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Abstract: Objective The low content of secondary metabolites of Ganoderma sinense has brought some difficulties to the
development of monomers, so it is necessary to screen a method that can significantly increase the yield of secondary metabolites of
G. sinense. Methods The GsSTS50 gene encoding linalool synthetase was selected based on the G. sinense gene library. The GsSTS50
gene was overexpressed in Escherichia coli by co-expression and introduction of heterologous mevalonate (MVA) pathway. The
linalool content in E. coli was determined by HS-SPME-GC-MS. Results The yield of linalool and other terpenoids in E. coli was
increased by about 4.9 times by optimizing the strategy of fusion enzyme. By introducing heterologous MVA pathway, the production
of linalool was 49 times higher than that of the original culture. The co-expression of multiple genes at the same time into the
heterologous pathway, the yield of the optimized strain was 42 times higher than that of the original strain. Conclusion The results
showed that the yield of recombinant strains was significantly increased. This study provides a reference for further research on
terpenoids and other terpenoids from G. sinense.
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Purple part-endogenous MEP pathway in E. coli. Green part-metabolic pathway of heterologous MVA; Dxs-1-deoxy-D-xylulose-5-phosphate synthase;
Dxr-1-deoxy-D-xylulose 5-phosphate reductoisomerase; IspD-4-diphosphocytidyl-2-C-methyl-D-erythritolsynthase; IspE-4-diphosphocytidyl-2-C-
methylerythritol kinase; IspF-2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; IspG-4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase;
IspH-1-hydroxy-2-methyl-butenyl 4-diphosphate reductase; G3P-D-glyceraldhyde-3-phosphate; DXP-1-deoxy-D-xylulose 5-phosphate; CDP-MEP-cdp-
2-C-methyl-D-erythritol ~ 2-phosphate; ~ MEcPP-2-C-methyl-D-erythritol-2,4-cyclodiphosphate; ~ HMBPP-1-hydroxy-2-methyl-2-(E)-butenyl ~ 4-
diphosphate; HMG-CoA-hydroxymethylglutaryl-CoA; mevalonate-P-mevalonate 5-phosphate; mevalonate-PP-mevalonate pyrophosphate.
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Fig. 1 Biosynthesis pathway of linalool
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pyrophosphate, FPP) i &, 3840 — % IR 7w I
(geranyl diphosphate, GPP) fR&, hnHbr/ =¥
8], FORHE M R A Y (AgGPPS2) H
A B R AR DO,

Hoshino 517 25 A4 BBl 52 5 K A B
Hp 3R R 0K S AV 8 R AR R R A B 3 R IspA
(S80F), FeZAdisAalg i)™ & i 3 i 5 . Wang 550
I BRI N RIS FIE B 1 T2, M T 8 MK
HHEEBEHRIERS, FEXZ2H Gleenol K= EHE S
T 23 fif. ANEZM T, AgGPPS l IspA (S8OF) i
KIgAT H# Hmi FR B 52 M AN [F] » Tashiro 258 IE R
ZHEMILEMER (geranyl pyrophosphate, GPPS) &
HE 5 IspA (S80F) {EAE ki ™ & 77 i 0 .35 %2
5o Wang ZEUONE A [F] SRS 3G I K A B GPP
PR R A o e . SR E M, JLRIE IspA
(S80F) 1) Pk J5 I BEAIBH 2 BE I = &40 AN 71.1
mg/L 1323 mg/L. 1% H GPPS K WX6637
724 100.1 mg/L F5 AR EEAT 10.2 mg/L B AEAUEE »

AR DAYt 55 2 D A A B (GsSTS50)
WFFERT AR, AER AT R rh A 1 5 R R R & s
1, FEN SRR S BT TIRR . N T R
Jn IPP Al DMAPP FUHTIAMERL, figok AJETE MEP 4
T2 I AR A B AN JE X — i), A SIS TE K AT B
Escherichia coli 15| N\ T 7#F MVA Rii&1z, R
¥ T GPPS 5 IspA (S8OF) LA MRl &Rk R4t
DISEE GPP & SRR . ARSRIGIE AL 3 FiOA ]
KR 7 M FE IR (isopentenyl diphosphate, IDI)
SRR AT S A . AR O — PR
KRR GRS, R HARTE
PERLT T B P2 B T WD HE Al
1 #MRIE{EE
1.1 g

