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ABSTRACT: Objective  To achieve rapid and non-destructive determination of aflatoxin B; (AFB;) content in
Triticum aestivum L. kernels by establishing a quantitative prediction model based on near-infrared spectroscopy
technology. Methods The reflectance spectra of Triticum aestivum L. samples in the wavelength range of 900—1700 nm

were collected, and the AFB; content in Triticum aestivum L. was determined by high performance liquid
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chromatography. The raw spectral data of the Triticum aestivum L. samples were subjected to preprocessing, and the
feature wavelengths were extracted in order to establish a prediction model. A model for predicting the AFB; content
was developed using a back propagation neural network (BPNN), random forest (RF), and support vector machine
(SVM), the results of this model were compared with those of a full-wavelength modelling approach. Results The
SVM model constructed following the application of multiplicative scatter correction (MSC) and competitive
adaptive reweighted sampling (CARS) processing demonstrates superior performance compared to the other models
and the full-band modelling model. Conclusion  The combination of the CARS algorithm and the
MSC-CARS-SVM model allows for the rapid and non-destructive detection of AFB, content. The feasibility of using
near-infrared spectroscopy for quantitative analysis of AFB; content has been demonstrated, and this approach can be

employed to assess the quality of Triticum aestivum L. during storage.

KEY WORDS: near-infrared spectroscopy technology; aflatoxin Bj; quantitative analysis; non-destructive testing;

Triticum aestivum L.
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INEE R E SRR AR 22—, e E RO SR,
X ER MR E A K BAEEZW ., NSRRI &
R &G KE E A, BTHEARRME, Yein
B AU R R e A AR A, 45 5 7 B R e TR AR,
T BT, AR AR ENEREAER, B, 5
M osE i 259 % B, (aflatoxin By, AFBy), MMi#IEH
DUJAT 68 7 A= 5 4025 T ik ) D S B (deoxynivalenol, DON)AI
T K ARBEM ] (zearalenone, ZEN)Z 4, Hovp i il 25 (i
Y1 AFB, JE XA QU™ 9 vh a5 M R R 0T 2 Bom i H
A A S B A E D AFB, (75 Ykt A fg
FRAI A T AR . 172 EZK O RBU™ M1 ME, DLl iR
B AFB, W& A, B ARIE X B g KU . #% R GB
2761—2017 B il A bR B0 ih P FLR B R BR ) ML
FE, AFB, WMREMLFMLT 10 pg/ke, SR, BCE BN
AR, HHE /N AFB, B LT 5 pe/kg.

i, FHTR AFB, 5 IR kR R | ik he
AR FNIE T G028 I R 4 43 F- 10 0100 RV o 3 o A 3 12
FLAT AR R A VR 3 RORG 8 B, (ARG 0 B R R BN RT3
BAS TR | IR AN R A BAS IS F T D v Y A AS DU
S EOIGATH R BNE  AFB, T5 YR I HE G
R B T 3K, 18 U B — i T A % YR R AR N
AFB, 75 4IRAL .

HHl, ¥2L4M6iE (near-infrared spectroscopy, NIRS)
N E=D oy 2R D W=D 4 7 AL 5 oy L Rl E 53
A E R AR H AR AR T S E H AR T T
B AR AT 20T NIR'S 6305 A F1) FH A [l 4k 4 4
Fl iz 3h B 45 B A B85, 25 0G0 00 B KA
780~2526 nm 3t FEl A I, NIRS Xof 3 i W i 245 i A ] 21
XA 0 4 5T P A 2= S A, AT LASE S W O A S T
A BRI ASRHNWT, 10 77 D0 4 5T r 45 140 6 /N U E A

W AT f 5 JBE S g P21 fE NIRS iR Hr, FRIINEE A AT
BETARER, T FLAGIIFER R . g5 HMER . R,
I, NIRS T8 72 1 F B A i rh BT 24 /N A e A
Wy ke A 227, B o N AR 2377 AR RRAE I, X SERRAE
WA 1 5 X6 R R 06 15 B L S Y
NIRS Hil & 15 B E K BAREIUAR, B LRI
RUE B IR SRR LA RS R R A 1 22 G T
o YR, AT OO €35 20 5E AN A A Y
AFB {H, 4 RAE 1 NIRS 15 5454 S 0] 1449 1 22 19 45 (back
propagation neural network, BPNN) . B #/l # #K (random
forest, RF)FI3Z 5] & #Hl(support vector machine, SVM)Xf
JETEE B A A AT A, T, — ik, PRl
TEAR/INZE T AFB, & BEAREOAR, DU /NAE AFB, 155
WM A5 NIRS FR e ok e & iy 15T 5 I & 4 it
HARMIE G IES 2%, R R W B R £
Pttt ERE . TCIEAR T

