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Figure 1 Lignin depolymerization and conversion pathways. The j-
0-4, p-p, p-1, p-5, and 5-5 linkages in lignin can be cleaved through the
extracellular synergistic multi-enzyme systems of lignin-degrading
enzymes. The resulting oligomers are then converted into aromatic
monomers through intracellular multi-enzyme cascade reactions. These
small molecules can be further transformed via three intracellular multi-
enzyme cascade pathways: the biological funneling pathway for
producing aromatic platform compounds, the atom-economic
functionalization pathway for aromatic natural products, and the
aromatic ring-opening pathway for ring-cleavage products. Different
lignin-degrading enzyme systems are color-coded in gray, purple,
green, etc., according to their specific cleavage of different lignin
linkages. The figure uses the f-O-4 lignin dimer model compound
guaiacylglycerol-f-guaiacyl ether (GGE) to demonstrate the
intracellular multi-enzyme cascade conversion process of lignin
oligomers. Lac, laccase; Dyp, dye-decolorizing peroxidase; Lip,
lignin peroxidase; MnP, manganese peroxidase; VP, versatile
peroxidase
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Table 1 Synthetic biomanufacturing of high-value products derived from lignin
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Figure 2 Biological funneling routes of lignin for producing aromatic platform compounds. H-type aromatic monomers (e.g., p-coumaric acid) can
be converted into protocatechuic acid through three pathways: the CoA-dependent S-oxidation pathway, the CoA-dependent non-f-oxidation pathway,
and the CoA-independent pathway. G-type aromatic monomers (e.g., ferulic acid) can be transformed into protocatechuic acid via the non-oxidative
decarboxylation pathway. S-type aromatic monomers (e.g., syringic acid) can be converted into gallic acid. In the pathways, O-demethylases,
hydroxylases, and decarboxylases are marked with magenta, green, and blue pentagrams, respectively. Cofactors are indicated by colored dots adjacent
to the corresponding enzymes. PAD, ferulic acid decarboxylase; Cso2, carotenoid cleavage oxygenase; LigV/Vdh, vanillin dehydrogenase; VanAB,
vanillate O-demethylase; LigM, vanillate O-demethylase; HpaBC, 4-hydroxyphenylacetate 3-monooxygenase; Fcs, acyl-CoA synthetase; Ech, enoyl-
CoA hydratase; HFD1, hexadecenal dehydrogenase; PhdA, p-hydroxycinnamoyl-CoA synthetase; PhdB, 3-hydroxyacyl-CoA dehydrogenase; PhdC,
3-oxoacyl-CoA thiolase; PhdE/Ech, enoyl-CoA hydratase; Vdh, vanillin dehydrogenase; Pral/PobA, p-hydroxybenzoate hydroxylase; pHBALS, p-
hydroxybenzaldehyde synthase; FerA, feruloyl-CoA synthetase; FerB, feruloyl-CoA hydratase/lyase; LigV, vanillin dehydrogenase; DesA, O-
demethylase; LigM, vanillate/3-O-methylgallate O-demethylase
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Figure 3 Atom-economic functionalization routes of lignin for synthesizing aromatic natural products. By utilizing the inherent aromatic
characteristics of lignin, lignin monomers are converted into aromatic natural products. A: Engineered microorganisms enable lignin derivatives
to undergo acylation, hydroxylation, and lactonization reactions to produce coumarins; B: engineered microorganisms facilitate the conversion of
lignin derivatives through acylation, Claisen condensation, cyclization, and hydroxylation reactions to generate flavonoids. The utilization of
cofactors in enzymatic catalysis is indicated by colored dots and squares adjacent to the corresponding enzymes. 4CL, 4-coumarate-CoA ligase;
F6'H, feruloyl-CoA 6'-hydroxylase; COSY, coumarin synthase; CHI, chalcone isomerase; CHS, chalcone synthase; DMAPP, dimethylallyl
pyrophosphate; 6'-PT, 6’-prenyltransferase; 8'-PT, 8'-prenyltransferase; 4HPA3H, 4-hydroxyphenylacetate 3-hydroxylase; CCoAOMT, caffeoyl-
CoA O-methyltransferase; MS, marmesin synthase; PS, psoralen synthase; CS, columbianetin synthase; AS, angelicin synthase; F3'H, flavonoid

3'-hydroxylase; OMT, O-methyltransferase; IFS, isoflavone synthase; FNS, flavone synthase; F3H, flavanone 3-hydroxylase; FLS, flavonol

synthase
