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ABSTRACT: Objective To establish an on-site rapid detection system for the risk of deoxynivalenol (DON)
contamination based on multienzyme isothermal rapid amplification (MIRA) technology. Methods Highly
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homologous sequences of 7ri toxin-producing gene clusters from the major DON-producing Fusarium species
(including Fusarium graminearum, Fusarium asiaticum, Fusarium pseudograminearum and Fusarium culmorum) in
China were obtained through gene sequence query and comparison by the National Centre for Biotechnology
Information (NCBI) of the United States of America. By designing specific fluorescent probes and screening primers,
a MIRA detection method for DON-producing Fusarium was established, and an on-site rapid detection system was
constructed by combining the rapid paper-based DNA extraction technique. Results The limit of detection of this assay
system was 1.95%10" copies/uL for plasmid templates and 15 fg/uL for genomic DNA. The results of 27 positive wheat
samples at the filling stage (spike) showed a highly significant correlation with those of the quantitative real-time
polymerase chain reaction (QPCR) method (#=0.820, P=0.000). When the MIRA detection threshold line was set at
the 43rd scan point (peak onset time of 7 min), the combined discrimination accuracy between high (DON>1000
pg/kg) and low (DON<1000 pg/kg) DON contamination risk for 89 wheat samples was 87.15%. Conclusion The
detection system demonstrates speed, economy, practicality, and portability in terms of reagents and instrumentation,
and is capable of effectively achieving the objective of rapid on-site detection. This will facilitate early warning of the
risk of DON contamination in wheat production in the field, thereby guiding interventions to prevent or minimise
losses.
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MR EE R, /N E PRI REREN AR R X
AR W) e R G X B FH D Res B %, FE 2T 6E
SEHYIFET . /NFZH DON V5 YeAE A BRI B P9 5l A7 7
HAFC A DON = AT R E RS9I HE & #F
(Fusarium graminearum species complex, FGSC). #i (4%t J]
(Fusarium culmorum) Fl 8 R & 4 J] W& (Fusarium
pseudograminearum)® ., H, FGSC f15 T 16 A~ H R E #i
NI R Gk B AP AR IR, LARAS Y I B (Fusarium
graminearum, F. graminearum) IR SN (Fusarium
asiaticum) N FEO HL, PEHIRSHRIIE . NG B .
A5 A2l 7T T VR (5 R T TR S e T /N DON s
HA) S

/N3 DON #R IR Y iRt 2 Fh 24, Hd
TeH LB TG g, YR 1o R KRR R0
TR L B AR IR AR, ESRI B AR, O
FE IR 5 & 7w U, A SRAS T B A Y O e 1
W, R R BUNE R TR BRI, R A E
FE, BUEN 40 DON WAY & B R E W) 12 0F
5%, RAEWA R R 15 SRR, 22T
Z VRPN L AR FE, BUHF TRI4 ., TRIS . TRIG . TRII0
TRII2. TRII3 FIFJREM TRI14, Horp TRIS 3L[H & DON 4=
WE B —2, BRI ZE 29 ) T DON &

P45 it A e e B A SR N 2 — 1L G g R,
/NFERERL R TRIS JEFPE DR DON B3R & IEA K,
ST R R IE NS DB 3 27 AR A PET L
T TRIS BRI R S SRR, an: SEi ot
R A 4% SN 45 R (quantitative real-time polymerase
chain reaction, qPCR)!"™, %7 PCR (digital PCR, dPCR)['®]
SECLTTZ N T DB AR U T AR, Gk XA B
AN I EESR B, FERTFES) . MbAb, HHIRIRE AR AR 0
i R, WEE S kAR AL, 7T RE S ORI 45 R AN
o Bk, mREEHE—F g e gy vk, DAE Rt i
/N2 7 DON Hi I TR 5 e AU, SREBCT- Tt ith, /)N
FZ R .