1 MR5ERZE

1.1 RS

ANFZ T R R

AFB, Frifdh (46 =97.0%, Jbat B EIE R A R
F); HEE. ZH5(Ekat, f5E Merck ARl =& H be(dlif
=99.0%) . LFR(ELE =99.5%)(E 254 {228 BR A7),
TR, I rORA AR A R A D)
1.2 UFE5E%

S6000 A5 R 3L (b B AR RH R A FR A F);
NIRQUEST+1.7-100 L AN GRS (_F 1 B i Y6 AR AT
FRZSHD); TG-16E A}k & 2B DML AR @t AR % ik
PRFSE B BN 7)), DHP-9032T A b3 346 ( B ifF—1aFt
ZANRSH PR/ ); BSA124S-CW K F-(H5EE 0.0001 g, 72 [
Sartorius 23 ).
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1.3 XWIE
13.1 #H&FHERETEFR

PGS EE A T 2219 LR R0 2RI Bl % R 2t
I b, 7F 28 °CFRE3% 3 d e e A Hoin A JG B /K il & il
TR, KA TR O R N 10° CFU/mL.
132 REFHEAT LR EHFDHE

B 400 g /NZAREFR AR, FERE b R BHl— 20
WIZKIFRAT, A 20 mL F R J5 AF BIR IR S, 7 28 °C
BRI, WEERAN 2. 4. 6. 8d, KIS g
TFYREA (10 D) I3 B S g A5 Yert 5 (S ) F 5= LA
T R s S B F-18 °CIR TR .
1.3.3 NIRS REAH

TE SR T 8] NIRQUEST+1.7-100 3T £T 4GB
SREEREARTE 900~1700 nm 3 FE N AEIEEHE (& 1), h 128
AR . BRI 100 R EFEIIME, FLraE
910 ms, S HER Ny 5.88 nm, f5MELE A 13000:1,

P 1 NIRS R
Fig.1 Sample collection by NIRS
134 FEEHFWEHFLAKR DX AFB, 220 T
%7 GB 5009.22—2016 { &L EERmME &P
HHHER R B A G RAIIE ) H 0 = S50 A 658 -4 wi
Ak,

1.4 HBEEIGE

BPNN & — X il {1 ) 2% 25y, o4 3 22 Al
AFHLIRE S, EEEMEAJR . FRURZE Ak 2,
A JE ST AR REORUZ T IR A2 S T 45 1Y
SEMALTERFAE; i 2 00 A s 24 1) R i 45 R0
FE BPNN A iy A 2o 1 1) £ i B A2 37 i i £,
7T 22 DU 7 i) A% 2o 8 v W 1 2 A% Il A=, i
il RASEAILRD, 0 265 AT DL ok i A B A R R A, e Ak 2
Fy, Wb iR 2%, BPNN BERE) 12 W T2 2 0L, nordk .
[0, A o 5 a4 0,

RF R T ) AR R pLaR 7 S Bk, il
ey A A 7 DR SRR AT PN, AR PSR I ok
FEHRAE FHAFAEFIREA O BEHL T4, R BEHLIEA (U 5 1
BRI A, A R T AR Z [ A OGP, A
M FEAR T LA BB S RF REGSE o 2 B A9 1 5241

il BF BB A A B T, AbH R W AL | IR 4R
RESAEIR AT S5, AR v e . RS
RE T HER P A5 R 7 RRAT 5 0%, (FOR B Z%
Ao R T AR R A PSR, X P ECHAE T AR
BONYETE, RF MUIZRANTI0N G e 2 e, U R A Rt it
BORIN, AT RESIHFER 2 O TH R BRI 0] .

SVM B—Fi A THritaa I B M~ ik, |-
T eI A O SR 3 e sl — A
ST, R AN T 2853 (9 KO 50 0T, AT R R 2 2 A
PERE YL, SVM A (SR F-  BE G5 1E 8 b 4l 23 Ko,
s 3 o A R A Y- T S B R R AR i (B S R ) 2
[EFF Tl R, AT S B R A 43 ISR SVML BB TE g 2
FEAEZS () rp AT A R0 2, BV A 50 b A 1 M P S
{ER, WREARFFRLFRITERE . AW IR 2 4(BPNN
BRRIZH,. RFBRSH, SVM BRI S 40 L3R 1~3.

