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Provenance Discrimination of Castor Beans Based on Energy
Feature Fused Machine Learning and High—abundance
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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 metabo-

lites in the traceability of castor beans, and the energy—based feature integrated machine learning
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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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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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Fig.2 Distribution of fatty acid and ricin contents in 100 batches of samples(A); principal component analysis plot(B)
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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; ysvm=0. 2; class_weight=balanced; random_state=42

EF X 6 FHHE TR LASSO . SVM ., L1-SVM A7 2 B — 5 1 73 28R, R AR I B 2k vh 5K
(64%~70%) , {HZRGPERERL S . (MR EE BERR 75 B0 — R b1 743 280, LASSO. SVM I L1-SVM i)
MEE AR . LA ERRE £ 5 o FUIERFIRALA I, LASSO{UABL T HEIAIR 0 A9 53 2 FHE; SVM A
JB TR R R SRR RHE ) B, DR ME TR R S 2 64, 81%, TCHHRIRIG IS ; L1-SVM Ay
RTINS AT, R 68.52%; FAMATL &I, SLMEAZMLL, B HIEZMAZ L1I-SVM A5
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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 ROCG_::)UC_
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 — 43 M1 T LASSO, SVM, L1-SVMAERILE 6 FUIEIATE . S —EIKER . EREX S5 6Fh
HERAIRLL A B ANHEIESE E A ZPERE (F63), K BLLASSO, SVM, LI1-SVM BLFIAYSMRIGIE R B 3
KR, SkZRREMZAEE T LRSI R, ERANBNIRA A 0% 8 H T e kA ), |
s BEATIR N VB R TZ 38

3 CUEEARAL 3 FIHLESE S RSN E (. %)

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 ETHEHTHEGHNEEIER  BRRE S EM OGN AT E b i 30 B iRk
AR, HA RO RE, EERETAETER H Il S ER A R BB B ARIE, SRS RS E
SR B, N TR A, HorbE S B BRI E ARSI 32, MR AR A Ak
MR, SRR B P AERE™ . Rk, AFRAEEIEE R SINIANERRES L, a5k
ARFHEEL(UD) , RFE MBS R & b, ARl PR B TR A S S A
{RIERE RfIZh , AEFRFANMNE A R sh MR e, EIm I N S e s AR EE R SRR HfE (R
FAs), SACEYIERAEDECER (e SR A ) 5 a0 & (IRIIRLR) Z M 25 g/
TR & = Al (O/L) , R Ak A g PR O 48R, R B TAE DT R 58 T IO RE =44+
E5 G

SINBEEFHESEUG RIVE B T T 4ERE B4R . Aless: I BPEREIL SR 4 R, H5AREHE
SRR A BRSO ST H, LASSO RERY ) A R RERE A 32 T SVM R A I R IR T =
66.67%, HIHAMZFK (Recall) . FIEFIROCHIZ FH(ROC-AUC)HH IS ; L1-SVM AR i
REFE70.37%, H ROC-AUCHIRFZ 73. 63%.

F4  FETREREFERL A HPLER: SRR AL %)

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

W5 T iR AR BRI i 2R (E3), L1-SVM HILASSO Bl s ifkfg . 24 >Jih
2% I, L1-SVM Al LASSO B Il 25 52 F 56 uE 55 1) 258 53 3 4 0. 024 F1 0. 015; SVM ARIH) FRBUA X455,
HNZREMEIEER ZEE M 0. 059, 45633 LIREHMLERTLIABL, 5INGERFFENS, LASSO 5
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Fig. 3  Learning curves(A—C) and corresponding confusion matrices(D—F) of three machine learning models based on energy fea-

ture fusion
A. LASSO, B.SVM, C.LI-SVM, D.LASSO, E.SVM, F.LI1-SVM
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Table 5 External validation of energy feature fused machine learning models(Unit: %)

Model Accuracy F'1_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

éﬁﬁkﬂ’\]'ﬁ'ﬁd\ﬁﬁ%o LL1-SVM machine learning
Fiﬁ_}ﬁ Xﬂ?i/ifid\fﬁ?ﬁﬁﬁ JL“_[:Ha L1-SVM ﬁﬁ!jﬂ:?ﬁ‘ model based on energy feature fusion
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Table 6  Summary of L1-SVM model performance based on minimal feature cluster combination and external validation results

( Unit: %)
ROC_AUC
Subset category Accuracy Precision F1_Score Recall ROC_AUC Accuracy_Gap (; -
ap
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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