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Provenance Discrimination of Castor Beans Based on Energy
Feature Fused Machine Learning and High-abundance
Metabolites Quantification
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Abstract: In the emergency response work for public safety incidents involving ricin, it is impera-
tive to perform tracing and source classifications of castor beans. This research established a gas chro-
matography—mass spectrometric method for fatty acid determination and a sandwich enzyme-linked
immunosorbent assay for ricin measurement. Afterwards it quantified six major fatty acids and ricin in
100 batches of castor bean samples collected from 23 domestic origins in China. Guided by plant psy-
chological energy and metabolic mechanisms, it introduced three energy feature parameters, i.e.,
unsaturation index, oleic/linoleic acid ratio, ricin/fatty acid ratio, and integrated with three ma-
chine learning algorithms to enhance the classification of origins. Model evaluation indicated that L.1-
regularized support vector machine model achieved area under the receiver operating characteristic
curve (ROC—-AUC) values of 73. 63% with introduced energy feature parameters and 71. 95% using
the minimal feature cluster. The corresponding test accuracy were 70. 37% and 68. 52%, respective-
ly. Both external validation accuracies reached 75. 00%, demonstrating robust generalization perfor-

mance. This research confirms the feasibility and application potential of high-abundance metabolites
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in the traceability of castor beans, and the energy-based feature integrated machine learning provides
a reliable route for biological feature-based data mining.
Key words: castor beans; ricin; fatty acids; provenance discrimination; machine learning; en-

ergy feature parameters
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O/L, = —Qeicacid_ (3)
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(C18 : 2) ., MEFKER(C18 : 3) AR B4 B ) S5 AN B SR AEAH DG . 6 FhIiE AT HY IR AE 0. 1~25 pg/mL [l N
RPEX R IF (240, 993~0.998), E&8 TR A0. 1~1. 0 pe/mLOHBRHEE A 0. 1 wg/mL, EIHER H S A
0.2 pg/mL, HAAFISHIIRNE R TFRE A 1.0 pg/mL) ; &40 FEIE. . 53 AMKEEKE T ks
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Fig. 1 Chemical structures of six fatty acids(A); GC-MS chromatograms of six fatty acid methyl esters (SIM mode, m/z 74)(B)
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K3 113%+4. 97%, FWATFEMEDN . EREMEL, FFHEEMTER,
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Fig. 2 Distribution of fatty acid and ricin contents in 100 batches of samples(A); principal component analysis plot(B)
2.4 ETNHRFINSEERNLE
2.4.1 ETFTMNEBREEMMNRFIER  HI THLE TERIEH IR 2 P15 . Elferjani %
TEE ISR AR TR B RS T 7R, IS VR Y & i Sz i B AR AR A iy s S, S S B0E
TR FRETFSCE 7 HERRRA AL B, MR A RS RR A AR S B T, 2 AR AEIGR (3
SRR AR ) )& AR, YA AR, a0 R E i LA 355 (b D it
BT ) A AR, IR BRI R 2 R A B, E I A AN TR AR Lo 1 LA ZE R i 2l
PSR R-PAT, PEMTE A AT E A BRI AR 2SR . 25 3 23 AN HU DR IR R e N )
2534, AR E S BE R AR SR s i) R AL 7 R IEAE A 250 28 H bR

PP AL g IR L BEIHELERE ) 7 200 BIREAS E AR /NI A, TR
BB G KRS, & TERBERINERYEZE H 53 G . 2% Zhao % 1 BRI FEHNE, 7K
WEFEIEPEHRICRFAE I B A LASSO A Cay BN | AR RRE) o BEARAZIARZNESC R () SVM AR A
AR . S TR RE ) RSB AR R 512 ALRE JI 00 L1-SVM RN AFIE IR PEARY ,  LUTEASRI ] fif ke
Y5 RVERE Z BIBUR-F . S AMATIIE S ) 1 5T O SRm BE LR L, (28t G s E R
BREEEER, Hib, REFEVLARAEIEAANE—PUITE. 3RLE: I BIE s S E & 1 R,
HAPRMEREMAEL 2 PR o

