afX £

Synthetic Biology Journal z24.50).507-526 2024 % % 5% % 3 33 | www.synibioj.com

S N B DOI: 10.12211/2096-8280.2023-098
R TR IR

B DN A TR BE A28 SR s i A Wyl 2 A5 W v 0k 0

i, ME, AKX
(RRXAFH¥IR, éﬂé\i%é\ﬁiiﬁ%ﬁ%ﬂif)‘l%ﬁﬁ%ﬁiﬁi%é, #Ae KW 4300710

WE: WEERAF N 2o T (RIEEFLSHEmY) . 8. MEY+, BEEERMNINEEEINFER
EMEE . AMIEBINEMIIMENFEZES BIRIAIS RS T REMERATY), AMEEMRMS Y]
WA, ERETEABEIESRZIED VRERIGHTHIRERR AT . BEEEBANFRATGREMFERE

RARNTHTRRE, HNENTEEBIEERDRAFDRIABL, #ERRAFMREEREEENT “HEl” &
WFER « FTIERBIZEEMENIERRAT D AINSEHINAE, AGFRTIEFRERNEZMRRIEER
ARHRE, NMATSMSIHMENRRE . BEREAREZRERIE. ATEESEsFaFRIEUamiz
REHRFHARHERE, 1907 ERAZEERERAFYEIGINL, BETARKERUEMIFMANNLEBESE
B ES MM EN PRI R, MBTETS TSNS ERER, R 7 RIREMRESRATHINT
PR R FAIMEREY” AOMAN; FOIREERAFMEND SRERKNGEE SIS TRERE, LR
R ‘BERI M “EPER AR, EEATEEMENURARESHRENFZ RN EEMNA, #5254
BYNRIEHENT SBEERAUNEE, BEEWXET “HRESME IUR, SHEXETREWREMIEERXR
R . TEARK, BSIERUERBITRMEY). BANTIMCAEF A, B2tk “BYR" SEHRINE.

Xigia): pEERATY); wEEGE; MEYRR;, ERAEZE, ATE6E, BxsEETa

RESES: Q819 NHEtbrE: A
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Abstract: The natural products terpenoids are widely distributed in animals (marine invertebrates), plants,
microorganisms, with diverse molecular structures for bioactivities. A large number of terpenoids have been extracted

directly from plants and microorganisms. However, traditional methods based on natural screening face challenges in
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discovering new terpenes due to the increasing number of known compounds at large quantities. The advent of next-
generation sequencing and synthetic biology technologies marks the onset of the era of genome mining-driven
natural product discovery, particularly in the exploration of new terpenoids. However, challenges persist in this
regard, such as low efficiencies, interference of known compounds, and limited data throughput. In this review, we
focus on recent advances in terpenoid discovery via microbial genome mining strategies, including the use of the
precursor supplying microbial chassis (Escherichia coli, Saccharomyces cerevisiae, Aspergillus oryzae, Streptomyces
albus, etc.), the microbial resources from extreme geographical environments, deep genome mining, and terpene
mining platforms driven by artificial intelligence and automation techniques. To produce more terpenoids using
heterologous hosts, multiple microbial chassis with enhanced precursor supply have been developed to improve their
production yields and thus facilitate the discovery of structurally unique terpenoids. With the growing understanding
of terpene biosynthesis machinery, the deep mining of terpenoid biosynthetic gene clusters and terpene synthases can
effectively address issues related to repeated and irrelevant discoveries. Furthermore, the integration of artificial
intelligence and automation platform with synthetic biology has ushered in the high-throughput intelligent discovery
of terpenoids, which significantly improves the research and enables the discovery of numerous terpenoids with new
structures. Finally, we address challenges and future directions for genome mining based terpenoid discovery. Driven
by synthetic biology and artificial intelligence, a new chapter for the discovery of terpenoids and other natural
products will open. We are looking forward to seeing more terpenoids to be developed as drugs and valuable

chemicals in the future.
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Fig. 1 Types and structures of representative terpenoids
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Table 1 Major microbial chassis for terpenoid mining
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cerevisiae HAMFE =L
B RS S NIERS
HA MIEMVA &4
Aspergillus oryzae  FLAT 5K R 150 WA

DIReE Ja 1B 1 RE 715K

AEA RS, 7T B PR RE R A AR T & R BT TR R R
NI A 3R IE R A RIR R S 15 AR IE A ()

