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Abstract: Objective To develop a traceability technology system for determining the origin of Crataegus pinnatifida var. major
through the integration of near-infrared spectroscopy (NIRS) technology and machine learning algorithms. Methods A total of 91
samples of C. pinnatifida var. major were collected from six provinces in China, and their NIRS were acquired. Various machine
learning algorithms, including principal component analysis (PCA), orthogonal partial least squares-discriminant analysis
(OPLS-DA), k-nearest neighbor (KNN), classification and regression tree (CART), random forest (RF), naive bayes (NB), linear
discriminant analysis (LDA) and artificial neural network (ANN), were employed to establish a model for the purpose of origin
tracing. Results Among the different algorithms tested, the ANN model demonstrated the highest accuracy and stability in
identifying the origin of C. pinnatifida var. major, making it a reliable tool for traceability. Conclusion The combination of NIRS
technology and the ANN model can be used as an effective approach for tracing the geographical origin of C. pinnatifida var. major.
This study contributes to the establishment of a scientifically rigorous foundation for the geographical origin tracing of C. pinnatifida
var. major.
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I AMERE (near-infrared spectroscopy, NIRS)
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1.1 {425

Bruker MATRIX-F B4 2L AMGREA (41 6
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2.1 NIRS #iERE

P FEAT) NIRS Kl 2 Ta 4 4 000~

12 000 cmt, F93MIRE 32 K, S HER N 8 em L AL
s, i SHNEE R AE{EH OPUS 7.8 X
PEEAT . REEFEARTT, DMUERHNEE S AS, L
THBRAX AR AR SR 25 T3 - AR AR E A 3 Ik,
BCOFBMEA T8, DA i 2 .
2.2 NIRS UEALE

FH T FF AR 1 5 46 06 1% 60 15 Bl o AU T 313
B, SR (R e A AT SEME . TEHEAT AT
SLZHT, TR ERER AN RGOS I AT AR B, DAY
BrTH0AE B rszm o, AREFFAEAR NIRS 545
B 15 FH U I T+ (savitsky-golay smoothing, S-G)
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S¥ (first derivative, 1tderive) #EATTHALH.
2.3 BIEOH

NIRS i % Origin 2018 (Origin Lab, 3 [F)
2. Rt (principal component analysis,
PCA) . IEZ WA/ 3322 5 43 4t Corthogonal
partial least squares-discriminant analysis, OPLS-DA)
KH SIMCA 13.0 43 #7. £t #5345 #1 Clinear
discriminant analysis, LDA) FI#Z 4% (artificial
neural network, ANN) if SPSS 26.0 /34, K-fix
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(classification and regression tree, CART) . FENL#
#k Crandom forest, RF) . M2 Ul (naive bayes,
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3 HR5HH
31 ZIINENEHBIHEIE MR R R

FEAR 462 M NIRS B (Bl 1-A) &R, 1E
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Table 1 Geographic information of samples

W5 HhIX W5 X W5 HhIX

S1 AR K S32 ST/ S63 ITpiipes'

S2 LA K S33  ILTILMH S64 L PEIE

S3 AR K S34 Lk S65 ITpiipes'

S4 AR K S35 TTFPR S66 ITpiipes'

S5 AR K S36 AR S67 L PEIE

S6 WA K S37 TTFPR S68 ITpiipes'