X HEM CGMCCS.00 1 H [ @ il A= i
FRORGEE B AL, BHOREE R 2R I 2 %
ENEZ G. sinense Zhao Xu et Zhang.. HP-5 ms /i
B (30mX 250 pm X 0.25 pm) W [ 2 [H %4
Wl ARk — 0 28/ R R
k% 5 (DVB/CAR/PDMS) Il 4 £ [H Supelco A .
PR ] ¥4 Py DT 0 1 55 [l New England Biolabs 23 ] Al
Jbt5¢ Takara A& . TIANprep AR BRI & H
JEIC RN HAR 22 7] o QIAquick HEIFR A&
4 75 E QIAGEN /A7]. Pyrobest DNA AT
DNA JE#ARG & Ver.2.1 Al T4 DNA R0 H 1t

5% Takara /7] . pPGEM®-T Easy vector 4 H Promega
corporation A . SolarGelRed % B i Jii Y .77
(10 000X ) 4 H Solarbio A7]. Seamless Cloning
Kit /4 5 {I 7 Beyotime Biotechnology /] . X [t &
J7HERE (L812404), i KT 98%, MH ki
M A T

1.2 Y&

HNY-213C B i 35 7758 3% 2 (ORI &
F]D); MPS-2XT BTttt (G EPT iR AR );
Agilent 7890-7000D %4 GC-MS (£ F %S A F]D;
Veriti™ 96 BIFLAVEIY (h EZER G /R BHEA
FRAF]D; UV-6100PCS B4 e gt (g
IR /A ] )5 Scientz-11D HYHE 75 3 40 A FEAL CHT 22
VAT
2 ik
2.1 [FRRHaE

2 PCR ¥ ¥4k GsSTS50, 4 H &
pET28a _F3R15 S 4L ki pB101(pET28a-GsSTS50)
F X GPPS (GenBank 5 AANO01134.1) [ Azenta
o] CARE JR N S8R 6 AR AL A R . 7E pB101
Al I, SR ESIEf PCR 771k, ¥ GPPS 3K
5 GsSTS50 (OR192772.1) FEPRIEEAS [F] ARk
(GSG)u» n=1, 2, 3 LG IEHE S pET28a #ifk I
3 3] & 4 i ki pB201 ( pET28a-GPPS-GSG-
GsSTS50 ) . pB202 ( pET28a-GPPS-GSGGSG-
GsSTS50). pB203 (pET28a-GPPS-GSGGSGGSG-
GsSTS50) pB204 (pET28a-GsSTS50-GSG-GPPS)
pB205 (pET28a-GsSTS50-GSGGSG-GPPS) . pB206
(pET28a-GsSTS50-GSGGSGGSG-GPPS) . iEid &
B JEAH PCR X IspA FERIHEAT & 5 RIS 3] IspA
(S80F), ¥ IspA (S80F) F1 GsSTS50 F& K 5 Bk J5
% 3 pET28a # & k3K 43 pB207[pET28a-
IspA(S80F)-GsSTS501 1 pB208[pET28a-GsSTS50-
IspA (SS8OF) 1o V42w FE 1 R S I 2k S 1) i 1)
FE[K (IDI1, NP_015208.1) B MR 1% & i 34 il 3k
(ERG19, CAA66158.1) WM I R W it () 32 (A
( ERG8, NP 013947.1) I W % & i fig &
( ERGI2, NP _013935.1) Bt 5 & #% 2 & 1k
pET28a [ 153 i ¥i pB301 (pET28a-IDII-ERGI9-
ERGS-ERG12) . ¥ IDII 5y 7 F K #F 1% IDI A1 Gl
IDI (4 hth R 2 R BRI e L0075 25 e A T D 5 IR 5 46
B3 Fiki pB302 (pET28a- KM#T# IDI-ERGI9-
ERGS8-ERG12) F1pB303 (pET28a-GIl IDI-ERG19-
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ERGS-ERG12). ¥ pET3b-ES ki sF ¥ ¥ ] mvaE
(acetyl-CoA/HMG-CoA, % fith 3 fizg BR B 1) £ 18t 4l
fity a & W% R /HMG-CoA & JEHEY) F mvaS
(HMG-CoA synthase, Zwfi 3517 Bk B 1) HMG-CoA
A ) HE A B S pACYCDuet-1 Ak %+, 15