SRR 1 HOR R AL B IR AR, RERSTE R B
PR A QAR . & JEi, HRRIRA AT, IS
TR T AL IRY 1 X S AN B AR IR A B . X IR B
ARk . RS BAERR . TW AR NG A
M A, AW A Y TR [ = b X R B AG I0 52 37 FH  U™)
I SE TR B R B FE A B 40P 1 (strand displacement
amplification, SDA). JRIFY H(rolling circle amplification,
RCA). A SERY 3 (loop-mediated isothermal amplification,
LAMP) . # 21 i %R & B ¥ 34 (recombinase polymerase
amplification, RPA) . T 4 fif / F ¥ 1 (recombinase-aid
amplification, RAA) ., ZEERZIREY 1 (multienzyme
isothermal rapid amplification, MIRA)Z5["201 | Hidh LAMP
R A — A HLy 2R &, 2 B An iz
FRY AT —, MR CRFRERER, HIZFEF
TEBIPIBRET A 24 | B PR A vy | IS B 5 Al 5 2,
It L F HARFHE AR, LAMP 7 o = 56 AL A
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FIZ B, RPA, RAA Fl MIRA J& [l AR P2 Hor,
RPA HiJt[E TwistDx A&, WA & HALSE K,
e, B AR ME, T H 2 R, RAA il MIRA 240 [ p= 5
A, FEEXHNE T E AT RE R R R A 7 TR
Al MIRA #9800 T 40 BE g A ks 220
MIRA i ARITAE R & Bk, {KEE DNA AW H5E DNA
GG VM E AR PMNEE, SCBUPR SRy . 1%
FAR P51 Py far 5, A I 0] AR AR X ARG, 18 ] DIAR
P RAEA A ], HE0R R A, A A e T A Y
YRR s 2

XFE R, 55— SRR FE N 4] DNA g
0. 548 DNA $2BU7 Pl 7 T B 2Rk 4, X7ER B
T EMELLSE B SR, T AR AL A P DNA IR0 vk
15380 DNA $REALN AT fEPS 21, st )5 0] LK Z
IR RL R 2 B VORI SE I 4] DNA, I B4 77 SR A
o SRT, X 2y B4R I A ML DNA Al RE A A — 85T
Py 38 SN ALy o L, TETERE DNA REUFIAR, 0T
RIS R LY W R G

AT MIRA Rl £ AR F DNA 4UL4lifb AR,
AL T —EE A TGN AR DON 5 G XU P s i 2
G5, ZARGARERE, AR, KSR ENS I, G
T AR R B A 7 RO AR B A T A T SR, A B L
DON 75 e AR L T, AT e BBt 700, L &0kt
g A, ARFIEIE K™ DON 1115 Y & A AL J
JRE RS W R 2R RIS SR A TR SRR, B AL R
R/ DON 75 YL HUmA R

1 MR5REE

1.1 MRE5ERF
FAPEREfR: RS . WIS (F asiaticum)

R 23 % J) B (F. pseudograminearum) . ¥5 0% J] 5 (F.
culmorum); FAYEGERE: HUECH R ITE (F. verticillioides) .
CHRIIE(F fujikuroi). 28k JIE (F proliferatum). KK
IV (E equiseti). =R ITTH(F tricinctum) . R75%E ]
W (F oxysporum). R (Acremonium sp). HA AL i
(Acremonium alternatum) . ¥ M %5 (Aspergillus flavus, A.
flavus), BHTEEA. niger). Z2EOHIEE(A. versicolor). Fu[lf}
W ke P i B (A amstelodami) . 3 BE ) 5F (Alternaria
alternata) . %% ¥ {0 % (Alternaria tenuissima) . & IR #
¥ B 5 W (Chaetomium

globosum) . 15 JK 75 B (Penicillium aurantiogriseum) . PR

(Talaromyces  assiutensis) .

