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Lignin biological funneling drives green synthesis of aromatic chemicals
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Abstract: Lignin, as the most abundant renewable aromatic polymer in nature. The "biological funnel" pathway
directs structurally diverse depolymerization products into a few platform compounds via multi—enzyme cascade.
Recent advances in lignin valorization based on the biological funnel strategy are systematically reviewed, with an
emphasis on the biosynthetic routes and engineering strategies for aromatic chemicals such as vanillin,
protocatechuic acid, and 4-hydroxystyrene. Furthermore, the applications of synthetic biology, artificial
intelligence, and enzyme engineering in pathway reconstruction and key enzyme modification are analyzed. To
address challenges such as product toxicity and the low conversion efficiency of S—type monomers, future directions
including adaptive evolution, intelligent enzyme design, and full-chain synergistic conversion are discussed. This
review provides theoretical guidance and a technical reference for the systematic engineering of lignin biological

funnel pathways.
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Fig. 1

Bioconversion strategies for targeted lignin depolymerization and high—value aromatic product synthesis (Plants synthesize

lignocellulose via photosynthetic carbon fixation, which contains cellulose, hemicellulose and lignin consisting of H-, G-, S-type

phenylpropane monomers. Biomass bioconversion adopts synthetic biology to fabricate engineered strains, artificial intelligence to

refine catalytic enzymes, and metabolic regulation to redistribute carbon flux. This workflow produces high-value aromatics covering

aldehydes, acids, olefins, ring-opened derivatives as well as polymers. Product recycling establishes a circular utilization system for

biomass carbon resources)
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Fig. 2 Exploiting biological lignin conversion routes (BCLRs) to obtain value—added products from lignin valorization (From a

pathway—classification perspective, lignin bioconversion can be categorized into four core metabolic routes, namely the biological
funneling route, the atom—economic functionalization route, the aromatic ring—opening route, and the ring—opening polymerization
route. These four routes differ in their transformation logic, catalytic strategies, product types, and application directions, collectively

constituting a comprehensive system for the high—value utilization of lignin)
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Fig. 3 Biological funneling pathway of lignin for the production of aromatic platform chemicals (Blue, pink, and yellow modules

represent the metabolic pathways of G—, H—, and S—type lignin monomers in engineered strains)
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A2 RS REIN153 mM, 4232 oL, BEIRE
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Tk A A = A T R AT R AR B AR, 2%
R AR AT SO T R R E A M
TR SR W 53 B BRI R e AR AN, TR 1 1
TSI T AT 28 AR B 4 22 3R 0 B R0 Il Ak
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2R ML TR, 6200 8 LR T S0k 3R Oy 400 o] 5 % ik )
R, AR A 458 30 5 5 T B R B
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Table 1 Aromatic aldehydes transformed from heterogeneous lignin derivatives via microbial “biological funnel” pathways

