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Abstract: o-Humulene is a natural sesquiterpenoid with multiple pharmacological activities including anti-
inflammatory, antibacterial and antitumor effects, and also serves as the key precursor for zerumbone biosynthesis.
In this study, Saccharomyces cerevisiae was used as the chassis for heterologous production of a-humulene. One
novel a-humulene synthase gene, AsTPS8, was mined from the transcriptome of Aquilaria sinensis. Compared
with the reported ZSS1 from Zingiber zerumbet, AsTPS8 exhibited higher catalytic efficiency. Furthermore, fusion
expression of ERG20 with AsTPS8 via a (GGGS), linker combined with multi-copy integration at the 7Y/ locus
increased the a-humulene titer to 1.41 g-L™' in shake flasks. On this basis, the bypass phosphatase gene LPPI was
knocked out using CRISPR/Cas9, and the transcriptional regulators /IME4 and UPC2-1 were simultaneously
introduced, further elevating the titer to 1.80 g-L". Finally, fed-batch high-density fermentation in a 5 L bioreactor
achieved an a-humulene titer of 22.02 g-L™" at 144 h, representing the highest reported level to date. This study
provides an efficient chassis strain and technical support for the industrial production of a-humulene and downstream
zerumbone.

Key words: a-humulene; Saccharomyces cerevisiae; metabolic engineering; terpene synthase; high-density

ek H #: 2026-04-25; &l H 3 2026-06-16.

SEGIH )R HABIEA RS ITH (2026A1515011111); |7 AR HUE T80 w5 A RURHTTF & A5 H (2022Z2DZX2035).
EEE (A

*B T # E-mail: nlizn@gzucm.edu.cn; wfeng1230@gdpu.edu.cn

DOI: 10.16438/j.0513-4870.2026-0478



- 3476 - 242224 Acta Pharmaceutica Sinica 2026, 61(9): 3475-3483

fermentation

5 R G ) AR A T ) h S i i T
EYEVE B IZ B RAR T R, FEEZ B H
b S5 e B A BN AN . A5 w2 S P R
R AL BT REN 45 2 R0F « a-FA 1T Hi (a-humulene) 1
N B SR R AR 2, T AR AE T AR 22 LU AR
VIFEZMEY T, BAIUR PR UM B S
Z EAEEW"Y . FONE BN, a- 1T R AL ZE T
(zerumbone) A=W G B S BRETT A, A8 a- A1 77 I 1 AR
WA A R AEZ D . 622 W6 0] 2 Fof I 98 240 P A S
F AR, B S B AR, M 2 s R TT
R, Rk, S a- A 7T 0 R v RSCE R, 0T A 22 TR
FURAL A 7 B R R 277l B B S

H AT, a-F 77 ) 3R B 3 A A 3 Bk, (2
EME & EWRACHZ A K ARES R R
Wil ik 2, SR AR B A% L A B, M DA R Tl A A
PR R, WA A AR ER IR K R, R
A ) R S IR AR 7 A v R AT R
A& 1S . BRI BE (Saccharomyces cerevisiae) [ E:
A 1AL FOE W B AR AR TR R IR R 5 TR
H & B & 58 300 H ¥ % (mevalonate, MVA) 18 i
120 B s AR JE FE AR IR (farnesyl pyrophos-
phate, FPP) S840 %5, C A S U5 & BURE P U5 i 2546 &
W) AT 3 TR A TR AR

A 1o 77 oA VT 6 P TR VY 1% B i 7T R, A% 0o AE
Tl e =S S e L — 2 7 12 1 R o= T U
SEIHT A4 FPP [A) o- 41 75 M 1) v 280k A — e A AR
W AT, SRALHT R FPP AL L, ek 2D 55 B% AQ T (1) Y #E;
o AR A B, R AR T B AR R K
o oA 1T I (B B 4% 5 188 (terpene synthases,
TPSs) It AAE F, TPSs A& s A& W& i 5 B B
HE, A [F SR UE 1) TPSs AL R AFAE B35 22 57, 129
W R oA T M T R R R BT ) B

FEACU A P42 0 AR o, 2 AN R TR 2 5 R TS 19 B i
REMEEW T . UPC2-1 R 2 BRI I BF rh 8 L)
e AR, WRE IR A MVA R A% o0 B R DA 1Y) 5
B IXIK, BE LI ERGI0-ERG13 . HMGR“5HE [ (1%
15, #A MVA B 1RIE &, N FPP AR, IME4 5 K %5
B PR N°- i Bt IR A i 1) W R e B g, 2 S5 BT
RNA m°A FEEAG B, o ik ml 28 BRI AR L &
T4 B A G B0 A MIVA @ 45 H R A0 S TR R 2 S /K
S R AR e N AL, BRI REAE
1555 B AR 4%, LPP1FI DPP1 3 K 9 65 (1 9 g % 1o