S7 WALA R S38 IWTHIM S69 Iz 3,

S8 WA K E S39 UTKE S70 L PEIE

S9 WA K E S40  LTHERIE S71 L PEIE

S10 AL & S41 ARG YT S72 L PEIE

S11 b S42 &R YT S73 L PEIE

S12 AL & s S43 ARG YT S74 L PEIE

S13 AL & S44 LRI DT S75 L PEIE

S14 LR E S S45 i ARIEYT S76 L PEIE

S15 LR E S S46 ARG YT S77 L PEIE

S16 B =2 S47  iRIEYT S78 P a3t

S17 AL S48 LIS S79 s B2

S18 MR S49  IRIEYT S80 s B2

S19 AR E S50 AR YT S81 TR IR

S20 AR E S51 AR YT S82 TR IR

s21 410 S52 A& YT S83 AT g e BH

S22 et 31T S53  iARIEYT S84 TR P A

S23 Ui 1l S54 LR YEYS S85 TR P A

S24 Ui 1l S55 RN S86 FramaEE /R B IE X B2 Hh X
S25 10 S56  ILIZREEYS S87 FrEEAEE /R B YA X BT 2R Hh X
S26 10 S57  ILFRFFT S88 FEEAETE /R B YA X BT 2R Hh X
s27 U P s58 ILFRHMR S89 FEEAETE /R 5 YA X BT 5 7 Hh X
S28 TN S59 IIHRFEX S90 FremaEE /R B IA X 5 o5 X
S29 LT S60  INARAE S91 FremaEE /R B IA X 5 o5 X
S30 LT S61  ILPGiE

s31 LTI S62  1LIPGIEH

5500~5 000 cm* [ S 5 N-H . C-H . O-H
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2 B (W AT 1281, 4 500~4 000 cmt ) 2 AN &
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MARTEARENAE G, FIRENE A ZHEAER S
JR IR SR, B, R[E AL L BT NIRS
WU FEARIALL, (EIR U SR B ST 22 5, X AT RE S
AR b BT RE A b 2 1 o B o 22 A ORI,
SR, AUE I LLB AT RRAE I . RPED B DA S At

oV AR Ll HLZL R

N T e XS I BLALHEAT P LR, A e At
TII NIRS 455 Z MpLE ] FAA, Wl
BA R FAE R IR B AERG R, PRI Al ™
IR IR . Re i, FENLES 2 SISk, KK
o B K1) 23 g B I A i DAk 5 2 1k RE AN V2
LRE TG B A0 B, W R I E L, H
HT T AN TR S92 0 1 R B AN I il B /N ) B0 A AN
A, e, 7030812 —EOYHE AR T5 K.
PRI, R FEAS A BRI 73 L Ag], T DUSE 2 v PP Al
R RE
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Fig.1 Original NIRS (A) and S-G, SNV, and 1%t derive pre-treatment spectra (B) of C. pinnatifida var. major
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Fig.2 PCAscore plot (A), OPLS-DA score plot of 91 batches of samples (B), OPLS-DA score plot of two batches of samples (C),
OPLS-DA validation plot (D)
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5 H A= I REATE E R SRR R E S . M
5, b T AL ARMIX FAEA (Group 1D 23
H—E I RERA . LRSS R R PCA BEH X
GyEnaE . L PRI R RE AR B R X A, (EHE LR
Jb I T AL R FEAR X 731K . #&78 PCA RNiEH
FF 3= il BT RE A ) P il
3.3 ET OPLS-DA =itz

OPLS-DA =& —#fg B ¢ S i, il 85 64K
U)K B ARIRE ARSI SR S 3 13 A A 43 25124
AT Hot 77325, OPLS-DA RI R DGtk i i EAH 5%
Sk, TR S e TE . SR, fEREAR R
ADEOL T, AR AT BE IO B 1 A I
22, %F 91 #l LA M4 R Kl 2-B s,
AR ) 2 18] () 3 295 PCA SE I &, 4R, 30
X (Group D ANLZRHLX (Group LD FIFEATE
WGFERMNES. S5 R%=0.720. Ry=
0.664 H1 Q2=0.531 & WAL [¥140L & fie /1 A TR e
WA E . EAERENAE, 2K 2 ML IX A
TR, 1K 2 NHLIX IREAR AT RN A B (B
2-C) , H M R2 AN Q2 A MEAE (B 2-D)
Q? AL A N 17 fE, KB OPLS-DA AfrEfEd
PAEME, FHRIME—E MR, H QXET

