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Abstract: The demand for personal care products has been increasing steadily. Consumers are now seeking for
products that offer enhanced functionality, natural ingredients, and superior feeling experiences. Fragrances and flavors
are key components in personal care formulations. Terpenes and their derivatives dominate natural fragrances due to
their diverse structures and scents, widespread availability from plants and animals, stable function, and high safety
profile. The terpene fragrance market is projected to grow at an annual growth rate of 6.4%, reaching $1.01 billion by
2028, indicating a high market revenue and promising future. Currently, the acquisition of natural terpene fragrances is

constrained by the long growth cycle of plants, low terpene content, and high extraction cost. Thus, there is an urgent
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need for developing new technology, such as synthetic biology, to achieve large-scale production of diverse fragrance
compounds at an environment-friendly manner. This review explores the application and development of synthetic
biology in the sustainable production of terpene fragrances, highlighting how data-driven synthetic biology and
biotechnological innovations empower terpene fragrance production. It also compares classical and alternative
terpenoid biosynthesis pathways, elucidating their differences and advantages, which can offer comprehensive insights
for chassis design toward terpenoid efficient biosynthesis. Additionally, this review explores recent advances in terpene
synthase discovery and engineering as well as cell factory construction. Furthermore, we comprehensively summarizes
challenges encountered in the construction of three major types of terpene fragrance cell factories: monoterpenes,
sesquiterpenes, and nor-isoprenoids, and discusses metabolic engineering strategies that can be employed to address
these issues, including enzyme optimization, pathway reconstruction, and cellular detoxification. At the end, we
comment the current landscape of patents and industrial competition, offering insights into future challenges and
opportunities, including the hurdles of biosynthesis technology, the discovery and design of new products, as well as

the market regulation and safety concerns.
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Fig. 2 Classical terpene biosynthetic pathways and alternative chemical synthetic routes
(G3P—D-glyceraldehyde 3-phosphate; PYR—pyruvate; DXP—1-deoxy-D-xylulose S5-phosphate; MEP—2-C-methyl-D-erythritol 4-phosphate;
CDP-ME—4-diphophocytidyl-2-C-methyl-D-erythrito; CDP-MEP—4-diphophocytidyl-2-C-methyl-D-erythritol 2phosphate; MEcPP—2-C-methyl-
D-erythritol 2,4-cyclodiphosphate; HMBPP—4-hydroxy-3-methyl-butenyl diphosphate; DMAPP—dimethylallyl diphosphate; GPP—geranyl
diphosphate; FPP—farnesyl diphosphate; GGPP—geranylgeranyl diphosphate; MG-CoA—3-methylglutaconyl-CoA; MB-CoA—3-methyl-2-
butenoyl-CoA; MB—3-methyl-2-butenal; DMAP—dimethylallyl phosphate; M3P—mevalonate 3-phosphate; M3P5P—mevalonate 3,5-biphosphate;
IP—isopentenyl phosphate; AcCoA—acetyl-CoA; AcAcCoA—acetoacetyl-CoA; HMGCoA—3-hydroxy-3-methylglutaryl-CoA; MVA—mevalonate;
MS5P—mevalonate 5-phosphate; MVAPP—mevalonate diphosphate; IPP—isopentenyl diphosphate; NPP—neryl diphosphate; Z, Z-FPP—Z,Z-farnesyl
diphosphate; NNPP—nerylneryl diphosphate; DXS—DXP synthase; DXR—DXP reductoisomerase; MCT—MEP cytidylyltransferase; CMK—CDP-
ME kinase; MDS—ME-CPP synthase; HDS—HMB-PP synthase; HDR—HMB-PP reductase; ERG10—ACCT acetyl-CoA C-acetyl transferase;
ERG13—HMGS HMG-CoA synthase; HMGR—HMG-CoA reductase; ERG12—MK MVA kinase; ERG8—PMVK phosphomevalonate kinase;
ERG19—MVD diphosphomevalonate decarboxylase; LiuC—enoyl-CoA hydratase; AibAB—glutaconyl-CoA decarboxylase; cbjALD—acyl-CoA
reductase; YahK—alcohol dehydrogenase; ThiM—hydroxyethylthiazole kinase; IPK—isopentenyl phosphate kinase; IDI—isopentenyl-diphosphate
isomerase; GPPS—geranyl pyrophosphate synthase; FPPS—farnesyl pyrophosphate synthase; GGPPS—geranylgeranyl diphosphate synthase; NPPS—
nerol pyrophosphate synthase; zFPPS—Z,Z-Farnesyl diphosphate synthase; NNPPS—nerylneryl diphosphate synthase; M3K—mevalonate 3-kinase;
M3P5K—mevalonate 3-phosphate 5-kinase; BMD-—mevalonate biphosphate decarboxylase; IPK—isopentenyl phosphate kinase; PMD—

