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Supplementary Methods:

Analytical methods of dodecane proportion in fed-batch fermentation

In fed-batch fermentation, approximately 20% dodecane was added for the extraction of 

sclareol, resulting in a 5-fold product concentration in the dodecane phase. However, the 

dodecane proportion changed with periodic sampling and subsequent feeding, which had a 

direct effect on sclareol quantification. To attain the accurate titer of sclareol generated by the 

strain to the maximum extent possible, the dodecane ratio was corrected as follows:

A) Before sampling, the total volume of culture was Vcn ml, the volume of dodecane was 

Vdn-1 ml, so the dodecane ratio anwas:

𝑎𝑛=
𝑉𝑑𝑛
𝑉𝑐𝑛

B) Then, a sample of Vrn+1 ml was taken from the bioreactor. Assuming a homogeneous 

system under high-speed stirring, the dodecane ratio of the sample was an. If the glucose, NaOH 

solution and antifoam was fed Vfn+1 after sampling, the dodecane ratio an+1 was:

𝑎𝑛+ 1 =
𝑉𝑑𝑛+ 1
𝑉𝑐𝑛+ 1

=
𝑉𝑑𝑛 ‒ 𝑉𝑟𝑛+ 1 × 𝑎𝑛

𝑉𝑐𝑛+ 𝑉𝑓𝑛+ 1 ‒ 𝑉𝑟𝑛+ 1 × (1 ‒ 𝑎𝑛)

C) If the dodecane phase was diluted bn times for gas chromatogram, the sclareol titer was 

measured as cmn mg/L, and the accurate titer of sclareol (cn mg/L) in this sampling was:

𝑐𝑛= 𝑎𝑛 × 𝑏𝑛 × 𝑐𝑚𝑛



Supplementary Table 1. Plasmids used in this study.

Plasmids Genotype or properties Sources

pUC-Leu-A08-CcCLS PTEFin-CcCLS-Txpr2t cassette in pUC-Leu-A08 This study

pUC-Leu-A08-SsLPPS PTEFin-SsLPPS-Txpr2t cassette in pUC-Leu-A08 This study

pUC-HUH-IntE2-SsSCS PTEFin-SsSCS-Txpr2t cassette in pUC-HUH-IntE2 This study

pUC-HUH-IntC-tHMG PTEFin-tHMG-Txpr2t cassette in pUC-HUH-IntC 1

pUC-HUH-SCP2-ERG20 PTEFin-ERG20-Txpr2t cassette in pUC-HUH-SCP2 1

pUC-Leu-A08-dCcCLS PTEFin-dCcCLS-Txpr2t cassette in pUC-Leu-A08 This study

pUC-Leu-A08-dSsLPPS PTEFin-dSsLPPS-Txpr2t cassette in pUC-Leu-A08 This study

pUC-HUH-IntE2-dSsSCS PTEFin-dSsSCS-Txpr2t cassette in pUC-HUH-IntE2 This study

pUC-HUH-IntA-YlGGPPS PTEFin-YlGGPPS-Txpr2t cassette in pUC-HUH-IntA This study

pUC-HUH-IntA-SsGGPPS PTEFin-SsGGPPS-Txpr2t cassette in pUC-HUH-IntA This study

pUC-HUH-IntA-PaGGPPS PTEFin-PaGGPPS-Txpr2t cassette in pUC-HUH-IntA This study

pUC-HUH-IntA-SaGGPPS PTEFin-SaGGPPS-Txpr2t cassette in pUC-HUH-IntA This study

pUC-HUH-lip1-PaGGPPS PTEFin-PaGGPPS-Txpr2t cassette in pUC-HUH-lip1 This study

pUC-Leu-A08-
dSsLPPSRIDD

PTEFin-dSsLPPSRIDD-Txpr2t cassette in pUC-Leu-
A08

This study

pUC-Leu-A08-
dSsLPPSRIAD

PTEFin-dSsLPPSRIAD-Txpr2t cassette in pUC-Leu-
A08

This study

pUC-HUH-IntE2-
SsSCSRIDD

PTEFin-SsSCSRIDD-Tmig1t cassette in pUC-HUH-
IntE2

This study

pUC-HUH-IntE2-
SsSCSRIAD

PTEFin-SsSCSRIAD-Tmig1t cassette in pUC-HUH-
IntE2

This study



Supplementary Table 2. Primers used in this study.

