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Supplementary Figure 1. Tissue-specific expression patterns of PzCAD genes and their expression profiles under PEG-simulated drought stress in Phoebe zhennan. (A-F) Relative expression levels of the six PzCAD genes (PzCAD1, PzCAD2-1, PzCAD2-2, PzCAD4-1, PzCAD4-2, and PzCAD4-3) across different tissues (seed, root, stem, and leaf) as determined by qRT-PCR. (G-H) Morphological phenotypes of P. zhennan seedlings under normal well-watered conditions (WT) and PEG-simulated drought stress (PEG-WT). Scale bars are shown in the bottom right corner. (I-N) qRT-PCR analysis of CAD gene expression in seedlings following PEG treatment. Data presented are means ± standard deviation (n = 3). Student's t‐test was used to test the statistical significance (*p < 0.05) among WT-Drought and WT under the same growing conditions.
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Supplementary Figure 2. Homology modeling and three-dimensional structural analysis of six CAD proteins from Phoebe zhennan. (A–C) Predicted 3D monomeric structures of PzCAD1, PzCAD2-1, and PzCAD2-2, respectively. These models display the highly conserved substrate-binding pockets and classical short-chain dehydrogenase/reductase (SDR) folds characteristic of enzymes in the canonical lignin biosynthetic pathway. (D–F) Predicted 3D monomeric structures of the PzCAD4 subfamily members (PzCAD4-1, PzCAD4-2, and PzCAD4-3). These structures illustrate the spatial divergence and variations in amino acid composition within their substrate-binding cavities compared to the classical CADs. (G–H) Predicted homodimer assemblies of PzCAD2-1 and PzCAD2-2, respectively. The models highlight the expansive dimerization interfaces, which are primarily stabilized by extensive hydrophobic interactions and hydrogen-bonding networks, suggesting their functional oligomeric state in vivo.
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[bookmark: OLE_LINK31]Supplementary Figure 3. Expression analysis of key lignin biosynthetic pathway genes in response to CAD4 genes transient silencing or overexpression. (A-I) Expression analysis in PzCAD4-silenced plants. Relative expression levels of PzPAL, PzPOD, and PzC3H in leaves of plants subjected to VIGS-mediated silencing of CAD4 genes. (J-R) Expression analysis in PzCAD4-overexpressed plants. Relative expression levels of PzPAL, PzPOD, and PzC3H in leaves transiently overexpressing CAD4 genes. Data are presented as mean ± SD (n = 3). Asterisks indicate statistically significant differences between the control and treatment groups (Student's t-test, p < 0.05). 
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Supplementary Figure 4. Endogenous phytohormone and ROS contents in PzCAD4 transgenic Phoebe zhennan hairy roots.
(A–D) Concentrations of salicylic acid (SA) (A), methyl salicylate (MeSA) (B), jasmonic acid (JA) (C), and hydrogen peroxide (H2O2) (D) in the wild-type (WT) and PzCAD4-1 overexpressing (OE) lines. (E–H) Concentrations of SA (E), MeSA (F), JA (G), and H2O2 (H) in the WT and PzCAD4-2 OE lines. (I–L) Concentrations of SA (I), MeSA (J), JA (K), and H2O2 (L) in the WT and PzCAD4-3 OE lines. All data are presented as the mean ± SD (n = 3). Different lowercase letters above the bars indicate statistically significant differences across multiple groups analyzed by one-way ANOVA (p < 0.05).
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Supplementary Figure 5. Construction of knockout vectors for KO-CAD4-1, KO-CAD4-2, and KO-CAD4-3. 
(A–C) Genomic structures and the designed dual-sgRNA target locations for PzCAD4-1 (A), PzCAD4-2 (B), and PzCAD4-3 (C). The black boxes represent exons, and the solid black lines represent introns or untranslated regions. The specific sgRNA sequences and their adjacent protospacer adjacent motif (PAM) sequences (highlighted in red) are indicated.
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Supplementary Figure 6. Knockout of CAD4 genes reduced lignin biosynthesis and drought tolerance in Phoebe zhennan hairy roots. (A–C) Quantification of total lignin content in the wild-type (WT) and PzCAD4-1 (A), PzCAD4-2 (B), and PzCAD4-3 (C) knockout (KO) hairy root lines. (D–F) Relative expression levels of the core lignin biosynthetic marker genes, PzPAL (D), PzC3H (E), and PzPOD (F), in the WT and KO lines. (G) Relative water loss of the WT and KO hairy roots under normal well-watered (Control) and PEG-simulated drought stress conditions. (H–J) Accumulation of oxidative stress and lipid peroxidation markers under Control and PEG treatments, including malondialdehyde (MDA) (H), hydrogen peroxide (H2O2) (I), and superoxide anion (O2-) (J). (K–N) Activities of core antioxidant enzymes under Control and PEG treatments, including peroxidase (POD) (K), catalase (CAT) (L), superoxide dismutase (SOD) (M), and ascorbate peroxidase (APX) (N). (O) Proline content in the WT and KO hairy roots under Control and PEG treatments. All data are presented as the mean ± SD (n = 3). Asterisks (*) indicate statistically significant differences compared to the WT control analyzed by Student's t-test (p < 0.05). Different lowercase letters above the bars designate statistically significant differences across multiple groups analyzed by one-way ANOVA (p < 0.05).
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