Rl Ml IR B 2

Table 1 Hyperparameter values of machine learning models

Category Model Hyperparameter
Linear model LASSO C=0.5; penalty=L1; solver=liblinear; class_weight=None; random_state=42
Kernel-based model SVM C=0.1; y=0.1; kernel=RBF; probability=True; class_weight=balanced; random_state=42
Hybrid model L1-SVM Cselector=0. 05; Csvm=0. 2; ysvym=0.2; class_weight=balanced; random_state=42

Bt 6 FPHENGIR ) LASSO, SVM ., L1-SVM AR I — g 1 40 2RR008 , 8 vl i 2 ok v S5 K1
(64%~70%) , HEZFEVERERZE. (UIRSEHORR 8 F P — 48R b 773 280, LASSO. SVM HILI-SVM i3]
WIRE AR . GO ERER S o MIEIHIRLALENT, LASSO AR 1 RsHiIE 0 T 0/ 28EF-E ;. SVM HE i
TEMERSENIRERN TG, WRAEEFRSE S 2 64, 81%, JTCHRIERIG; L1-SVM IR HER
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RNMEA S, h168.52%; TyFMARISADL, SEMAZAEL, M HARZNERA L1-SVMABIERETE A2,
F2 CHEHIRAR 3 FPPLES S RAIERE (S0 %)

Table 2 The performance of three machine learning models via seven-dimension original data(Unit: %)

Dataset Model Accuracy Precision F1_Score Recall ROC-AUC Accuracy_Gap ROC-AUC_Gap

Ricin LASSO 59.26 53.85 38. 89 30.43 51.82 -0.53 8.58
SVM 57.41 0.00 0. 00 0. 00 47.89 0.53 -8.29

L1-SVM 51.85 45.16 51.85 60. 87 53.51 6. 08 7.72

FAs LASSO 70. 37 65.22 65.22 65.22 70. 41 3.43 1.63
SVM 64. 81 56.25 65.45 78.26 69. 64 1. 06 4.87

L1-SVM 66. 67 58.62 65.38 73.91 70. 41 7.93 13.03

Ricin_FAs_ LASSO 66. 67 63. 16 57. 14 52.17 69. 85 3.97 6.01
combined SVM 64. 81 57.69 61.22 65.22 73.77 1.85 4.57
L1-SVM 68. 52 60. 00 67.92 78.26 71.25 12.43 18. 54

ARG H 347 T LASSO, SVM, L1-SVMBERIFE 6 FpigIATR . P —ERREE . EHRFEES56M
NEWATR AL A ) AMT I IESE E )25 PERE(3), L& BLLASSO. SVM . L1-SVMARIH) SN IEF B 5h
K, SkZRREMZARE T DL EEERIER, ERANENIRA A % EiE H T e kIEA ], =
A TR BG40

23 LRSI 3 LS S B ANIRIIE (A0 %)

Table 3 External validation of three machine learning models via seven-dimension original data(Unit: %)

Dataset Model Accuracy Precision F1-Score Recall ROC-AUC
Ricin LASSO 65.00 66. 67 36.36 25.00 66. 67
SVM 60. 00 0. 00 0. 00 0. 00 33.33
L1-SVM 60. 00 50. 00 60. 00 75.00 68.75
FAs LASSO 65. 00 55.56 58.82 62.50 70. 83
SVM 60. 00 50. 00 55.56 62.50 72.92
L1-SVM 60. 00 50. 00 55.56 62.50 78.13
Ricin_FAs_combined LASSO 75.00 71.43 66. 67 62. 50 75.00
SVM 70. 00 62.50 62.50 62.50 73.96
L1-SVM 60. 00 50. 00 60. 00 75.00 80. 21