B pAC-ES. pAC-ES # 1k GsSTS50 £ K15
2 Ji ki pB310. K GsSTS50-(GSG)-GPPS
IspA(S80F)-GsSTS50 3K F B4y 75 pAC-ES #;,
ERE, 153K pB320 F1 pB330. AHE 7T
META B PE T 1,

=1 549F5
Table 1 Primer sequences used in this study
FIEYEZX FH (5°-3*)

z-50-L1-F GCGTTTCGTCAGAACGGCTCTGGTATGCTGGCTACTCTCTCGCC
z-50-L2-F CAGAACGGCTCTGGCGGTTCTGGCATGCTGGCTACTCTCTCGC
z-50-L3-F GGTTCTGGCGGTTCCGGTGGCTCCGGTATGCTGGCTACTCTCTCGCC
f-50-L1-R AAAATCAAATTCCATACCAGAGCCAGGTTGATAGCCCAGCTC
f-50-L2-R TTCCATGCCAGAACCGCCAGAGCCAGGTTGATAGCCCAGCTC
f-50-L3-R ACCGGAGCCACCGGAACCGCCAGAACCAGGTTGATAGCCCAGCTC
z-50-R CCAAGCTTTTAAGGTTGATAGCCCAGCTCAGC
f-50-F CGGGATCCATGCTGGCTACTCTCTCG
50-EcoRI-F CGGAATTCCGTGAAGGAGATATACATATGCTGGCTACTCTCTCGCC
50-HindIII-R CCCAAGCTTTTAAGGTTGATAGCCCAGCTCAGC
50-BamHI-F CTGGATCCGGTACTAGTATGCTGGCTACTCTCTCGCC
50-EcoRI-R GCGAATTCGCATTAAGGTTGATAGCCCAGCTCAGC
50-BamHI-F CGGGATCCATGCTGGCTACTCTCTCGC
50-HindIII-R CCCAAGCTTTTAAGGTTGATAGCCCAGCTCAGC
50-BgllI-F AAGGAGATATACATATGGCAATGCTGGCTACTCTCTCGC
50-Pvul-R AGGGTACCGACGTCAGCGATTTAAGGTTGATAGCCCAGCTCAGC

22 EEFREBREABHERRE

¥ E AR pB101 #4542 K #F B BL21
(DE3) &z, 193IHEMAREM B101 fE AR
S PRI HE B K - K5 pB201. pB202. pB203 . pB204.
pB205. pB206. pB207. pB208 4 HlH 1k 2 KT
BL21(DE3) &3z 4l i, 45 2 H 4H B #k B201 .
B202. B203. B204. B205. B206. B207. B208.
=41 iUk pB301 43 %15 pB310- pB320- pB330 4
EHALE KHTE BL21 (DE3) B2 A4Et, 5
P HE A E K B311. B321. B331. ¥ &4 50k pB302
435 pB310. pB320. pB330 &AL & K AT i
BL21 (DE3) EzAdufurt, 133 EA Rk B312.
B322. B332. KEAFTKL pB303 435 pB310.
pB320. pB330 H&HALE KIHAF# BL21 (DE3)
A, 193 EAEMK B313, B323, B333.
¥ EREAFERDHET 37 CHFE 12~16 h, H
YRR T 10 mL /) Luria Bertani (LB) W AKES
FrgE . FEA KT FRAE 37 'C. 220 r/min
FAETFREFE 16 ho MERFRIE W T S % bl
R BB R R, EMAF R NS RE
BURE B0 5 BERCAE. 600 nm Y K A X6 2 IR Y B
(Ao M Agoonm [H N 0.8 LA, TEREFRIH IO

WA B-D- i AR ¥ A BFE B C isopropyl-B-D-

thiogalactopyranoside, IPTG) ¥ HifT, ZKkEN
0.5 mmol/L. fEfHIRIFFIRG#HEH, 25 C, 220
r/min, }KiFE 24h, SLEGFRF, & UL, R HiAE
RETREIRIE: EER 25mg/L, FBEZR 30mg/L,
ZR AR 50 mg/L.