# 1 BPNNREISH
Table 1 Model parameters of BPNN

W28 S50 28 WS
WMARE HHE B = T
iz Mz REE s W o 2]
JokE JuBE JUHCE
57 1 1 5 1000 10  0.01
#*2 RFEHESH
Table 2 Model parameters of RF
R R e B Ak FS L
wHWECE BT R MARER  Hh BARER
100 5 36 1
*3 SVMEHESH
Table 3 Model parameters of SVM
LRI S5 H S5 PSS
A 1) i R B A ity
S T Ny AR Ry .
i s E ey A
4.0 0.8 0.01 15 1

1.5 BUEAIE

PL 45 3 R[R] AFB, & 510 /NFERE i S 57 TR0 AR
FIR RS, BRHAEGRTE NIRS {UE 3 REBCEIEAE N R
TROGIEEE, X E AT B AT AL I, A bR UE RS
A% 4k, (standard normal variate, SNV) . £ JC & 8 % IF
(multiplicative scatter correction, MSC) . — i 5 % (first
derivative, FD)fIZ H.0»k(mean detrending, MD), fifi 1445
e P (successive projections algorithm, SPA)LAK 5w 4k
H 3E B INAY 534 (competitive adaptive reweighted sampling,
CARS)FEATRHE I 1 A FREL, AT LG58 23 BT (905 8 1k
JREE, MIA RO G B i i 2 B, IF R S A a s Y
B WL T SRR A SR U AORE S R 723 19 L A1)
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BERLIN 73 R 2R e Fnili 4R, 4350857 BPNN, RF, SVM
[l TR, I 5 4k B g kA T AL

oo NIRS i &b # . R AE i < B8 HCRT 2 B A
MATLABR2023a 147, % K7€ MATLABR2023a #
Origin 2024b A7 .
1.6 1REIENIERR

AFB, & B IR ST J5, FH YR8 A4 i e
& Z 3K (determination coefficient, R?). 3475 1% 2% (root
mean square error, RMSE). -4 X} 1% 22 (mean absolute
error, MAE)F15% 2= 1l illl i 2= (relative percent difference,
RPD)Xt i A5 Y (4 T30 1 RE EA T 455 5 DA o R A ek i
1 AFB, .52 {H 58I BT 25 BUNAE =22 6] i AH G, (ki
T 1 R IZ ALY L5 28CR B RMSE 4 Jir i AFB,
LA B 22 18] 9 22 5, MAE # 8:FTll AFB, ELS2{H
55 00N AH 22 8] 22 S5 (P 34 K0S, T 3 (B /), AR Y T
M AR, REHN, RPD £ MR ZE MY T AFB,
LS AR S 9 HME, RPD<1.4, WAk T f A5 0 A 1] g
1.4<RPD<2.0, AN T BRI AT 5 RPD>2.0, A He
Bom vl FEPE, REUEF TR AT . AN BR RS A K
(D~(@) 7R

n ~
Y-y
R=1-=L (1
>y -y)?
i=1
L ~ 5
RMSE= E;(yi -Y) )
MAE=2 |y 3| 3)
i=1
RPD= SD 4
RMSE

A,y ROREE | N NEREARR AFB, HSUH, 9 FRE
A/NEREAK) AFB, BUUME, Y FRESEHIF-H{H, SD
TR HAHE Y, BIFMEZ, n WA REARL

2 HERE5HH

2.1 /IEHSEF AFB HESENE

R R RO AH T DU 8 A5 3 40 75 YA i 1Y AFB,
B AL AR A SE RN 2 FR, 5 RIS ek i
0 pg/kgo FERCRF IS B A HY FR (method  detection
limit, MDL)# 15.82 pg/kg, V544tEah AFB, G4 T
MDL. MK 2 sl . B TE H, BEE R IR KE0E
I, /NZE AFB, & IR, A BUHRCR .