Names Sequences (5’ > 3’)

A08-CcCLS-F CAGCACTTTTTGCAGTACTAACCGCAGGCTTTCACCTT

A08-CcCLS-R AAGTTCCGTAGTTGGATCCTACGTATTAGACCACGGACTCAAACAG

A08-SsLPPS-F CAGCACTTTTTGCAGTACTAACCGCAGACCTCCGTGAA

A08-SsLPPS-R TCCGTAGTTGGATCCTACGTATTAAACGACAGGTCGGAACAGG

IntE2-TEFin-F ATTGACTGGAACAGCTTAAGAGACCGGGTTGGCGGC

SsSCS-TEFin-R GACTGCGGTTAGTACTGCAAAAAGTGCTGGTCGGAT

SsSCS-F TTGCAGTACTAACCGCAGTCCCTGGCTTTCAA

SsSCS-R ACAAGTTCCGTAGTTGGATCTTAAAAAACGAAGGACTTCATGTC

SsSCS-xpr2t-F AAGATCCAACTACGGAACTTGTGTTGATGTC

IntE2-xpr2t-R TATCGCAATCCACACTTAATTAAGACACGGGCATCTCACTTGC

A08-dCcCLS-F CAGCACTTTTTGCAGTACTAACCGCAGTGCTCCGCTCGACGAAC

A08-dCcCLS-R AGTTCCGTAGTTGGATCCTACGTATTAGACCACGGACTCAAACAG

A08-dSsLPPS-F CAGCACTTTTTGCAGTACTAACCGCAGGACGCTTCTCAGGCTT

A08-dSsLPPS-R CCGTAGTTGGATCCTACGTATTAAACGACAGGTCGGAACAGGACC

IntE2-TEFin-F ATTGACTGGAACAGCTTAAGAGACCGGGTTGGCGGC

dSsSCS-TEFin-R TTTGCAGTACTAACCGCAGGCTAAGATGAAGGAGAAC

dSsSCS-F CCTGCGGTTAGTACTGCAAAAAGTGCTGGTCG

IntE2-xpr2t-R TATCGCAATCCACACTTAATTAAGACACGGGCATCTCACTTGC

IntA-TEFin-F CTGATTGACTGGAACAGCTTAATTAAAGAGACCGGGTTGGCGGC

YlGGPPS-TEFin-R CCTGCGGTTAGTACTGCAAAAAGTGCTGGTCG



YlGGPPS-F TTTGCAGTACTAACCGCAGGATTATAACAGCGCGGATT

YlGGPPS-R TAGTTGGATCTCACTGCGCATCCTCAAAGTAC

YlGGPPS-xpr2t-F TGCGCAGTGAGATCCAACTACGGAACTTGTGTTG

IntA-xpr2t-R CCAAAGCTTGGTACCTTAATTAAGACACGGGCATCTCACTTGC

IntA-TEFin-F CTGATTGACTGGAACAGCTTAATTAAAGAGACCGGGTTGGCGGC

PaGGPPS-TEFin-R AGCTGCGGTTAGTACTGCAAAAAGTGCTGGT

PaGGPPS-F TTTGCAGTACTAACCGCAGCTCTCGACAGGTCTGAGT

PaGGPPS-R TCCGTAGTTGGATCTCAATGATGGTGGTGGTGATGG

PaGGPPS-xpr2t-F CACCACCATCATTGAGATCCAACTACGGAACTTGTGTTG

IntA-xpr2t-R CCAAAGCTTGGTACCTTAATTAAGACACGGGCATCTCACTTGC

IntA-TEFin-F CTGATTGACTGGAACAGCTTAATTAAAGAGACCGGGTTGGCGGC

SaGGPPS-TEFin-R GACTGCGGTTAGTACTGCAAAAAGTGCTGGTCG

SaGGPPS-F TTGCAGTACTAACCGCAGTCTTACTTCGACAAC

SaGGPPS-R GGATCTTACTTTCGTCTTCGGATGGTGA

SaGGPPS-xpr2t-F CGAAGACGAAAGTAAGATCCAACTACGGAACTTGTGTTG

IntA-xpr2t-R CCAAAGCTTGGTACCTTAATTAAGACACGGGCATCTCACTTGC