AL 5 B i B
TEE LR R A AN BT ) A 5
ANIE A IR FURRIR A 5 R R (75

AR 2k
R CRIS

A LAIER R R BT ) P T

HA W IEMVA #4%

T 3 1 L VA B SR U T 2 A PR R ()
Streptomyces albus  DIfe 5 121 G871 58 K

FA WU MEP & 12

T A B A R R 1 28 A A TR ()

AR S 2%
R OLRIRS

T KA A A B R R A AIEMEPIR1R, #1722 HORFAAMFORIRN L A8, Ja &8 G RIBAMERIEIIRE I & FE N (0); B
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Note: Escherichia coli and Streptomyces albus possess an endogenous MEP pathway. The former is mainly used to express terpene synthases

from bacteria, and the latter is suitable for expressing terpene biosynthetic gene clusters from bacteria. Both Saccharomyces cerevisiae and

Aspergillus oryzae possess an endogenous MVA pathway. The former is mainly used to express terpene synthases from fungi or plants, and the latter

is suitable for expressing terpene biosynthetic gene clusters from fungi or plants.
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26 fungi terpene BGCs
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(a) Large-scale mining of 26 terpene BGCs from filamentous fungi and the discovery of mangicol J*°!
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(b) Large-scale mining of 13 terpenoid BGCs from bacteria and the discovery of three new terpenoid skeletons!*?!

B3 LT JE DR A HHE A 58 BGC AR AL T2 98
Fig.3 Large-scale mining of terpenoid BGCs based on the genomic data
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Fig. 4 Yeast chassis for discovering noncanonical C, terpenes from bacteria™
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2 W BGC IR I P 2% T AH R e oo

Table 2 Tools and databases for mining terpene BGCs

[104-106]

Z%
Kl PR B 2% T A fai /- DX 1k .
SRR
BGC #4f
antiSMASH Database 20T A B AN L B A5 5 TR 4 A R G f 7 B BGC hittps://antismash-db.secondarymetabolites.org/  [107]
ey
BiG-FAM A R R R (GCP B SR & https://bigfam.bioinformatics.nl/home [108]
IMG-ABC TR BGC 4 i it R 4 https://img jgi.doe.gov/cgi-bin/abe-public/main.cgi  [109]
MIBiG T i R R S o T s B S https://mibig.secondarymetabolites.org/ [110]
BGC M85 T H
antiSMASH FHT B B 50 A0 W1 A O AR 7= 4 B TR 7 https://antismash.secondarymetabolites.org/ [111]
ARTS 1T i DR 2H O [ 4290, 0 V8 0 7 L AR R A https://arts.ziemertlab.com/ [112]
BiG-SCAPE T 1 73 BGC 17 FIARALE X 4% 4 H 7 4 2 GCF 1 https://git.wageningenur.nl/medema-group/BiG-  [113]
SCAPE/wikis/home
BiG-SLiCE A K& BGC, ilid i H1AH AU P 45 14 7 GCF 1Y https://github.com/medema-group/bigslice [114]
ClusterFinder TR K 21 7 i BGC https://github.com/petercim/ClusterFinder [115]
DeepBGC A FHR 2% S0 1 7 32 T 00 240 B R 3 1 5 DR 2H 1 BGC https://github.com/Merck/deepbgc [116]
e-DeepBGC FETIREERE S T, 5IN T Plam {5 5., 0 4H 1 ik [R] 26 — [117]
F1BGC
RL-BGC FET Pfam 85 A 0 KOS5 iR D RE R R 94K 52 51 77 hittps://github.com/bioinfoUQAM/RL-bge- [118]
12 K UE S AT LB % BGC components
PRISM4 F T AR IR A 51, R 0 BGC A= B 45 48 T 1 https://prism.adapsyn.com/ [119]
HEE
SMURF T B E R 40 BGC A& 42 70 43 b http://smurf jevi.org/index.php [120]
TeroKit i A A VAL 5 25 10) A 03 T R A= & BO& A4 TR AE http://terokit.qmclab.com/ [1]
LR R T
ity Dy e R0 T
CLEAN S FHGT b2 ST OB R, e i ] A A B S B Th B TR https://clean.platform.moleculemaker.org/ [121]
configuration
ECRECer BT IR 2 5] S AL T e T https://ecrecer.biodesign.ac.cn/ [122]
PfamScan HRAE Pfam HMM H 40 2 3E 47 il oh B8 T 43 ¥ https://www.ebi.ac.uk/Tools/pfa/pfamscan/ [123-
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