2.2 JRIAIES R
WCARBIRE AL A AR OETE AN 3a P, TR EIE R

WIFER, & ITLLAMEIRE AR B /INE P I ST B, 13
190 1 25%~75%
T Bl 128.28
1201 — sk [
0 = MME
& 1001 96.71
= 89.69 :
> 80F B
&
€2 60+ 59.65
a 48.42 l 46.10
< 40t '
36.24
20 18.71
0 L 1 1 L
2 4 6 8
Breni e/

K2 ARIEFRRE/NE PR AFB, 74
Fig.2 AFB;content in Triticum aestivum L. at different
days of incubation

FEMEFE Z2 | AT I HIEZ AR ) R AR 5
B JELR IS R AT T AL, REAS Fo BRI AL RS,
SR B AR E, I 3b B, MBS A 3¢ HRF-350%
TEERENS A, KRR AR AR A WO B R TR AR Rk
Wil B AR AR B IR, R R . AR AR N1
B 2 AT B R 20 . OR TR AR R, BT
WA, B RN A S TR B B R A, X R AR AT R
T C-H. N-H. O-H b £ 5 i 75 1k, M5 e rER
J T BRI B 22 R, SRR X b B A T X W Ak
P BB A T AL B
23 RIEMAIBFES R

JeiZ MSC. SNV, MD, FD AbH5E 45 R nE 4
Fim, AR R gt AL PR GRS B, 4 MSC. SNV,
MD. FD ZbFREIEiE(E B AFB, &8 454, @57 BPNN,
RF.SVM [l TR, 4554038 4 s i3k 4 "IAL, 6
RERHE 453 MSC 4 F1J5, 76 BPNN . RF il SVM #E R
REIT i, I EAR T A AL B vk A R A SR AR A
HoAh 52 an SNV FI MD BRI 2R LRI R 47, (HAEM
A EAZALRE AR AL, FD RUPEREI B 38422 . N Ibidk
MSC B IERAR AT R SR 5% .
2.4 FIEFHERAKRIIREY

REAE BRI E 2 DR G S 1 B0 Hh i i B
BERRIE, DA A RIS 4k B2, DA T 2 T A5 7
PEREFIAA AR RE J1 o ASBIF I 8 FH LA T B FD 7 i 43 3 % 22 MSC
AP PG REE BT RS-
24.1 SPARRZFR

SPA RIUAE AL UNEL 5 R, M Savl& i, Bl 28 &
g, RMSE 2 NREfa%, AARRE 0 3 15 Z I R
R, AFEHCN 15 B R/NRMSE=27.9091), £ 15 Z
JERAT VR, ULAASREOK T 15 B, RMSE 284k o .22
S, B ZOBEH 15 N8 AR [ E BOMA AL 9 3T o SRR
FRAEP R AE A B 4 A 16 B an &l 5b FITR .
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Fig.3 Spectral curves of Triticumaestivum L. samples
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Fig.4 Results of spectral pre-processing of Triticum aestivum L. samples
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Table 4 Statistical results of 3 kinds of models with different preprocessing methods
plIEERS M4
TR ik
R RMSE MAE RPD R RMSE MAE RPD
¥ 0.6066 19.8077 14.3703 1.6207 0.1159 29.4942 21.9066 1.1037
MSC 0.7827 15.4047 10.0418 2.1807 0.3407 23.2480 19.6825 1.2781
BPNN SNV 0.7162 16.4689 11.3797 1.9080 0.2311 29.2436 19.9858 1.1835
MD 0.7654 14.7944 6.6103 2.0989 0.1405 30.0240 25.8817 1.1194
FD 0.5978 19.2963 10.3953 1.6029 0.1498 31.4603 23.9068 1.1254
¥ 0.6384 18.0416 12.5366 1.6904 0.2420 30.6508 24.4341 1.1919
MSC 0.7451 15.2823 11.7977 2.0134 0.4187 22.0455 19.0727 1.3611
RF SNV 0.8208 14.1392 11.2590 2.4011 0.2212 242081 19.1020 1.1759
MD 0.8097 13.8763 10.6132 2.3302 0.2215 26.7742 21.1363 1.1761
FD 0.7573 15.1620 10.9401 2.0634 0.1825 29.3754 24.4149 1.1477
¥ 0.9180 9.3103 2.8784 3.5505 0.1158 28.0837 17.8915 1.1036
MSC 0.9986 1.2601 1.2467 27.1807 0.48583 19.2709 15.8376 1.4472
SVM SNV 0.9984 1.2588 1.2467 25.1120 0.1909 29.1010 22.5854 1.1537
MD 0.9983 1.2373 1.2168 24.9824 0.2104 30.0901 27.6135 1.1678
FD 0.9980 1.2567 1.2414 22.8174 0.0265 37.7159 33.3029 1.0518
a  EAMRHER S b 60 RS
0T o P o WA
50
45 |
S 40 F
”é 40 |+ Sl
—+
I~ IR
35 | X 30 ;
30 + 20 +
25 1 1 1 1 1 1 iy 10 i 1 1 1 1 1 1 ]
0 2 4 6 8 10 12 14 16 900 1000 1100 1200 1300 1400 1500 1600 1700
HELY B A e B A AR EL
T a BAEENASRE: 15 (RMSE=27.9091); b. 3&7E BUFAESK .