2.3 FHIEEERVNE

231 AR R & BRI E R 30
mL, 4 C. 5000 r/min 50> 20 min. X 8 mL &>
JE I EEES R 20 mL TSR, RIS
TR/

232 XHEEIATR B SR FRIBOW GO AREE 20
mg, [FHAECKERT 5mL B, B35 4
mg/mL 5% B ()50 HE AR

233 GC-MS %fF GC-MS ZZi%H HP-5ms 7!
B (30 mX 250 pm X 0.25 pm), BEFEIR N
250 °C, AT AONEFHFEEI (SPMED . =1
RN 1 mL/min. N#AFESF 60 C{iE 2 min,
SRIELL 6 C/min B FTHEE 250 C, 250 CI&
I 3 min, FSITHECA 36.67 min, o VFIATIAEIR
2 min JEIRBUR SR . TS0 ETHRERE, &
TURIRE 230 °C, FiEEFRNE (MSD) £ 70
eV N ILAE, #ERENAEYHERIEHE m/z 30~500.

AR L 2.
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Fig.2 Gas chromatograms of strain B101 (A) and linalool
standard (B)

2.3.4 ZMETTREMISE] X “2.3.27 WOTREEEXT
VAR 3 A AE b AR 22 BT IR 0,014

0.05. 0.1\ 0.5\ 1.25mg/L, LAHERE &0k B e
AT B AL B, CAETR AR OV A AR (YD, BLTT
FEIE 5T B R FE AREAL R (X0 2l br el 2k Y=
4911 75X 10°X+3.755X 108, R*=0.9829.

235 Jiiktp gl B AR SE i RE 6
I, SRR TR RSD fEON 2.2%; %
PR IERAE =R T 0. 24 4. 6. 10 12, 24h 5
HEREALIN , 25 R B OR J7 AR EEIE AR 1) RSD By

1.3%. BEANEAFRAMY 3 YCPATSEER, BB
2 3 MRS AR, M T R E A, SRR
~H RSD 1HH 2.57%
2.3.6 FEAEIMERY B BEPRRES, 7R 50 CH
H 20 min, #EHL 15 min, 250 ‘C/M# 5 min, HEHL
BT MR 5 4T 46240 3 min. 1218 “2.3.37 W4
FE, FFE 5 Rl .
3 ZER5NHR
3.1 EZFIEEEKEE (GsSTS50) MIRESINEE
L%

GsSTS50 F[KH4=K: 969 bp, 4wht 323 N IEEL,
DA pET28a M7 X IR, SRA T R b i iR 5 A 47
k&t ik (SDS-PAGE) X 8% (AR IA BTG
W, RIEHABEE B101 FEAX 73T FEA 35000 Ff
IR —MEREEO, SEREDRDN 8. %R
“2.37 Wijrik, FH HS-SPME-GC-MS #4740, #l
5 EmEbRE A AT VM, 45 R R AR AT R 2
I HE B R B101 HR o5 BERE ™ & 0.113 mg/L.
32 ETEMEERERAMERGITE RS RS IEE

%, K GsSTS50 5 GPPS Ei e (B 3-A), ¥

I3 - 7\“
A o201 @ asa [ e Blpy i g -
pB202 r%’] @ GSGEGSG Taz@mn- E-
35203 , O >esssssase G > - pB207 r‘;v @ spasws @ | Gosrssy > Toginator
Cr @ e
pB204 [cestssn> [orns > g L@ -
s @ Tt §
pB205 g
o @ | Goross > cscusciasa] arn e O @ osrsst > Q| o0 (e
pB206 pB208
C 0.6+ D 0.6 Aok
sk
~ ~ e
a 0.4 = 0.4
&0 ok e
£ T £
m’ sk i
@ 0.2 L L @ 0.2+
O T T T T T T T C 1 T 1
q B101 B201 B202 B203 B204 B205 B206 BI10l B207 B208 ,
) S

A-GPPS 5 GsSTS50 i &Rk AN AR ERE, Hrf GPPS ek H R A& H B ERIR & 58 : B-IspA (S80F) 5 GsSTS50 LKA H A
W REE, IspA(S8OF) &3k H KA B 11k e S AR & kliE, &1 S8OF 287F. C-GPPS Hl GsSTS50 fl&KiAAR i fREL " &, D-
IspA (S80F) il GsSTS50 [fI3%KIA KRG H AR =4 . SXER4L (B101) ML, "P<0.05, "P<0.01, ™ P<0.001.