IntA-TEFin-F CTGATTGACTGGAACAGCTTAATTAAAGAGACCGGGTTGGCGGC

SsGGPPS-TEFin-R CCTGCGGTTAGTACTGCAAAAAGTGCTGGTCG

SsGGPPS-F TTTGCAGTACTAACCGCAGGTCGCTCAGAC

SsGGPPS-R GTTGGATCTTAGTGCTGTCGTCGGGTAATAAA

SsGGPPS-xpr2t-F CGACAGCACTAAGATCCAACTACGGAACTTGTGTTG

IntA-xpr2t-R CCAAAGCTTGGTACCTTAATTAAGACACGGGCATCTCACTTGC



lip1Pa-TEFin-F ATTGACTGGAACAGCTTAATTAAAGAGACCGGGTTGGCGGC

lip1Pa-xpr2t-R GTCGAACAAAAGCTTGGTACCTTAAGACACGGGCATCTCACTTG

TEFin-dSsLPPS-F GCACTTTTTGCAGTACTAACCGCAGGACGCTTCTCAGGCTTCT

RIDD-dSsLPPS-R CCACCACCACCAACGACAGGTCGGAACAGGACCTTGAAGAT

dSsLPPS-RIDD-F TGTCGTTGGTGGTGGTGGTTCTGGTGGTGGTGGCTCT

xpr2t-RIDD-R AGTTCCGTAGTTGGATCCTACGTATTACTTGGCCTCCTCCTTCTCC

TEFin-dSsLPPS-F CAGCACTTTTTGCAGTACTAACCGCAGGACGCTTCTCAGGCTTC

xpr2t-RIAD-
dSsLPPS-R

CCGTAGTTGGATCCTACGTATTAACAGCCCTCGGTGGCCTCCTTGATGATCTG
ATCGGCCAGCTGATTGGCGTACTGCTCCAGACCACAACCGCCACCACCAGA

IntE2-TEFin-F ATTGACTGGAACAGCTTAAGAGACCGGGTTGGCGGC

SsSCS-TEFin-R GACTGCGGTTAGTACTGCAAAAAGTGCTGGTCGGAT

SsSCS-F TTGCAGTACTAACCGCAGTCCCTGGCTTTCAA

RIDD-SsSCS-R GAACCACCACCACCAAAAACGAAGGACTTCATGTCCTC

SsSCS-RIDD-F CTTCGTTTTTGGTGGTGGTGGTTCTGGTGGTGGTGGCTCTGGT

mig1t-RIDD-R TCGACCGGCCAGTGTTACTTGGCCTCCTCCTTCTCCAGTCGCTC

RIDD-mig1t-F CCAAGTAACACTGGCCGGTCGATAATTTAACGTGC

IntE2-mig1t-R CGCAATCCACACTTAATTAAAAACCCAAAAGGGCCGAAGGCTGG

IntE2-TEFin-F ATTGACTGGAACAGCTTAAGAGACCGGGTTGGCGGC

mig1t-RIAD-
SsSCS-R

TTAAATTATCGACCGGCCAGTGTTAACAGCCCTCGGTGGCCTCCTTGATGATC
TGATCGGCCAGCTGATTGGCGTACTGCTCCAGACCACAACCGCCACCACCAG
AGCCAC

RIAD-mig1t-F ACCGAGGGCTGTTAACACTGGCCGGTCGATAATTT

IntE2-mig1t-R CGCAATCCACACTTAATTAAAAACCCAAAAGGGCCGAAGGCTGG



Supplementary Table 3. Synthetic gene fragment and gene sequences used in this study.

Names Sequences (5’ -> 3’)

Codon optimized (-
)-8-hydroxy copalyl 
diphosphate 
synthase coding 
DNA (CcCLS) for Y. 
lipolytica based on 
the sequence of (-)-
8-hydroxy copalyl 
diphosphate 
synthase (GenBank: 
ADJ93862.1) from 
Cistus criticus