% (Penicillium Chrysogenum) . 4 K & % (Penicillium
aurantiogriseum), VA I TRAR YY) Ry AR ST IG5 4y B8 M8 0 AR
T RNV REN . £ VY LR N . Tween 2043 B4k,
[ 24 3L A AL 2 A AT B #]); Tris-HCIA 992, 2 T A4
CARRCE) A A BRA A, e- R ER(EM R, LT

YR R F]); DNA B IR PGE Y 5 & (6T,
DL R AR YR AT IR F]); IXYM-0510 BFES4S( 1
TR R S R A BRA A .
1.2 UE5EF

Tissue-prp-01 A LH ZUAH ML AL (TR 5 S0l &
A7 BRZA #1); AmpliFire ™ #5 2H IR 2EAG ML (GE [ Agdia 2y
F]); CFX96 Touch SLATZEE it PCR X (3£ [F BIO-RAD 2+
r]); UltiMate 3000 P A1 (2135 { . Q-Exactive VUM AT/#fHL
Yt E B 0 S (3E [E Thermo Fisher Scientific 23 H])o
1.3 ZWFE
13.1 #HeRELHaiam

RAEFEAE R, TR . 8. L. VLS
INFE 7 IR B R SR A S, /N2 SR AR (B
TVRESS, B RAE SR 2 & 3 B, 4 M HpEYL >
BOREE 50 N, E/NZ ORI REFFRDORE R, 1%
FERZEE S AP, BRTHOREE 500 g £ 1000 g /NEZHT
B, S IYRERIR A AR, BUS00 g 2 1000 g B, T
BRI
1.3.2 # 4 DNA # 1

T ZOU ZEPOHEHE G ATIE DNA P LRI 2L
S 2 FT A TE & AR £ LT DNA PRk = i e 2 B—SLS
WEEREBY, MEATRES, DNA 25 HAAEREL RN T

INETERRS: AR bR E 10 AT, AR
T2 T E AL 3 Aha, O B A 1.2 mL
SR 2% T R NE R AN . 20 mmol/L Z DU 2,1
—#l. 50 mmol/L Tris-HCI, 1 mol/L NaCl, 20 mmol/L e-
RHER), HHE 75T U A5 Rmrh, B
AEER 2 K, R 30, [EIFE 120 s; # DNA W FFF4RRLR A
FEA BRI D, (REF 15 s; FBAUEEEEF 200 pL ik
Wi (10 mmol/L Tris-HC1. 0.1% Tween 20)/4 5.0 h, 743
10 s; SRV, BARERLRS 254 50 pL TE 2209 (10 mmol/L
Tris-HCI, 1 mmol/L Z, &V Z.BR — 41, pH=8.0)1 &.00 &
RS s JREUE

SERAE A FREX 100 mg 22 B0HEAT, A 1 mL 2
R, LR ERAE A TR /N A R A T
1.3.3  FlMdRAT R BARE R

1 32 5 [F & A4 ) i R {5 8 .0 (National Center for
Biotechnology Information, NCBI)J& R 58 5 K6 R R 4%
BROJUE . WMERIITE . IROR AR R AN T Tri
FEEEIE AR T A, 23T SR L X 0k 4 2R 1 H (basic
local alignment search tool, BLAST) X}, fiivk i 4 & Fh
s B RNE R A, FF DA SEAR T R AN S [ . i 1
FER, BREML S 4 MBS 25 34 (A IERR 0oL A
(FAM), 53 35 (i Bgi AR ic PO & Wk 5% 55 (dSpacer), 5% 36 fif
BRRE AR 10 K L 1 (BHQU), 3" 3 46 i 4 141 & A (Spacer
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C3)o FESREMAY B FHE BT T 11 KIEMBI 8 &I
MBI BT B RGEE Bt A T A TR R A
FRA FIA
EEXTREARIF AN S ), #E1T PCRAH, [l

A K HTE e 2 pUCST BiAb . R, Kb ik &=
KIGHTFTE DHSa JE&AZ A0 M b 4T FERE 35, @ Bk ot
T PH P B O B TR 4L O o MR R TR R L DAL,
T8 AR 0L/ (copies/pl)=6.02x10%x Jfi ki ¥
(ng/pL)x10”°/(JFA7 B 3L H <660 Da).