T 0.5 (0.706) , HE7NiZAR L I AH X R k123241
g L, R OPLS-DA #rHfit 7 RS AIFE gitash
A 2, AEAT G255 AN [a 7 b L B 200 AT
532K
3.4 ET KNN S EEEH =itz

KNN 7SR5 — i PN a8 22 S %, B
W O R, G TR R . %A
M ERAFEARS AL T REARRIIER, 46
ARG B, S RAFEARIAT 2. S8, 18
bR B K RERRAE B8 1 () s AR AR I, KNIN
REnlAE FRERS, Wik 2 Bz, 72 MFEARAD 19 AMFE
A3 BRI 3 A R AR A R I SRR HE
Bl AN AR X A AR . A I3, fl-score
A ik F) 100.0%, 1M HoAthdh [X (K REAAE IX S4B b 1)
iLF] 7 100.0%, FH KNN 7EIZEE Er] AR
ok B At X OREA . DA EE R, PR TIL
T W RAN R X DAAR, At X R AR 38
I5F] 100%, FHBH KNN HE7E (L B 20 =1y iR 0 7
EA—EBIEE S, (HXTIL ANl R A
FRE 2, WAL, IR X BEAS BT M RE FR RR Y
4 0, BEEH KNIN S92 072060 e 72 b 5 A X (1)
FEA X 43 o

F2 KNNEZMOLER

Table 2 Identification effects of KNN algorithm

FEA e FEAHL K1 % A 15 % fl-scroe/%

pIEES o 18 94.0 94.0 94.0
mrk 16 100.0 100.0 100.0
i %R 14 93.0 93.0 93.0
1L 7 16 100.0 100.0 100.0
o)) 5 100.0 100.0 100.0
raE 3 100.0 100.0 100.0
“EME 97.8 97.8 97.8

Wk Uiy 2 67.0 100.0 80.0
mrk 4 100.0 100.0 100.0
%R 6 100.0 83.0 91.0
it 4 100.0 100.0 100.0
o)) 0 0.0 0.0 0.0
raE 3 100.0 100.0 100.0
“FIME 77.8 80.5 78.5

35 ETF CART EAR =g

CART 32 — Pk T TR SR L& ML 28 2% )
Bk Fomid ik B ) 0 RURK O 43 9 Al
T4, SRIGTEREALE BRI 75 ISR AN RS b
P R (RS R RV A RE 0100, % 5 v B A
R ERE AR AN AR Lot 8 R RBERE ), (HR I S

Uk, BoHIEPEIG. @ik 8l
SREELLH 0.7, W RIENRHESR Gini, T RKITT
NI m, ANBREIBHREE . i a5 R WK 3,
63 MFEAHN 28 MEEAR T3 A KI5 i ZREE AN
&, NI, FrAREARIRFZ. ARZED KL
fl-scroe #JiX E] 100.0%, FHNZFIELEIZREE LARXT
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Table 3 Identification effects of CART algorithm

FEA Pl FEAZL KRR % A 52 /% fl-scroe/%

VIS I 17 100.0 100.0 100.0
b 13 100.0 100.0 100.0
ITER 12 100.0 100.0 100.0
i} 15 100.0 100.0 100.0
o] 4 100.0 100.0 100.0
B 2 100.0 100.0 100.0
SEEME 100.0 100.0 100.0

K uF 3 33.0 67.0 44.0
b 7 100.0 100.0 100.0
th 7R 8 80.0 50.0 62.0
i} 5 100.0 100.0 100.0
Fg 1 33.0 100.0 50.0
B 4 100.0 50.0 67.0
SEEME 74.3 77.8 70.5

FasE o SR, TEMRASE T, ASFIHLX IREA 7y 4
RAFEES . R, LT HIX RIS R AUA
3] 33.0%, 3I1F N 67.0%, fl-scroe 4 44.0%, R
CART HVETEREEHIX RN FH 7 B — ik DA
R M2, BIRINZER T AR o)
%5, AEHIRREEI 7 2Rl R VP AR AR AR FnEa T
ITHEEESHE, Kk, CART BUEAELHEL 71
IR N EAETE— 8 SRR -
3.6 ET RF BZER MRS

