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Fig. S1 Comparison of the squalene titers by the SQS-transformed E. coli cells. a 

HPLC profiles showing the squalene peaks (Peak 1) produced by the engineered 

strains. A, the strain expressing the MVA module alone; B, the strain expressing the 

hSQS alone; C, the strain expressing the tSQS alone; D, the strain co-expressing the 

MVA module and the hSQS; E, the strain co-expressing the MVA module and the 

tSQS. b Quantification of the squalene yield produced by the engineered E. coli 

strains (A-E). The engineered strains were cultivated at 37°C for 48 h, and cells were 

respectively harvested to measure the produced squalene. 
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Fig. S2 GC-MS analysis of the lupeol produced by OeLUP-expressed E. coli cells. a 

GC profiles for lupeol standard, the lupeol product (Peak 3) from the 

OeLUP-expressed E. coli strain BL21(DE3)-tSQS-AaCPR-rSE-Mev-OeLUP, and the 

metabolite extracts from the control strain BL21(DE3)-tSQS-AaCPR-rSE-Mev. b the 

mass spectrums of lupeol standard and the lupeol product (Peak 3). The transgenic E. 

coli strains were cultivated at 30°C for 48 h, and cells were harvested for the lupeol 

product analysis. 
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Fig. S3 SDS-PAGE analysis of the recombinant AtLUP1 together with its truncated 

mutants expressed in E. coli. Two truncated forms of AtLUP1 (AtLUP1 (aa 101-757) 

and AtLUP1 (aa 143-757)) were made by deleting the 1-100 and 1-142 amino acid 

residues of AtLUP1, respectively. The wild type AtLUP1 as well as its two truncated 

mutants were cultured at 37°C in lysogeny broth medium with 50 μg ml-1 kanamycin 

to the OD of 0.6 at 600 nm. At this point, a final concentration of 0.4 mM IPTG was 

then added into the medium to induce the protein expression, and the cells were 

cultured for 12 hours at 16°C prior to the protein extraction. 
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Fig. S4 GC-MS analysis of the lupeol produced by the LUP-expressed yeast strain 

WAT11. a GC profiles of the lupeol product (Peak 3); b Mass spectrums of the lupeol 

product (Peak 3) with its chemical standard. The strains of WAT11-OeLUP, 

WAT11-GgLUP, WAT11-AtLUP1, WAT11-LjLUP, and WAT11 were cultivated at 

30°C for 72 h, and both the cells and medium were respectively harvested for 

analyzing the lupeol product. 
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Fig. S5 Comparison of the yields of squalene, ergosterol and lupeol among all the 

engineered yeast strains. a Engineered WAT11 strains; b Engineered EPY300 strains. 

Oe, the strain expressing OeLUP alone; Toe, the strain co-expressing tSQS and 

OeLUP; Hoe, the strain co-expressing hSQS and OeLUP; CHHOe, the strain 

co-expressing hSQS, OeLUP and hSE; CHROe, the strain co-expressing hSQS, 

OeLUP and rSE. The engineered strains were cultivated at 30°C, and both the cells 

and medium were respectively harvested for 72 h to determine the products. 
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Table S1 The plasmids used in this study 

Plasmid name Plasmid description Source 

Plasmids used for E. coli   

pCW-CT Expression plasmid pCW-ori harboring 

AaCPR, GAS, GAO and COS; Apr 

[1] 

pCW-tSQS pCW-CT harboring tSQS This study 

pCW-hSQS pCW-CT harboring hSQS This study 

pCW-tSQS-AaCPR-rSE pCW-CT harboring tSQS, AaCPR, and rSE This study 

pCW-tSQS-AaCPR-hSE pCW-CT harboring tSQS, AaCPR, and 

hSE 

This study 

pBbA5c-M-M Expression plasmid pBbA5c harboring 

AtoB(o)-HMGS(o)-HMGR(o)-MK(o)-PMK

(o)-PMD-Idi-IspA; Cmr 

Addgene 

[2] 

pET-30a Expression plasmid; Kmr Stratagene 

pET30a-AtLUP1 pET-30a harboring AtLUP1 This study 

pET30a-LjLUP pET-30a harboring LjLUP This study 

pET30a-GgLUP pET-30a harboring GgLUP This study 

pET30a-OeLUP pET-30a harboring OeLUP This study 

Plasmids used for S. cerevisiae   

pESC-Leu2d Yeast episomal plasmid; Apr [3] 

pESC-Leu2d-AaCPR PGAL1AaCPR [3] 