TAC"ITCTFGAGAGQQATACCCTTCTGTFGTGCCTCGATCCATCGC

TCAGGCTTGAACT % T’ ?CGGGCTCGGGGAA | TCTTGGGATC

GGTGTGCATGAAATAGGTGGACTGAGAAATGGGAGTCTGTGAC
AATTGTTAGTACGCATAGATATAGAGAGATAGAAAATAAACCTA
CTCCTTTAGGGATGACATGCTCCTTGTACTTCAAGTTCTCCTGA

GTAGCCACACGTCCCGAGCGAGAAAT
O BE NI (FAM) J POEEIRFRIE (dSpacer)
@ KA (BHQL) O HHAI3LH] (C3-Spacer)
1 P=DONE I EMIR AR EREL 751 S AB IR 5 e

Fig.1 Schematic diagram of MIRA detection probe sequences and
modification sites of DON-producing Fusarium

1.3.4 S8R MIRA ¥ 3% 5] 4 % &

DAARAIITE . WIS B | R A4l ] B A0 ¥ (o gk
JITH A BRBAPE AR DNA R G IRV M, 1 58 [ —
FAEMBIY, 50T 8 SR g | MR BEA TG . JE i
LR IR R 0] L S B AR i 1 e L Y B 1)
519, E, BEZER B, 455 11 ZERSIY
PBEXF 438, AR A 7] A4 b 1 07 228 ) e AR E 1 514

K DNA fH R POl Y 350 £ (9 e R T S0 A
Z: H, ¥ 29.4 uL 1Y Abuffer, 10 pmol/L 4 1E [ Al % i1
51904 2 puL. 10 pmol/L M¥R%EF 0.6 pL, LI 11.5 pL i)
ddH,O IR AHS), RIFHBEG TS D, L FEiE s

BLOAS, TRIREEN SRS, 6000 r/min B0 5 s, FHAMR
‘:«
, )
b“{ . : _",
~ P*DON#E 7]
Sell]
1600
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[} ] /min

SR BRI AN SO R, B L pL ¥ DNA i, fi
JEERINAS T FIA 125 uL (4 B buffer, BiEIRS) 5
K, 6000 r/min &0 5 s, WSS E T AmpliFire fH IR 1L
B, 7E 42 °C FI%E 20 min, HSZEHREE FAM 99615 S1E.
1.3.5 HFFHEie

S BIARA R IIT . IR B BRI B . B
SX AN VLT AL 2ix JANINI=hit JAN: IV N
VAR JITR . —ERBRJITA . RIS . BT A AT
. whE: . Rihar . ZeEihd . PTEHiRErHihEE . sCRE
R . BEARAEE . WO . BRBICH . WKER. RS
. ARETIL 23 BRIEM DNA MR, R T #ise
556 MIRA §7 38 1A SR UEA TR, 36 UE% 7 vk B etk
13.6 FHFEHN

JEORLASIN R AU K ARAE ORI AT 10 A5H0 EE R
B, (U BEEEFIZE 3.9%10°~3.9x10° copies/pL Z i, [FIEHF
3.9x10" copies/uL MUHSEVEAT 2 f5MERERR IR, H EWEE A
F| 1.95%10" copies/uL. LiXSeik B i) R A1 R ASiA, ffi FH
TCRRGE KA R BT IR, BEA TSR 20 MIRA 473, LI
Sy BT T BRI R A

FEDRIZH DNA A RGO 4 PO DNA IR S GH
1710 FERERERGRE, TR FIE 1.2x10°~1.2x10° fg/uL
ZIal, [IEEEE 1.2x10% fg/ul A9 B BE HEF T 2 R0 BE R %,
AR R A 15 fo/ul. LUXEEURER) DNA 1E AR,
it PG R RGEAK A Ry B X B8, 47520 2¢ 6 MIRA 473,
ST ARG R AR
1.3.7 EFEAF&AN