ATGGCTTTCACCTTCACCTCCGCCCACCTGTTCCTGCCTGTCACCGAGAACCACTCCGTCCACGT
CAACTACTCCATCCCCCCCGGTAACTGGCGACTCTGGTCTACCGCTAAGGGCGGTTCCAACAAG
CTCGACATCCGACGACTCCGATGCTCCGCTCGACGAACCCCTGAGCCTCTGGCTCAGGGTTCTA
ACGGCGGTCGAGACGGTGTCGAGGCTATCCAGCGACTGCAGACCATCGCCGACGACAAGATCG
ACGGCGGTGCTAACGAGCTGGGTATCGTCGTTTGGGACCTCATTCGAGACGGCGTCGACGCTGT
CAAGTCTATGTTTGACTCCATGGGCGACGGAGACATCTCCATCTCCGCCTACGACACCGCCTGG
GTTGCTCTGGTTAAGGACGTGAACGGATCTGGCGGCCCCCAGTTTCCTTCTTCTCTCCAGTGGA
TTGTGGACAACCAGCTGCCCGACGGCTCCTGGGGTGACTCTGAGGTTTTTTCCGCTTACGACCG
ACTGCTGAAGACCCTGGCTTGTGTTGTCGCCCTCAAGTCCTGGAACATCCGACCCGACAAGTGC
CAGAAGGGCCTGAAGTTCTTTCGAGACAACATTTCCAAGCTGGAGAAGGAGAACGTCGAGGCC
TCCGCTCAGATGCTGTCCGGTTTCGAGGTCGTCTTCCTGTCCCTCATCGAGGTTGCCCGACGACT
CGACATCCAGATCCCCCTGCACTCCCCTGTCTTTGAGGACCTGATTGCTCGACGAAACCTCAAG
TTCGCCAAGATCCCCCTGGACCTGATGCACAACGTCCCCACCTCCCTGCTGAACTCCCTGGAGG
GTATGACCGGCGTCGAGCTGGACTGGGAGAAGCTGCTGAAGCTCCAGTCTCAGGACGGTTCCT
TTATCACCTCCCCCTCCTCCACCGCCTTCGCTCTGATGCAGACCAACGACACCAAGTGCCTGGG
CTACCTGAAGTTTGTTGTTCAGAAGTTCAACGGCGGCGCCCCCGGTCAGTACCCTGTTGAGATT
TTCGAGCGAATCTGGGTCGTGGACCGACTGCAGCGACTGGGTATCTCCCGATACTTCCAGCTGG
AGATTAAGGAGTGCTGCCTGGACTACGCCTTCAAGCACTGGACCCAGTACGGCTCCTCCTGGGC
TCGAAACACCCCTGTTTACGACCTGGACGACACCTGCATGGCCTTTAGAATTTTGCGACTGCAC
GGCTACGACGTGTCCGCTGAGGCTTTCCGACACTTCGAGAAGAACGGCGTCTTCTTCTGCTTCG
GCTGGGAGACCACCCAGTCCGTTACCGTTAACTTCAACCTGTACCGAGCCACCCAGGTCGCTTT
TCCCGGTGAGAACATTCTCAAGGAGGCTAAGCAGTTTTCCTTTAACTTCCTCATGAAGAAGCAG
GCCGCCCGAGAGTTCCAGGACAAGTGGGTTATCCTGAAGGACTTCCCCGGTGAGCTGAAGTAC
GCCCTGGAGTTCCCCTGGTACGCCTCTCTGCCTCGAGTCGAGACCCGATTCTACGTCGAGCAGT
ACGGTGGCGACAACGACGTCTGGATCGGCAAGACCCTCTACCGAATGCCCTACATCAACAACA
ACGTCTACCTCGAGCTGGCCAAGCTGGACTTTAACAACTGCCAGGCCCTGCACCGAAAGGAGT
GGGAGACCATGCAGAAGTGGTTCATGGAGTCCAAGCTGGACGAGTTCGGCGTCTCCTCTAAGA
CCCTGCTGGAGTCCTACTTCCTGGCCGCTGCTTCCATTTTTGAGCCCGAGCGATCTACCGAGCG
ACTGGCTTGGGCTAAGACCGCTTTCCTCATGGAGACCATTGGCTCCTACTTCGACGACGAGATG
AACTCCAAGGACCTGCGAAAGGCCTTCGTTCAGGAGTTTAAGAACATCTACGAGCGACGAATG
GAGGCCAAGGGTACTAAGTGGAACCTGATCATCATTCTGCTGACCACCCTGAACCACCTCACC
GAGGTCTGCGGACGAGACATCAACTCCTACCTGTGCCACTCCTGGGAGAAGTGGATGATGATG
TGGGAGCCCGAGGGCGACCGATACAAGGGTGCTGCTGAGCTGCTGTCCAACTCCATCAACCTG
TCTTCCGGACGACTGTTTTCCAACGACACCCTGTCCCACCCCAACTACGAGAAGCTGGTGACCC
TGTCCAACAAGCTGTGCCACCAGCTGGGCAACTCCCGACGAGGTAACCACAACGAGGACTCTG
ACATCAAGGACACCAAGATCGAGATCGCCATGCAGGAGCTGGTCCAGCTGGTCCACCAGAACT
CCTCCGACGACATCTCCATGGACCTGAAGCAGACCTTCTTCGCCGTGGTGCGATCCTTCTACTA
CGCCGCTCACTGCGACCGAGGCACCATTAACTCCCACATCGTTAAGGTCCTGTTTGAGTCCGTG
GTCTAA