pESC-Leu2d-AaCPR-tSQS PGAL1AaCPR, PGAL10tSQS This study 

pESC-Leu2d-AaCPR-hSQS PGAL1AaCPR, PGAL10hSQS This study 

pESC-Leu2d-AaCPR-hSQS-rSE PGAL1AaCPR, PGAL10hSQS, PGAL1rSE This study 

pESC-Leu2d-AaCPR-hSQS-hSE PGAL1AaCPR, PGAL10hSQS, PGAL1hSE This study 

pESC-Ura Yeast episomal plasmid; Apr Stratagene 

pESC-Ura-rSE PGAL1rSE This study 

pESC-Ura-hSE PGAL1hSE This study 

pESC-His Yeast episomal plasmid; Apr Stratagene 

pESC-His-LjLUP PGAL1LjLUP This study 

pESC-His-GgLUP PGAL1GgLUP This study 

pESC-Ura-OeLUP PGAL1OeLUP This study 

pESC-His-OeLUP PGAL1OeLUP This study 

pESC-His-AtLUP1 PGAL1AtLUP1 This study  

  



Table S2 The E. coli strains used in this study 

Strain name Plasmids Source 

BL21(DE3)  Novagen 

BL21(DE3)-pBbA5c-M-M pBbA5c-M-M This study 

BL21(DE3)-tSQS pCW-tSQS This study 

BL21(DE3)-hSQS pCW-hSQS This study 

BL21(DE3)-tSQS-Mev pCW-tSQS & pBbA5c-M-M This study 

BL21(DE3)-hSQS-Mev pCW-hSQS & pBbA5c-M-M This study 

BL21(DE3)-tSQS-AaCPR-rSE pCW-tSQS-AaCPR-rSE This study 

BL21(DE3)-tSQS-AaCPR-hSE pCW-tSQS-AaCPR-hSE This study 

BL21(DE3)-tSQS-AaCPR-rSE-Mev pCW-tSQS-AaCPR-rSE & pBbA5c-M-M This study 

BL21(DE3)-tSQS-AaCPR-hSE-Mev pCW-tSQS-AaCPR-hSE & pBbA5c-M-M This study 

BL21(DE3)-tSQS-AaCPR-rSE-Mev-AtLUP1 pCW-tSQS-AaCPR-rSE & pBbA5c-M-M 

& pET30a-AtLUP1 

This study 

BL21(DE3)-tSQS-AaCPR-rSE-Mev-LjLUP pCW-tSQS-AaCPR-rSE & pBbA5c-M-M 

& pET30a-LjLUP 

This study 

BL21(DE3)-tSQS-AaCPR-rSE-Mev-GgLUP pCW-tSQS-AaCPR-rSE & pBbA5c-M-M 

& pET30a-GgLUP 

This study 

BL21(DE3)-tSQS-AaCPR-rSE-Mev-OeLUP pCW-tSQS-AaCPR-rSE & pBbA5c-M-M 

& pET30a-OeLUP 

This study 

  



Table S3 The yeast strains used in this study 

Strain name Description Source 

WAT11 MATα; ade2-1; his3-11,-15; leu2-3,-112; ura3-1; trp1-1 [4] 

WAT11-AtLUP1 WAT11 harboring pESC-His-AtLUP1 This study 

WAT11-GgLUP WAT11 harboring pESC-His-GgLUP This study 

WAT11-OeLUP WAT11 harboring pESC-His-OeLUP This study 

WAT11-LjLUP WAT11 harboring pESC-His-LjLUP This study 

WOe WAT11 harboring pESC-Leu2d & pESC-Ura-OeLUP This study 

WTOe WAT11 harboring pESC-Leu2d-tSQS & pESC-Ura-OeLUP This study 

WHOe WAT11 harboring pESC-Leu2d-hSQS & 

pESC-Ura-OeLUP 

This study 

WCHROe WAT11 harboring pESC-Leu2d-AaCPR-hSQS-rSE & 

pESC-Ura-OeLUP 

This study 

WCHHOe WAT11 harboring pESC-Leu2d-AaCPR-hSQS-hSE & 

pESC-Ura-OeLUP 

This study 

EPY300 S288C, MATα his3△1 leu2△0 PGAL1-tHMG1::δ1 

PGAL1-upc2-1::δ2 erg9::PMET3-ERG9::HIS3 

PGAL1-ERG20::δ3 PGAL1-tHMG1::δ4 

[5] 

EOe EPY300 harboring pESC-Leu2d & pESC-Ura-OeLUP This study 

ETOe EPY300 harboring pESC-Leu2d-tSQS & 

pESC-Ura-OeLUP 

This study 

EHOe EPY300 harboring pESC-Leu2d-hSQS & 

pESC-Ura-OeLUP 

This study 

ECHROe EPY300 harboring pESC-Leu2d-AaCPR- hSQS-rSE & 

pESC-Ura-OeLUP 

This study 

ECHHOe EPY300 harboring pESC-Leu2d-AaCPR-hSQS-hSE & 

pESC-Ura-OeLUP 

This study 
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