DL/ ()RR AR 1) DNA SHBERR, 4351%
BT B SR MIRA § Ak (B 2) RS2 5622 S i
AT P SEET O E B PCR AL A TAG N ), X /A
WOHRHA CFPRLRE S B2 R A, #I8 LS/T 6133—2018 (AR
MR FEAYP 16 FhEEHRMIME WA CAE- B
g ) IERVEER AT

—
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Fig.2 Schematic diagram of field wheat samples testing
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1.4 HiEALE

K FSERTDEOE MIRA 338 325 X6 AN ) v J3E (40 o o
5 DNA EE R 3 ¥k, i Origin 2018 BT 5
MryErE, [l Bs il PR A 4 2R 96 MIRA &5 qPCR 6]
L5 E1T Pearson AHICHEAMT, TS

2 GFRE5SH

2.1 S|4iFikLs

AFBIYISERT 5656 MIRA § 45 5 (8 3)ER, K
ZHE1 Y ReY S B MR g me i 2k, bR 151 A
b, R4 MOAZIERS MR, HEEOME 5B IR iR
iR, B, R4 9 e iR 1518, 15189, F9 1
AL T ] B R, ATHASE (S S iR, BAAILR G SRk ES
T F5, (BLEE M EHIA FO N E1m 519, %, AT
Fr U™ DON HJTT 5 | & FO/R4 §HE4R1G 1 3L Fr
Bt R/NA 87 bp(FE 1)
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Fig.3 MIRA primer screening of real-time fluorescent

1 MIRA &5 |9RSt R A ERFT
Table 1 MIRA amplification primer,
probes, and fragment sequences

i K 9(s-3) R
bp
CTGTTGTGCCTCGATCCATCGC
MIRA-Fus-F9 TCAGGCTTGAACT 33
CAGTCCACCTATTTCATGCACA
MIRA-Fus-R4 CCGATCCCAAGA 34
GTTGTGCCTCGATCCATCGCTCA
GGCTTGAACT
MIRA-Fus-Pro (& AMdT/idSp/iBHQ1dT/CGGGCT !
CGGGGAAA/C3-Spacer
CTGTTGTGCCTCGATCCATCGCTCA
gupegr GGCTTGAACTTTTCGGGCTCGGGGA o
. AATTCTTGGGATCGGTGTGCATGA
AATAGGTGGACTG

22 HRMEIELSR

KBTS 9 MIRA P8 R %40 B 4 [
AR BRI A 23 RACRBEFIES T 3 S0, 4550 (5 4)
TR, 4 RRBHPE ARSI B T A R, m A bR R
AR Y 3, RUNZS AR B R0k
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" »
0 psetl et

1 1 1 1 1 1
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[+ 8] /min

K4 SISEEMIRARE SR TEY HE 255
Fig.4 Results of the specificity validation of the real-time
fluorescence MIRA assay

23 REEKRMER

SERTEE MIRA 4B A 22 XA [l B 1) ook A R A4 7
K, 4nfal 5, G5 R H BRI AT 15 1.95%10" copies/uL,
P[RR DNA S A, 46 HH FREAIR AT A 15 fg/uL,
LIANG ZEU35f5t 3 ok i R 45 8 70 1 2 7. 1 003t 3 e 46
EAHAER GRS 2, KBRS 20 fe/ul, 4%
TIF5T ST AR 2 R U o v — 2
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A s T390 Sopett S KUK (19 MBEAR), ¥ DON<1000 pg/kg HICHE /N
1800 -1@53—6 _y:m.0141x+7.4494f%igi}giﬁ‘é‘siiiﬁ ERE mﬁﬂﬁ%ﬂ[ﬁﬁﬂﬁ?(t 70 /l\ﬁ*z'—‘) BIE. SR
§.£4 ) 1 [2]8] A WA N BT,

ool £ 5 L IRl MIRA 6 W 1 0 M 5, 524 £ 10
ool oy B LERMEL, Bk AR BELE . 40 BT S5 5 . R IR i B
ool 8 7 0 9] 125 D B R A B 47 7E 22 5, 24
£ 1000l MIRA ) B {ELZCBEE 43 IF(<43 Do KUK, >43 IR
Sl i ), 5 SRR B 235 ) 100%, FLE5 A 150 B