5

SPA fiii i 4%

Fig.5 Screening results of SPA

24.2 CARS ##BZR

CARS Fii BERHIE B ZE R MNIE 6 firs. MK 6a FillE]
6b AILUE M, BT AR, AR R Wb, [l
¥ 07 R A2 X 86 UF iR 22 (root mean square error of
cross-validation, RMSECV)tH7EFE(K. RMSECV J&38 5
HEP A SCHEFE AR, RMSECV {H/N, FORBEIUNT AR M A
TR0 e T Bk . AR IR EA B 16 B, RMSECV B %2 5
fiXfH 6.4416, UILJ5 RMSECV JF a8 F 7, X RIS
BRI T AR E R . I 6c ATH, mZAEHE 36 1
FRIER R . BEBR MR RAE R BB A ME N E 6d
R

2.5 FRFFIERKIEBREZETHNE AFB, 2=
TR BY 32 37

¥ MSC-TC(4 il Br@di#), MSC-SPA il MSC-CARS
43347, BPNN. RF fl SVM 3 Fhiiasisy, 23545203
YRAERITNAE A R, RMSE, MAE il RPD 45541156 5 fifR.
FH% 5 AT PRRPREAE A BRI M L 4l B M R
AR AT, ilid SPA FHEHEEL, BPNN 1 SVM TN g
AT B . CARS FHIESRBO AT SR M RE AR A 42T,
Hirh RF F1 SVM 23045 SPA FHIESRIBUE 48 5 . MU=,
SVM TEFTA FFAE SR B 1 i 2 IR AN .
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Table 5 Statistical results of 3 kinds of models with different feature extraction methods
B i)l 254 A5
SUSLiyieS A
R RMSE MAE RPD R RMSE MAE RPD
BPNN 0.7827 15.4047 10.0418 2.1807 0.3407 23.248 19.6825 1.2781
MSC-J& RF 0.7451 15.2823 11.7977 2.0134 0.4187 22.0455 19.0727 1.3611
SVM 0.9986 1.2601 1.2467 27.1807 0.4858 19.2709 15.8376 1.4472
BPNN 0.8203 11.7795 9.0045 2.3977 0.4902 27.0661 21.3260 1.4534
MSC-SPA RF 0.7134 17.2045 13.8782 1.8988 0.4994 21.7225 17.1625 1.4668
SVM 0.9809 4.8236 2.4971 7.3594 0.7571 11.0854 7.2084 2.1057
BPNN 0.8203 11.7795 9.0045 2.3977 0.4902 27.0661 21.3260 1.4534
MSC-CARS RF 0.7807 16.1473 12.9482 2.1706 0.6289 14.1473 12.1905 1.7036
SVM 0.9977 0.0314 0.0293 21.0874 0.9426 0.1509 0.1160 43302

2.6 mMREBIT/NEZEF AFB, S=RIFN S 7547

NIRS %i#is 4548 AL HEFI MSC-CARS J&, SVM FERIFE
P24 F 1Y R{E M 0.9977, RMSE 4 0.0314, MAE 4 0.0293,
RPD {2 21.0874, BT HIAILEYIZRAE b0y T00 RE J1 AR
P MRAER RMESN 0.9426, RMSE 5 0.1509, MAE W
0.1160, RPD {4 4.3302, FRHRIRIZEHTEE L A9HL& e )
{sRAR S, TR RPD>2.0, HA RUFHITERE, Bubss
R0, M NIRS H AR 254 SVM (Bl IH AU il /N 22 Hh
I) AFB, &2 1T AR, BRI ZREMTMLE -
YR B T e v 0 TR BE A o] S, ESE PR A, A
RIRE AP AL ETR B R ST .

3 & 1

A5 38 2o SR AR B B s Gl i TR [ 1 /N 22 1Y)
NIRS {5 B FMERE S T AFB, & i fb2efl, Wt AR Tikh
T . RRIE B R ORI AN E] AFB, A8 5 T A5
A, AR A AL R Ty % . FRAE R AR IR DL R
FE TR TN ALY, XA AT I, SRS B
TR TR IR A A ZR AR AR SC R B KT 0.90, FHIA

WFFEIESL Y AFB, 5 5 T AR R BE A X0 R A 2B A 5 ARG
SVASRBE, NIRS JCA5HGIN 7 i 7E /A rh st il s i 3R
7 TR R TR T RS A L

SE Mk
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