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Figure 4 Aromatic ring-opening routes of lignin for producing high-value products. Utilizing the inherent lignin-degrading capabilities of specific
microorganisms, heterogeneous lignin derivatives can be converted into bioplastics and other high-value chemicals through aromatic ring-opening
pathways. The aromatic ring cleavage pathways of protocatechuic acid include the 4,5-cleavage pathway, 2,3-cleavage pathway, and 3,4-cleavage
pathway, highlighted with green shading. The catechol cleavage pathways consist of the ortho-cleavage pathway and meta-cleavage pathway, marked
with yellow shading. Other important chemicals, including 2-pyrone-4,6-dicarboxylic acid, f-ketoadipic acid, muconic acid, and PHA, are indicated
with blue shading. LigAB, protocatechuate 4,5-dioxygenase; LigC, 4-carboxy-2-hydroxymuconate-6-semialdehyde dehydrogenase; Ligl, 2-pyrone-
4,6-dicarboxylate hydrolase; Ligl), 4-oxalomesaconate hydratase; LigK, 4-carboxy-4-hydroxy-2-oxoadipate aldolase; PraA, protocatechuate 2,3-
dioxygenase; PraH, 5-carboxy-2-hydroxymuconate-6-semialdehyde decarboxylase; PraB, 2-hydroxymuconate-6-semialdehyde dehydrogenase; PraC,
4-oxalocrotonate tautomerase; PraD, 4-oxalocrotonate decarboxylase; PraF, 4-hydroxy-2-oxovalerate aldolase; PcaHG, protocatechuate 3,4-
dioxygenase; PcaB, 3-carboxy-cis,cis-muconate cycloisomerase; PcaC, 4-carboxymuconolactone decarboxylase; PcaD, 3-oxoadipate enol-lactonase;
Pcall, 3-oxoadipate CoA-transferase; PcaF, 4-hydroxy-2-oxovalerate aldolase; AroY, protocatechuate decarboxylase; CatA/CatA2, catechol 1,2-
dioxygenase; CatB, cis,cis-muconate cycloisomerase; CatC, muconate cycloisomerase; C2,3D, catechol 2,3-dioxygenase; XylF, 2-hydroxymuconic
semialdehyde hydrolase; XylJ/MhpD, 2-oxopent-4-enoate hydratase; XylG, 2-hydroxymuconic semialdehyde dehydrogenase; XylH, 2-
hydroxymuconate tautomerase; Xyll, 2-oxo0-3-hexenedioate decarboxylase; HOA aldolase, 4-hydroxy-2-oxovalerate aldolase
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Figure 5 Synthetic biology and artificial intelligence empower lignin biovalorization. Synthetic biology strategies including gene editing, dynamic
regulation, multi-enzyme synergistic depolymerization in vitro, and adaptive evolution drive lignin depolymerization and conversion through the
design and construction of novel biological systems. Rational approaches for enzyme system optimization, such as regulating cofactor supply pools,
co-expressing auxiliary proteins, two-component fusion, and eliminating toxic byproducts, precisely promote the directional transformation of lignin
functional groups, thereby achieving its high-value utilization while reducing byproduct formation. Machine learning technologies including multi-
omics data collection, feature extraction and model establishment, deep learning-based modification of lignin-degrading enzymes, and Al-assisted
pathway optimization enhance the efficiency and controllability of biocatalytic processes, facilitating the metabolic regulation of lignin bioconversion
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Lignin is the most abundant renewable carbon-neutral aromatic polymer resource in nature, serving as an ideal feedstock for the
sustainable production of energy, chemicals, and materials. Currently, biological conversion represents one of the most promising
pathways for lignin valorization. However, the structural heterogeneity of lignin hinders its valorization. Developing advanced
strategies for directional lignin depolymerization and bioconversion is a cutting-edge research frontier. Emerging synthetic biology
and artificial intelligence technologies provide novel approaches for enhancing lignin valorization. This review outlines the design
principles of aromatic lignin depolymerization and conversion pathways, with a focus on three major routes for lignin valorization
through synthetic biomanufacturing. Furthermore, prospects for lignin bioconversion research and applications empowered by
synthetic biology and artificial intelligence are discussed.
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