TR I ] 4 FPP 4% A6 J9ik JE I, ‘S B FPP ) TR0 #E, il
i e 5 [R] L I B T 38 5 A e i 28 P A (0

ARHIF T CATREG 2 B I A, Bl 5% o1 7 045 11 v 2K
G RO R R AR TR G . ok, NEAREHA
AR P2 R o- AT IR AR R, @ RGRE o
W15 TR 5 45 W 3 5 s e (i BRI LR, MR A S
B ARG OGRS ERG20 IRl & Rk 1k R, I 456 TYI
Z ¥ ULA i B 1 9 JE R R 9A &5 17 J5 R CRISPR/
Cas9 3 [K] g 18 557 A s ok 57 % W BRI 3L [R LPP 1, AR 5
NS 2 N 7 IME4 A1 UPC2-1 UL AL MVA i 1238
B 5, 8IS LR BERE 7 fHRMRE s R R I B0 IE B
PR B AR I AR P YRR, N a- AT IR A A = R A 22
WA P )5 8 R R EOR SCHE AR A 3

MR5REE

SLISMR MY KL AR (Aquilaria sinensis)
KBTI ERZR2EZ L, 213K (Zingiber zerumbet)
WP S HE . VRS R KA B (Escherichia
coli) DH5a W B At i & RS EVHE AR AR A A
R T Pt RS AR T PR yYF601 1 2/ S [ AR R0, 1
YHTE AL M T R BR GALSO IR (¥ B Ak ZEO1 .
AW TP T R JB0RL fe 22 41 B B AR BRI S WK 1

FERFENEE & & 5 DNA % 4 i Phanta
Max Super-Fidelity . [F] J§ 2 20 ¥ ClonExpress 11 H 74
I ME R AR MR R A BR A R . BRI Y
FastDigest & 41 Il H 3% [ Thermo Fisher Scientific 2
Ao fHA) S RNA $2HUA 7 £ RNAprep Pure Plant Kit.
T4 5% K 20 DNA $2 B 77 & DP321 1 5 Jb 5t R R AR
WRHE AR A A BRI & PCR = H4ifhiX
& EGR A & B EEAE T A TR ARRS
HIRAT . Evo M-MLV Plus cDNA & Bk 71 & 1 3
RIEGEMFBHA R AT . a-f1TH (CAS: 6753-98-6) bx
Y A Macklin 4 & o 1E -+ R [ 220 75 12
A L - 5 B BE FH A (GC-MS) S H & Shimadzu 722
A] QP2010SE MY o & 0 AH 5 3 43 £ F Waters HPLC
{8454 Agilent EC-C18. “PATAEY) M 28 B Lk
DA R TREA PR A A 6

EHYIE RNARENS cDNAA K HBAAKER.
2 M AL ER AR 2L, AT B JS ff FH RNA prep
pure % FE £ Ty f 4 & RNA $2 BUR 57 £ 32 BUE RNA
PAFR I 5L RNA AR, £ H Evo M-MLV Plus cDNA
AR &L R U P BRE U cDNA.



FRAERNAE: 57 o= A1 77 MG RIS B B b A A e 5 AR LR f AL - 3477 -

Table 1 Plasmids and strains used in this study

Plasmids and strains Description Source
pESC-URA Yeast expression vector with URA selection maker Stored in the lab
pESC-URA-AsTPS8 pESC-URA-GALI1p-AsTPS8-CYCIt This study
pESC-URA-ZSS1 pESC-URA-GAL1p-ZSS1-CYClt This study

pCfb-2988-TRP
pCfb-2988-TRP-ERG20

pESC-URA-IME4-UPC2-1

pCRCT-GTR-URA3-ALPP1 Cas9 plasmid (ALPP1)

Yeast expression vector with TY 1 integration sites and TRP selection maker
pCfb-2988-TRP; GAL1p-ERG20-CYC1t
pESC-URA-ERG20-(GGGS),-AsTPS8 pESC-URA-GALI1p-ERG20-(GGGS),-AsTPS8-CYCl1t
pESC-URA-PGK1p-IME4-ADH1t-GAL1p-UPC2-1-CYCI1t

Stored in the lab
Stored in the lab
This study

Stored in the lab
Stored in the lab

yYF601 CEN.PK2-1C; erg9::KanMX-CTR3p-ERGY; leu2-3,112::His3MX6-GAL1p-ERG19/ Presented by
GAL10p-ERGS; ura3-52::GAL1p-EfMvaSA110G/GAL10p-EfMvaE; his3Al:: Xiaozhou Luo team
hphMX4-GAL1p-ERG12/GAL10p-IDI1; 308a::GAL1p-ERG20F96W-N127W