2.4.2 ETHEWHMEMESHINIFEIRE  BOREEF & B E N A A7 3E0 8 E 30 B RIK
ARG, HARGERE, BP0 H il =AU RE S AIRIE, 3K RS R 1%
S WL N RAE R AR, Hym S S ERRMR e R gL ytge £ 0, WimER A mER B Ak
R, WISZEES RSP B PR AERE™ . L, A RAEEIRER SIN 3N RERRHMESEL, 0l
AR, RIS A BFINENGER S, A VST AME R IR 0 & & 5 OB R, AR
REEHLZ, AERRANMRE R A R AR e P, R SRR MNE Y ERRE R SRR ILE, 21k
HFER AR GERERE B RS ) 5 BRI & (BRI R) 2RI R ™ RN MR S =
Pl , AL E TR O FERR . RIVE R FIEDTIS T T RE S UL FREe e

SINBERIFHESESTE R T AR B . MLEs s BRI S 4 R, 5ok EhEE
FRAE 1) B4 2 BB SO0 b, LASSO B2 0 I X SR P RE WS A 3 T s SVM ALY T R e T+ =
66.67%, HIHA M Z (Recall) . FI{EHFMROCHZE TR (ROC-AUC)¥AFrHEF; L1-SVM AR i
REFFE70.37%, H ROC-AUCHIEFZ 73. 63%.,

Fa FETRERIFEB A HOPL LS SIBIVERE (RS, %)

Table 4 The performance of energy feature fused machine learning models(Unit: %)

Model Accuracy Precision F1_Score Recall ROC-AUC Accuracy_Gap ROC-AUC_Gap
LASSO 70. 37 66. 67 63. 64 60. 87 70.27 1. 06 5.90

SVM 66. 67 60. 00 62.50 65.22 73.49 4.76 6.63
L1-SVM 70.37 66. 67 66. 67 60. 87 73.63 7.41 14. 61

BE— P T IZBAR BN TR VE PRI S 2R (1813) , L1-SVM A1 LASSO JR 3R i PERE . 2= >Jith
2k I, L1-SVMHI LASSO N ZR B2 F it SE 0 ZE{E 73714 0. 024 F10. 015; SVM AR R BUAHRTEL 54 ,
HOMZREE B IE SR ZZ(ER 0. 059, 45538 3 LAREFEFELE R T LULBL, SIANGERIFIESS, LASSO 5
L1-SVM AR A H (1 1) e
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Learning curve: LASSO(10 Features) Learning curve: SVM(10 Features) Learning curve: L1-SVM(10 Features)

1.04 Status; Healthy ' Final training: 0.702 A 1.04 Status: Healthy Final training; 0.671 B 1.0 Status: Healthy  Final training: 0.702 C
. Final CV score: 0.687 . Final CV score: 0.612 : Final CV score: 0.687
Gap(Diff): 0.015 Gap(Diff): 0.059 Gap(Diff); 0.02%
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Fig. 3 Learning curves(A—C) and corresponding confusion matrices(D—F) of three machine learning models

based on energy feature fusion
A. LASSO, B.SVM, C.L1-SVM, D.LASSO, E.SVM, F.L1-SVM
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Table 5 External validation of energy feature fused machine learning models(Unit: %)
Model Accuracy F1-Score Precision Recall ROC-AUC
LASSO 75.00 66. 67 71.43 62.50 72.92
SVM 70. 00 62. 50 62.50 62.50 72.92
L1-SVM 75.00 66. 67 71.43 62. 50 78.13
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Fig. 4 Permutation feature importance analysis of the
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Table 6  Summary of L1-SVM model performance based on minimal feature cluster combination

and external validation results(Unit: %)

Subset category Accuracy Precision F1-Score Recall ROC-AUC  Accuracy—-Gap ROC-AUC_Gap
Test set 68.52 63. 64 62.22 60. 87 71.95 3.70 8.98
External validation set 75.00 66. 67 71.43 62.50 78.13 - -
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