- 0.10%
(o<}
10 A L L A 10 A L AL A A
\ S S S S S S N S S
\+\ \+\ \+\ \+\ \+ \+\ \+\ \+\ \+\ \+
AR BE/(copies/uL) FL LR A/ (copies/uL)
TF: A. pUC57-PKS HE N E I 52505 B. pUCS7-NRPS HE N E I P25 .
4 XWEZHEE = PCR #HE N & P05
Fig.4 Batch-to-batch repeatability for dual qPCR
A 40 B 40
0.31% 0.38%
0.23%
30 .23% 30 0.50%
# 0.47% & "
o Q47 o 0.56%
o 0.47% &= 0.98%
S ——
20k 0.79% 20 = 0.51%
[ m—
10 L L L L 'l 10 1 L L A L
] g S 8 S 8 g S 8 S
\+\ \+\ \+\ \+\ \+\ \+\ \+\ \+\ \+\ \+\
AU B/ (copies/uL) L ERUR B /(copies/uL)

TE: A, pUCS7-PKS LI H 42 P 528 B. pUCS7-NRPS HEIAIH A2 4k 525
5 WEDHEE 7 PCR HE Al H &2 5050
Fig.5 Inter-batch repeatability for dual gPCR
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Table 4 Results of dual fluorescence quantitative PCR for artificial contaminated samples

AR/ ERS NEE KE

(spores/mL) PKS NRPS PKS NRPS PKS NRPS
1x10° 23.690 23.687 23.247 23.167 23.465 23.433
1x10* 27.306 27.257 27.506 27.323 27.310 27.373
1x10° 32.231 32.093 32.030 31.940 32.125 32.058
1x10° \’ \’ \ \' \' \'
1x10' \’ \’ \ \' \' \'

TE: VRN 3 RE AN S5 R Ce (/N TS5 T 35 I F1 BE, 5 0 e S B

3 i

ol & S T B L A DA R e R R
B, ARG 5 B R IR AT E A ATl A bn v, i A
TET S8 7 2 ELRFE I, Rl 45 RAR I T 2 A A e s
5, XFFEAEN R MR MA TR R, RN, 2%k
WO IR R B SR AR, AR TE AR L Rt
T ELISA MRl Fe AR, FFE R s i R
PR )R, TR0 R 7 3 LA 3 3R R R A s R IR R T A
H R S EG IR KUK . GEISEN 2530 Ff & B i 7 R,
B 1) B-tubudin F5 IR RS 18 5 11 25 R DA% i 25 8 L TR0k A 7
RO, 3205 0 S R SR B A, W TR I s
A U 38 3 AN 2

HF5 YA i3S R AL IR A PCR R, H
SN B R 488 1 3R T vk 2 A, R D A A X A AL,
TEFEJZTF P IR 2, BRI PCR ik B RA AN 7= 57 B R
B R AR, #lin PCR HkE . A FERYT
(loop-mediated isothermal amplification, LAMP)#: | 2% YGE
i PCR 1%, 2850457 (Y 227 PCR J7 % T AR A6
R R IUR, T IEILS AT AR, {H PCR RN
b BRI I R DK I AR BN AR X A, R UK A SRR A
T2 HIWT, AN T AR S R i Ay . Sy IR B
SE 1 LAMP 138 FH T3 P il 7= 2 F g %), R n;
M HAE 30 min NSERL, WAL PCR {XFIZEE PCR X
R A B, (A5 Pash A 22 | B PR XU R 7
ZEHSE PCR JILFERTJE, R rhom, Hpe R a4
Fit Ko wih DL RO ECE, i, sk ERPSIE S i 2 9Ok PCR
WRIZHM T EMERR LW, MG, FEMEIEEL 4
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