A-Schematic diagram of construction of fusion expression vector of GPPS and GsSTS50. GPPS is geranyl pyrophosphate synthase from Abies grandis.
B-Schematic diagram of construction of co-expression vector of IspA(S80F) and GsSTS50. IspA(S80F) is farnesyl pyrophosphate synthase from E. coli
contains S80F mutation. C-Yield of linalool in fusion expression system of GPPS and GsSTS50. D-Production of linalool in co-expression system of
IspA(S80F) and GsSTS50. *P < 0.05, *P < 0.01, **P < 0.001 vs control group (B101).

B3 ETZHERMESRAEAGITED SRS ERE

Fig. 3 Linalool synthesized in E. coli based on multiple gene fusion expression
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A DHS50 B2 B EMK, SR MK#E, H GC-
MS Kl =4y, S5xtRE A B101 AHEL, MRS
A RIE WA= 205 &R B206 44 A Birsd in (&
3-C)o MG B 1 R R &R 518 (GSGD 2
AH I B (0 05 R P e, B 6 N EUIR IR
HEFA T AT BEHE IE G ARSI R A R E R
Horp, Bibk B205 7248771 9 (GSG) »-GPPS I,
GsSTS50 H5 R T Jo R 1492 42 o7 &L 1 g i T P
FIEHR It - ZRRMKEE 240 J5, AL HI 54
et 5 O L B 2L A 1 B8 RO AR I 7 ) e R TR
B Pk B101 ) 2.6 fi% o

¥ IspA (S80F) #fi \ pET28a-GsSTS50 A
GsSTS50 R:HFMaTE (B 3-B), AL KIGH
BL21(DE3)#) & #H 4H itk B207 #1 B208. @it HS-
SPME-GC-MS %} 8 4 50k K iz #F B8 85 7= 0 3k AT 4
AT, I 2 PR AR I 5 AR Bl — P g (8] 3-
D), 4rHlExT R B101 1 4.9 550 4.1 1%,
33 ETRIEMVA REERNABHEERS
15z

ARSI A KRR AR DG BRI 4-A oo Jii
ki pB310 3315 MVA &4 FiEfJskL pB301.

pB302 1 pB303 45, AL NE L BL21 (DE3),
B3 THEE L B311. B312 Al B313, ] GC-MS
W=y, 550K M, 5IANSMNE MVA g )a,
HAWRL 7R~ 2R E5Em (K 4-B). Hik
B311. B312 1 B313 5t~ &, HA, 5
A MVA BRI E LR B101 AHLL, iR
B311. B312 M1 B313 (&N 145 49 %, &
F] 5.55 mg/L.

AWFFAE TR MVA B3R E, 05N T
GsSTS50-(GSG),-GPPS- IspA(S80F)-GsSTS50. Jii ki
pB320 1 pB330 43 7|5 i ki pB301.pB302 £ pB303
SEEET MVA RIS EAER, S [F#E 43t B ik
BL21 (DE3), fJa*i =i T GC-MS kil . 455%
7R, 24 GPPS Rl G 25 A 7 MVA A2 55
M R IE AR, D7 RERE ) P ) R RIS (&) 4-
C). BEFk B323 /™ MEMCT RE FUE MVA AQH
BAARIE R B205. Fik B321 P22 &ns = T 3 Ak
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A-Schematic diagram of vector construction of heterologous MVA metabolic pathway. B-Production of linalool by strains introduced with heterologous

MVA metabolic pathway; C-Production of linalool by expression strain after introducing GPPS and IspA(S80F) on basis of containing heterologous MVA
metabolic pathway; “P < 0.05, **P < 0.01, **P < 0.001 vs control group (B101).
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Fig. 4 Production of linalool by E. coli based on heterologous MVA metabolic pathway
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