% 5, ik 87.15%.
600 £ MIRA Kol 2 (0B 15 qPCR 1 Ct fEAT H, 75 bk
Al B P ek, HEBFFEAT MIRA § 818 S50 4 0F F 4T
wp L LSS F, SR U 28R R AR T, B A MR R it e
AP N, 55 B R . B R RO 2, (A

12345678 91011121314151617181920
s} 8] /min

Y=-0.1054X+8.7667
~ 7=0.998
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.\\

™~

B 1800
1600 |

NOA O 0
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=)

0 200 400 600 o
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1000 [y 2x10* fg/ur
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600 [—>—3.0x10! fg/uL

—e—1.5x10" fg/yL,

400

1200

AR DN

200

0 2l " et N |
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Fig.5 Sensitivity validation results of real-time fluorescence
MIRA assay

24 EPREEmENLER

J T BTS04, RIE AmpliFire IR 83T
AIR (10 s/K), HF MIRA X /)N F2 5 GRS VR G g i
Dg FsF (B 96 B0 R 0 s BREL (S S 20 min Rl 2o 2 3R
121 NS B{E) . Pearson AHSEHEA TR BR(A 6),
MIRA 5 qPCR PHF Iy X /1N 22 Tl 2 1A (R )i ot P s
25 A R 2 A A DG (7=0.820, P=0.000),

JT AN MIRA AL X6 /N 22 E 2 3 (R0 T ke
D45 5 T R 3DCIR S5 /N 22 FFR DON 15 4 JRURS: ) 15 1 4%
(F2), Bk, @B AR MIRA AELAE T 75 31,
KFIZAGIE A FE 555 5 DON 75 5L R4, /NF i
TAE A AE AT Ak DON S YL XU 41; SR U5, MRk E
GB 2761—2017 { T dh &4 F AR ME &5 h IR
i) BHLE, K DON>1000 pg/kg MR EA/INZ R il X 43

[ AR S b, Rk, 8 E #IE MIRA N 06 5
4 min NECH RS IEATIRS), DMEERE R, BT
MIRA S galhil, AIAE =R T B IF iR, UL EAE A
DY B GRE T 6F ARLF TB) A 5 R ), s o AR B 4
HIRESR L L, BLAh, EAMIFIE R, KON AR
/NES L AT DU R A SR, IR A A . A E
ZF, qPCR FEAB S A F AT (AU G ARV . 3B A AE i),
BEAMEFR A RV BB REAS B S AR A), L Ct (AR
WEEFIXTE N

H AT #E 7 B MIRA A0 R 4o 5t F /N2 DON TG e 254
) TR R B B U 87.15%, X FE & T 77 DON %t JJ
BRI PE /N2 A K U ) 139 2 i 356 B0 52 22l B3R 0 5 ) (40 R
R, RSP, HILE R S s b, T A
XS AH S R PR, g T BN 5T S A0 WU AR R, DLk —
AR U AR R . S — 7T, T ARSI IL AR DNA
KRB ¥, $25 DNA AYSRBUHCR A TR, LI H &
SEIH R %

457

40T y0.4438X418.307

r?=0.672

35

30 |

gPCR

25

20

20 25 30 35 40

Fl6  MIRA5qPCRXT/INAZHE S A (R B i
e 5 RAR S S BT
Fig.6 Correlation analysis of MIRA and qPCR for detection of
wheat samples at the filling stage (spike)
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R2 NEERHFES)MS MIRA #50 DON ;53 XU FI 5]
Table 2 Risk discrimination of DON contamination by MIRA test in wheat samples at the filling stage (spike)

IXUa &1 43 [ £
WER K R 27 Bl MR
43 34 32 25
FE B 19
= XU R
FE 86.96 A i 50 o 19 18 16 14
(DON>1000 pg/kg)
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