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	Fig. S1 Schematic illustration of pectin structure
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	Fig. S2 β-elimination reaction of pectin at alkaline conditions
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	Fig. S3 a Schematic diagram of an endo-polygalacturonase (PDB code: 7B7A) from top view. Four conserved AA sequence fragments are colored in magenta and labeled in red text. b Schematic diagram of the same polygalacturonase from side view. A cleft composed of β-sheet is highlighted in orange (Safran et al. 2023)
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	Fig. S4 Schematic diagram of polygalacturonase catalysis mechanism (Van Santen et al. 1999; Safran et al. 2023). AA labels are based on the enzyme with PDB code 7B7A
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	Fig. S5 Schematic diagrams of a rhamnogalacturonan lyase structure (three domains are marked in different colors: I in green, II in yellow and III in cyan; two conserved AA residues at the active site are highlighted in red) and b the catalysis mechanism at its active site (Jensen et al. 2010) (PDB code: 1NKG)
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	Fig. S6 Chemical structures of a galactoglucomannan and b xyloglucan
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	Fig. S7 a Structure of a GH10 xylanase (two catalytic residues Glu150 and Glu256 are colored in red) and b catalysis mechanism at its active site (Collins et al. 2005) (PDB code: 3NIY)
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	Fig. S8 Schematic diagrams of a acetyl xylan esterase crystal structure and b reaction mechanism of catalytic triad (PDB code: 6AGQ)
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	Fig. S9 Common linkages within lignin. Linkages are colored in red
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	Fig. S10 Schematic diagram of a typical LCC linked with ferulic acid residue (Sun et al. 2004; Katahira et al. 2018). Ester and ether linkages are highlighted in red
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	Fig. S11 Schematic diagram of a laccase structure in four copper form (PDB code: 1GW0). Three domains are marked in different colors: I in red, II in yellow and III in green. Four copper atoms are in cyan while three disulfide bridges are in magenta
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	Fig. S12 Schematic diagram of laccase catalysis system (w/ and w/o mediator). Blue arrows represent reduction reactions while red arrows represent oxidation reactions
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	Fig. S13 Schematic diagram of TEMPO-laccase system on β-O-4 lignin depolymerization
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	Fig. S14 Schematic diagram of manganese peroxidase structure (PDB code: 3M5Q). The heme prosthetic group is highlighted in stick form. The manganese ion Mn(II) is colored in purple, which binds to one heme propionate. Two calcium ions are in yellow and five disulfide bridges are in red
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	Fig. S15 The active site of MnP (PDB code: 3M5Q). The iron atom is coordinated with four nitrogen atoms of porphyrin and one nitrogen atom on histidine. A hydrogen bond between conserved amino acids His173 and Asp242 is highlighted
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	Fig. S16 Catalytic mechanism schematic for MnP (Gold et al. 2000; Kumar and Chandra 2020). The structure of heme changes over time under different enzyme states. RH represents phenol or aromatic amine substrates and R• is the corresponding radical form upon the one-electron oxidation
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Homogalacturonan “smooth region”
• Galacturonic acid (esterified)



Highly branched “hairy region”
• Galacturonic acid (in backbone)
• Rhamnose (in backbone and side chains)
• Xylose, galactose, arabinose (in side chains)
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