Codon optimized 
(13E)-8α-
hydroxylabden-15-
yl diphosphate 
synthase coding 
DNA (SsSCS) for Y. 
lipolytica based on 
the sequence of 
(13E)-8α-
hydroxylabden-15-
yl diphosphate 
synthase (GenBank: 
AFU61897.1) from 
Salvia sclarea

ATGACCTCCGTGAACCTGTCCCGAGCCCCTGCTGCTATCATCCGACGACGACTGCAGCTGCAGC
CCGAGTTTCACGCTGAGTGCTCCTGGCTGAAGTCCTCCTCCAAGCACGCCCCTTTCACCCTCTCT
TGCCAGATCCGACCCAAGCAGCTCTCCCAGATTGCCGAGCTGCGAGTCACCTCCCTGGACGCTT
CTCAGGCTTCTGAGAAGGACATCTCCCTCGTCCAGACCCCCCACAAGGTCGAGGTTAACGAGA
AGATCGAGGAGTCCATCGAGTACGTTCAGAACCTGCTGATGACCTCCGGAGACGGCCGAATTT
CCGTCTCCCCTTACGACACCGCCGTCATCGCTCTCATCAAGGACCTGAAGGGCCGAGACGCCCC
TCAGTTTCCTTCCTGTCTCGAGTGGATCGCCCACCACCAGCTGGCTGACGGTTCTTGGGGTGAC
GAGTTTTTCTGTATTTACGACCGAATCCTGAACACCCTGGCTTGCGTGGTCGCCCTGAAGTCTTG
GAACCTCCAGTCCGACATCATCGAGAAGGGCGTCACCTACATCAAGGAGAACGTGCACAAGCT
GAAGGGCGCCAACGTGGAGCACCGAACCGCTGGTTTTGAGCTGGTCGTCCCCACCTTCATGCA
GATGGCCACCGACCTGGGCATTCAGGGACTCCCTTACGACCACCCCCTCATCAAGGAGATCGC
CGACACCAAGAAGCAGCGACTGAAGGAGATCCCCAAGGACCTCGTCTACCAGATGCCCACCAA
CCTGCTGTACTCCCTCGAGGGTCTCGGCGACCTGGAGTGGGAGCGACTGCTGAAGCTGCAGTCC
GGAAACGGCTCCTTCCTGACCTCCCCTTCCTCCACCGCTGCTGTTCTCATGCACACCAAGGACG
AGAAGTGTCTGAAGTACATTGAGAACGCTCTGAAGAACTGCGACGGCGGCGCTCCTCACACCT
ACCCTGTTGACATCTTCTCCCGACTGTGGGCCATCGACCGACTGCAGCGACTGGGTATCTCCCG
ATTCTTCCAGCACGAGATTAAGTACTTCCTGGACCACATCGAGTCCGTCTGGGAGGAGACCGG
AGTCTTTTCTGGCCGATACACCAAGTTTTCCGACATCGACGACACCTCCATGGGCGTCCGACTC
CTGAAGATGCACGGCTACGACGTCGACCCCAACGTCCTGAAGCACTTCAAGCAGCAGGACGGC
AAGTTTTCCTGCTACATCGGCCAGTCCGTGGAGTCCGCTTCCCCTATGTACAACCTGTACCGAG
CCGCCCAGCTCCGATTCCCTGGTGAGGAGGTTTTCGAGGAGGCCACCAAGTTTGCCTTTAACTT
TCTGCAGGAGATGCTGGTCAAGGACCGACTGCAGGAGCGATGGGTGATCTCCGACCACCTCTT
TGACGAGATCAAGCTGGGCCTGAAGATGCCCTGGTACGCCACCCTGCCTCGAGTTGAGGCTGC
TTACTACCTGGACCACTACGCCGGCTCCGGTGACGTTTGGATCGGTAAGTCCTTCTACCGAATG
CCCGAGATCTCCAACGACACCTACAAGGAGCTGGCCATTCTGGACTTCAACCGATGCCAGACC
CAGCACCAGCTGGAGTGGATTCACATGCAGGAGTGGTACGACCGATGCTCCCTGTCCGAGTTC
GGCATCTCCAAGCGAGAGCTGCTGCGATCCTACTTCCTGGCCGCTGCTACCATCTTTGAGCCCG
AGCGAACCCAGGAGCGACTCCTGCTGGCTAAGACCCGAATTTTGTCCAAGATGATCACCTCCTT
CGTCAACATCTCCGGCACCACCCTGTCCCTGGACTACAACTTCAACGGCCTGGACGAGATCATC
TCCTCCGCCAACGAGGACCAGGGCCTGGCTGGTACTCTGCTGGCTACCTTCCACCAGCTGCTGG
ACGGTTTCGACATCTACACCCTGCACCAGCTCAAGCACGTCTGGTCCCAGTGGTTCATGAAGGT
CCAGCAGGGCGAGGGCTCTGGTGGTGAGGACGCTGTTCTGCTCGCCAACACCCTGAACATCTG
CGCCGGTCTGAACGAGGACGTCCTGTCTAACAACGAGTACACCGCCCTGTCCACCCTCACCAAC
AAGATTTGCAACCGACTGGCCCAGATCCAGGACAACAAGATCCTCCAGGTCGTCGACGGCTCC
ATCAAGGACAAGGAGCTGGAGCAGGACATGCAGGCCCTCGTTAAGCTGGTCCTGCAGGAGAAC
GGCGGCGCTGTTGACCGAAACATTCGACACACCTTCCTCTCCGTCTTCAAGACCTTCTACTACG
ACGCCTACCACGACGACGAGACCACCGACCTGCACATCTTCAAGGTCCTGTTCCGACCTGTCGT
TTAA