R P TR e ek o
e SCk
S 1L ) 2R A 22 BRI AU 2 Y] o
FLER o BF13 BT 2 iR vdh; fes; ech 2. 3 FEIRBT BB A & RUEEIE IR fos HOK A BHEEZE 841 mM — [36]
fitf ech
1.3 Fe TR P BRI A £ LA fos 55K A5 Wt/ 0
FEFE BB BT iti KL A ech — 86%  [25]
2. (i FH5R S 3T tac FIRBARHEH
X 2R
< Pl B ] T N PESE A ) 7 -
i A RO STEL i W PE S A AL [37]
1. BT 2 R A N vdh T ELR O— M B BE e LY
A vanAB WM AL S RESE D cal A JEAMR R 5512 T A 7R
DA =} o ) - c .
FE '”%{ﬁiﬁ)@@ s m”Ali’ ;Z;Az P38 b 3807 - 3832 44791 —  [38]
2. 5] AR CoA e85 A58 ¢
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3R R B IR A ik 45
- 1 AG TRk 4 20 it i A7)
. —— BRI o )
FER AR 2K 2 AR IR IR 5 e Ak A 21.1 mM 1.8 mg/g [43]
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coli SA09 i i BRIk , Ui 30k v % M 33 S0 2 R R It
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it (PobA) R AR L, S T H L 5 G AU LA
(R BIRR) A A , I8 TSI 18 Bt AR Jo 22 70 A BHE A v 3
WE T T A AT, LA R ™ feik 810 mg/L™,
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97.7%.98.5% M1 93.1%. 7&K SRR ik,
Fo KK i U 28 TR TR R B AL A 253.88 mg/g i
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Table 2 Aromatic acids transformed from heterogeneous lignin derivatives via microbial “biological funnel” pathways
FE
fop TAEN ey S TR g ek o0
L /S SCHR
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1. BEBR IR LS TR 3,4- XU 4 it [
ﬂzlf‘r__‘ 3 JiEtin ¥ . pC(ch,lﬁi%ﬁlgéﬁﬁ]—
JEUL ;;;Iff :Eiﬁiﬁﬁ( CHe o v 2. MRS E T Plac B4 E peaGH L 17.5 g/L. 45% o
EL 44@0 %;/k‘ﬁ%&” peatit poos van 5L 2R PR PobA FITE 2R O 2.4 /L 72.9%
e I SLR VanAB,
3. AL IC ORI A% PCA 1601
L e (A4 0 i 3k P IR T R
L PIAR Y O-fit 1 L 5L vanAB AR T AR A K
oy T TR vanAB; agmR; ghdR; fle(; gstB 2. MEATIE N VSIS HEAL ALE S FAG T AR [44]
P KT2440 3. 2T agmR gbdR fleQ Ko 4475 30%
gstB—yad G R R[] [X 55 5748
L 1. B TR LAS TR 3,4 XU 42 B L A
B ST KRR B i A peaGH 70.85
GH; vanAB e 253.88 mg/L 53
LT peaGHs van 2.1 6 R O-JBE T AT ¢ ,
KT2440
vanAB
ol S e g S5 W L TR 3,4 I 8 25
}\M LT i% o peaGH § o el 673 mg/l. 17.5% [54]
N KT2440 1 peaG.
L 3 38 X R ORI R Ak Al 5k X
FOL . | pobA; T W R O— JiE K Al AL R
XA LR 2 bA; vanAB; HenK o 12.7 ¢/L. — 7
- Qiﬁ@[a_ﬁl S SR BTELR PpobA; van en vand B 2 {E. 7 B 6 A 3% J2 6 K g [77]
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F3E HenK
1. &% ADH6/ADH7/BDH2 I FDC1
5l CoA AR B- A fLitE
P M T A
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FIL EMERE . ) pobA , i it 4—F2HE K H Rl A 34 iR
e 12 5 B AR FEFF 0 odh; pobA; vanAB; lig; MET6; MHT1; ) ] S P N 120 mg/L —  [51]
ZRIR b SAMA: mef] FEBE A Lig , 3o 223 H G 22 R & il 910 me/L.
N 5 me . N m.
8 SEIH MET6 Ji S—IRHF R R & #
PR EGHE K MHT1/SAM4 5| AT H 37
A FRIR JF LN metf1
Uid)d
24— ZUERIE 1% /N RS AT AR LA B o KL S U 3 3k 4, 5- WU 4 il 3 A 0 el s
—H RHAl 4% e ligAB 12,3~ XU ML A praA e
mﬁ:
1. BRI LR R 3,4 WU 4 il 3 (R
ids peaHG IF Y AR HE A 4,5- XU B e
—24- LRI 1% /N E R AR _ K] ligAB PR B A 175 5 200 3 .
W RHAl 44 ligAB; pcaHG; dyp2 TR lighB F ik 330 mg/L. ﬁlEo[T: [46]
7y 3.5 ASMR IS A AL dyp2 ) :
I S N 2
s AW L. 7 B 6 42 95 2% R 2 Ak Rl i [N
- A bA FIFE LA TR I SR B hpd 7
W B ATERATE R pobi: hpd pobA PR IR AR R Ipd 3 3 .
MR VLBI120 I3 ok e S B A 552
2. 455 T T AR AL AR (R
ik % O-Jli A desA ,
T i THmR desA; ligh; Ipde TR O L HE I I ligM K 5L 59.6 mg/L —  [102]
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Table 3 Aromatic alkenes transformed from heterogeneous lignin derivatives via microbial “biological funnel” pathways
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Table 4 Lignin—derived polyphenols transformed from heterogeneous lignin derivatives via microbial “biological funnel”

pathways
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Fig. 4 A new paradigm of lignin biological valorization driven by synthetic biology and artificial intelligence (Chapter 3 outlines three
core enabling technologies for lignin bioconversion from a technical system perspective. Varying in scale, targets, strategies and

applications, they form an integrated system for efficient lignin valorization)
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