mevalonate 5-phosphate decarboxylase.)
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Table 1 Summary of cell factories for producing terpene fragrances
45K & AURERHE JERAE IR ok At FPEA(gL)  BEIR
BEIR HR 0 A WAL AL S PN 7LiNT] BRI 2.1 [73]
Geraniol U B4 M e B 24 fLBUR 9 1.2 [74]
VERER EERES KA PRI R I 1.2 [75]
Myrcene
I R BURAE RS 1% 5 LAY B A 8.3 [76]
Citronellol
75 W BEIER WL IIE 5 mLiRE S75.6 [77]
Linalool RM37
B AL Frig s FEES PN 7Lt 3 LAY RN B 3.6 [78]
Limonene
- T THERAEAE TGS 1 B 5 LA OB 2 21.8 [79]
a-Terpineol
77T A B PR IIE AT SR KB RE R % 443 [80]
(-)-Carvone TR R
RUER FLifl e R 3 Y 8 i A A5 TR I PEIHAMEE 0.75 [81]
Borneol
o-JR N FAARTT i » i AR KIGHT B TR 0.17 [82]
o-Pinene
AR B RS AR &S iRV P B R R 0.15 [83]
Sabinene
N RS PETE AL TEB R E KA R L7 7 B PR I 3.5 [84]
Nerolidol
-k JE M 5 MG R 5 IR0 3 S R TG 1% B 200 tAEH) I B 3 130 [85]
B-Farnesol
15 JERE WA K R 0.53 [86]
Farnesol
LN ARG &) RESERE FRRY 5% B 5 LAY B3 9.8 [87]
Bisabolene
o-FEBLAT THEER ol PR 30 LA v 88 4.1 [88]
a-Humulene
i e KR A 4 D F BRI S PGPS 1 5 LAY A 7.9 [89]
(=)-Germacrene D
KR i A e FUAR I 8 A R A R 1% 15 LAEW) IR N 4 16.6 [70]
(+)-Valencene
A e v R T RS VG e B 5 LAEW) IR B2 0.80 [90]
(+)-Nootkatone
AT I SRR I 1A AR o A 2 TR TG 1% B 5 LAY OB B 1.3 [91]
Santalol
IR o- 18 7 I AR AES BTSRRI B | LEEY R N3 21.5 [92]
a-Santalene
K I SRS AR KIGAT 5 LAY b 0.38 [93]
Longifolene
JTEER JTENE AR P2 B 5 LAEW) R B 2% 1.6 [94]
Patchoulol
IR I o- % DT AR D 2R 5 SRR L P i B TR AMEE 0.48 [95]
a-Ionone
B-55 2 B EHHUE, SAE IR IREERE 3 LAY RS 0.98 [96]

B-Ionone
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Fig. 4 Engineering strategies for monoterpene fragrance cell factories
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A.Boosting the expression strength of FPP

» Endogenous: promoter engineering

B. Minimizing metabolic branching from FPP| C. Increasing FPP intermediate transmission
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Fig. 5 Strategies for enhancing FPP availability to sesquiterpene synthases.
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