Raman Spectroscopy–Driven Multi-Trait Phenotyping and Machine Learning for Stress Tolerance and Oil Quality Assessment in Peanut
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Abiotic stresses such as salinity and drought significantly reduce peanut (Arachis hypogaea L.) productivity, while oil content and oleic acid composition determine nutritional and market value. In this study, handheld Raman spectroscopy integrated with machine learning (ML) was applied in two complementary experiments: (1) stress phenotyping in 29 recombinant inbred lines (RILs), and (2) oil and oleic acid (O/L) prediction using single-seed kernels. In the stress experiment, 29 RILs were exposed to salinity and drought over three weeks, followed by a recovery week. Raman spectroscopy identified consistent stress biomarkers in carotenoid (~1155–1160, 1505–1545 cm⁻¹) and phenylpropanoid (~1600–1619 cm⁻¹) regions (FDR q < 0.05). Random Forest models achieved high discrimination (salinity AUC ≈ 0.97; drought AUC ≈ 0.89). Recovery analysis identified TxL100212-05-10-02, TxL100225-06-02-01, and TxL100212-07-07-01 as highly tolerant, while TxL100225-06-04-02 was susceptible. In the oil/OL experiment, ~1,000 seeds were used for ML model development. Difference spectra revealed key lipid-associated bands at ~1440–1460 (CH₂ bending), ~1650–1660 (C=C stretching), and ~1740–1750 cm⁻¹ (C=O ester). Oleic-related profiles showed strong deviations near ~1655 and ~1745 cm⁻¹. Statistical analysis confirmed highly significant features (p < 10⁻¹⁰; |Cohen’s d| > 1). Machine learning achieved strong performance for both oil and oleic acid classification (AUC ≈ 0.86–0.88), and excellent generalization on true unseen genotype holdout data (AUC = 0.905). These results demonstrate that Raman spectroscopy enables rapid, non-destructive, single-seed–level prediction of both stress tolerance and oil quality traits, providing a scalable platform for accelerating peanut breeding programs.
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