RF & — PR L, WM 2 A it It
SR FH 3 SR BT M 16 77 Ok & 2 R I HE R 4 - A
BT BB, RE 7R AL RO HAR = 4 Hie 4R

IR, BEWE A Rt S a1 40 5 i) e 1281,

SR, FEALER DS B PR RN, RF O REE B £
WIS BONGREELLE] 0.7, T 5 RhrHE
N Gini, ANFREIBIRE . 4558 WLE 4, 63 DMFEAR
28 MNFEAS Sl R0 NI Rk . IR
W T AR & T AR I8 2] T 100.0%, XK
RF 7EUIZR80dE BRI R IF. R0, TEMNREEH,
B 7 M X RS B RN 75.0%, LAl X N
100.0%. HEIZFEITTH, Bl ZRHLIX 1) 88.0%, H
i X 3524 100.0%, AHXTF HAME MR, R
i St — AR S B 2 TR A B E X e
PRFAE AL

®4 RFEEZEHIDAER
Table 4 ldentification effects of RF algorithm

FEA FEHb FEARSL TR 1% A 512 /% fl-scroe/%

&k ST 17 100.0 100.0 100.0
e 13 100.0 100.0 100.0
th 7R 12 100.0 100.0 100.0
i} 15 100.0 100.0 100.0
N 4 100.0 100.0 100.0
B 2 100.0 100.0 100.0
FiE 100.0 100.0 100.0

Wk L 3 75.0 100.0 86.0
e 7 100.0 100.0 100.0
th %R 8 100.0 88.0 93.0
it 5 100.0 100.0 100.0
TE 1 100.0 100.0 100.0
s 4 100.0 100.0 100.0

A

95.8

98.0

96.5
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3.7 ET NB BER) = thililR 53 4

NB %2 — Mk TR g it KA %, H
TR 7> FAESS T, I BLAE AR BAT el
FRIMRREE o 12 B30k T DU it 7 5 B AR R A 2 1 A
SEPEARBE, I I T SEAE LS E SO DL T R ) 2 A
BERORHEAT 02K 2R, AR B RO, THEW

Rl A LR EE ) 0.8, MRIER 5 W%,
T2 ANFEARFN 19 ANFEA 73534 K1) 3 S U1 R4 Ak
£, G ES, TTMLARMXE fl-scroe A
97.0%, HAthHLIX¥iA%] T 100.0%, FH NB &k
1ERZHO X KB . WIREERSEE , T Fg A
HER AR S FRFR N 0, FRIAMIR L IX LI X ()

WS AT RE T HE R, SN A5 P AR, SR

#5 NBEZEMASLLEER
Table 5 Identification effects of NB algorithm

BUNROR B2 -

FEA FEHb FEASL FEH 1% BEIZE 1% fl-scroe/%
VES iy 18 100.0 94.0 97.0
b 16 100.0 100.0 100.0
HIES 14 93.0 100.0 97.0
HiLE| 16 100.0 100.0 100.0
T 5 100.0 100.0 100.0
gk 3 100.0 100.0 100.0
FHME 98.8 99.0 99.0
IRz Uy 2 100.0 100.0 100.0
Tk 4 57.0 100.0 73.0
1IER 6 100.0 100.0 100.0
i 4 100.0 100.0 100.0
T 0 0.0 0.0 0.0
B 3 0.0 0.0 0.0
FHIME 59.5 66.7 62.2