ZEO01 yYF601; GALSOA Stored in the lab

ZE02 ZE00; pESC-URA-ASTPSS This study

ZE03 ZE00; pESC-URA-ZSS1 This study

ZE04 ZEO00; TY1::TRP-GAL1p-AsTPS8-CYCIt This study

ZE05 ZE00; TY1::TRP-GAL1p-ERG20-(GGGS),-AsTPS8-CYCIt This study

ZE06 ZE0S5; LPP1A::URA3-PGK1p-IME4-ADH1t-GAL1p-UPC2-1-CYClt This study
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Figure 1

Phylogenetic tree of AsTPS and functionally characterized terpene synthases (TPSs)



FR AT 4%

1977 o= AT T BRATS T 8 R 1A RS 5 A QO TR ER A

© 3479 -

Pl P YRR AR

¥t AsTPSS 7% % %5 pESC-URA F£iL 34K, 4 1L EHR
T % BF IS A% B vk ZEO01 W, 3R A5 B Ak ZE02. 50 mL %
% FRIE S dJE, GC-MS /i KB =4 . S8 T
i | (TIC) &R, Tf%‘%lﬁlmlmmm&ﬁ i i
i, 25 LW 3 pR, & NISTI7 i ER RS a-A
V1 I UG BC B 3K 98% 5 o 77 I s o ot B X A DA A T
PN a-A1 P, B AsTPS8 N o- A1 1T 15 4 i
2 AsTPS8 52 % a- A 111G & B ZSS1 1Y f 1L 7E 14
Eeie

RVEAL BT H2 98 18 o- 417 I 5 15 ASTPSS ¥ i 14 2%
R, IRBFAIRE (Zingiber zerumbet) IRH] a- A 1T 1G5
fitf ZSS1 (GenBank: BAG12020.1) fE A% . ZSS1 &
AN D e %€ 1 a- A 1T I A G, AR AR R
PEAE ) B A B m 0 a-F 7T A s EN, 7R K
FF B o S Y5 2 0 B AT A A B 95% LA B I a- A3 AT
S0, E BRI W RE R IR SEBL T oA 1T 0 B AR 22 B
1 ISk A B, ZSST & B RT R iz HoAE AP Be 5
NEEW a- AT Gl —, Bk, AR 781k ZSS1
Ry %et B8 LLVPAN ASTPSS (1 {4k fE

AT BR 25 4R 25 vh 33 % ZSST 5 K (ORF 1 644 bp),
H4) % pESC-URA-ZSS1 ik # 4k I 5 46 ZEO1, 345 14
PR ZE03. HEI R 5 KI5 HUREH GC-MS #EAT Rl 45

R 4 FroR, ZE02 (AsTPS8) Ml ZE03 (ZSS1) H a-f1
4318 0.83.0.42 gL'

P8 HARE KIE ) AsTPSS

x 20 40 *

ASTPSS :
AsHS1 :
AcHS1 :
AcHS2 :
AcHS3 :
zss1

ASTPSS :
AsHS1 :
AcHS1 :
AcHS2 :
AcHS3 :
zss1

= Q!

FRELRggGSt6SadvFn K dGgF a
* 260 * 280 *

ASTPSS : A

AsHS1 :

AcHS1 :

AcHS2 :

AcHS3 :

2ss1l

AsTPSS :
AsHS1
AcHS1
AcHS2
AcHS3
zss1l

*
ASTPSS
AsHS1
AcHS1
AcHS2
AcHS3
zss1

Figure 2 Conserved domain analysis of AsTPS8
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Figure 3 GC-MS identification of a-humulene produced by strain ZE02. A: Total ion chromatograms of ZEO1 and a-humulene standard,;

B: Mass spectra of the 16.3 min peak from ZE02 (upper) and the standard (lower)

A x10° *k
9.0 1000
8.0
704 a-Humulene ~ 800 1
: =
8 607 g 600
£ 5.0 B
= g s
2 40 ZE03 = 1004
< 30 - ~ §
e
2.0 JL ZE02 < 2004
1.0
T T T T 0 T T
16.0 17.0 18.0 19.0 20.0 ZSS1 AsTPS8
Time / min

Figure 4 Detection results of 50 mL shake-flask fermentation of strains ZE02 and ZE03. A: GC-MS total ion chromatograms showing the

characteristic o -humulene peak in fermentation products of strains ZE02 (AsTPS8) and ZE03 (ZSS1); B: a-Humulene titers (mg-L")
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during fed-batch fermentation in a 5 L bioreactor
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