3.8 ET LDA BEZAR RS #r

LDA & —Ff I T B4 f oy ML 88 2% 2] 51k,
LI Ik 2 1 2H SRR LA R AN [RI S 331 2 T R B
[7) B g /N AR 2 ) R 22 S BT A b B ELAT B SRR
Wloy A LR nT 2 (1), LDA RIUBCAH 1, B
A REMBRAERER . SR, TEMRR AR P I R,
LDA [IEREE H 8%, LDA M40 2545 Rk 6 fr
N, 32 ANFEAF 59 AMEA S R KI5 I SREEAN
MRS, FEINZREET, ASE = L B LR R 5
FEHF N 100.0%. FEMIREH, I HERRBEE
60.5% . 20 ML T HLIX FOREA 1 11 A8 IR 428,
TAEHLIX IREA G 1 AMEARB R S e, 1l
RUIX FIREARHACE 9 M IERA 2, 1L P X 1
FEARG G 2 A1 AR R 0 SR IE TN R,
TRT R AT SR X KRR AR R 73 S kb, LDA
& WL 3-A, B WL DF1 Al DF2 J7 2 5Tk 4 88.4%.
oK TR R A DX R AR 5 A, 5 AN P M R RE AR B 2. 53

B 0T AR, PR —AE, HrEE AL
FEAREN—%R. FIRGERE/R LDA HIEAEH
SRTERAWE F NIUTES R
3.9 ET ANN EERI =R o

ANN 2 IEHHE AT A A, e
JCEH R, TR AR AR G R, AT
RS BRI . AT 2
SHCE P A CRRE I SR R I % v (1 I B AL
DASE IS 52 24% i) Bt (R R ASERT TN, - A1 b o K RIS 2
PR RERHAT A A L 2E 2], (H SR 2R DR 2
HELE FERE IR B, Wk 7 fras, 66 MFEAFI
25 MREAR D IR N EFMIRE, fEIIZRE
B, FrE L BRI, RN
100.0%. fEAGIREEH, 6 M4 X )70 AL R ik
100.0%, KB ANN AAILE 1L BLZL = HiaR il 7 T
i, BAEWREMERTE. NIRS F)AS & & 2k 5
PrERE SR (B 3-B) , HE4AAHT 7 MR IESLE
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#*6 LDAMIDHLR
Table 6 Identification effects of LDA algorithm

FEA ! LT Ak 1178 i M| B HERR 1%
VIIE::S T 9 0 0 0 0 0 100.0
e 0 1 0 0 0 0 100.0
ITER 0 0 11 0 0 0 100.0
1] 0 0 0 6 0 0 100.0
Fg 0 0 0 0 2 0 100.0
BT R 0 0 0 0 0 3 100.0
FHME 100.0
K T 3 0 5 4 0 0 27.0
Ak 0 19 0 0 0 0 100.0
1t 7R 6 0 0 5 0 0 0.0
1] 2 0 4 5 0 0 36.0
TFg 0 0 0 0 3 0 100.0
e 0 0 0 0 0 3 100.0
SEHME 60.5
100, A -~ B IEAS I EE/%
= 0 20 40 60 80 100
- 7%
2 W 6 588
50 el
° Bl 6 318
§ . s s . 6 669
=3 5 6 896
o e =
a 6 256
-50 6 518
6 530
-100 - ‘ ‘ ‘
~100 -50 0 50 100 0 0.0005 00010 0.0015 0.0020 0.0025
DF1 (78.2%) HEE

B3 NIRS Ei&s LDA 5347 (A) MEEEZMSERE (B)
Fig. 3 LDA of NIRS (A) and bar chart of variable importance analysis (B)

#7 ANNHKISLEER
Table 7 ldentification effects of ANN algorithm

FEA S T {GEls % i ] e HEF 2%
HIES T 13 0 0 0 0 0 100.0
Ak 0 12 0 0 0 0 100.0
7R 0 0 18 0 0 0 100.0
L 0 0 15 0 0 100.0
] 0 0 4 0 100.0
Wi 0 0 0 0 0 4 100.0
FIME 100.0
E7Y o 7 0 0 0 0 0 100.0
Ak 0 8 0 0 0 0 100.0
th 7R 0 0 2 0 0 0 100.0
i 0 0 0 5 0 0 100.0
I 0 0 0 0 1 0 100.0
i 0 0 0 0 0 2 100.0

P 100.0
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