Codon optimized 
sclareol synthase 
coding DNA (SsScS) 
for Y. lipolytica 
based on the 
sequence of sclareol 
synthase (GenBank: 
AFU61898.1) from 
Salvia sclarea

ATGTCCCTGGCTTTCAACGTCGGCGTCACCCCTTTCTCCGGCCAGCGAGTTGGTTCCCGAAAGG
AGAACTTCCCCGTCCAGGGCTTCCCCGTTACCACCCCTAACCGATCCCGACTGATCGTCAACTG
TTCCCTGACCACCATCGACTTCATGGCTAAGATGAAGGAGAACTTTAAGCGAGAGGACGACAA
GTTCCCCACCACCACCACCCTGCGATCCGAGGACATCCCTTCCAACCTGTGCATCATCGACACC
CTGCAGCGACTGGGCGTCGACCAGTTTTTTCAGTACGAGATCAACACCATCCTCGACAACACCT
TTCGACTGTGGCAGGAGAAGCACAAGGTCATCTACGGCAACGTCACCACCCACGCCATGGCTT
TCCGACTGCTGCGAGTCAAGGGCTACGAGGTCTCCTCCGAGGAGCTGGCTCCTTACGGTAACCA
GGAGGCCGTCTCCCAGCAGACCAACGACCTGCCTATGATCATCGAGCTGTACCGAGCCGCCAA
CGAGCGAATCTACGAGGAGGAGCGATCCCTGGAGAAGATTCTGGCCTGGACCACCATTTTCCT
CAACAAGCAGGTCCAGGACAACTCCATCCCCGACAAGAAGCTGCACAAGCTGGTCGAGTTTTA
CCTGCGAAACTACAAGGGCATCACCATCCGACTCGGTGCTCGACGAAACCTGGAGCTGTACGA
CATGACCTACTACCAGGCCCTGAAGTCCACCAACCGATTCTCCAACCTGTGTAACGAGGACTTC
CTGGTCTTCGCCAAGCAGGACTTCGACATCCACGAGGCCCAGAACCAGAAGGGACTGCAGCAG
CTGCAGCGATGGTACGCTGACTGCCGACTGGACACCCTGAACTTCGGCCGAGACGTCGTGATC
GTTGCCAACTACCTGGCTTCCCTGATTATCGGCGACCACGCCTTCGACTACGTCCGACTGGCTTT
CGCCAAGACCTCCGTTCTGGTCACCATCATGGACGACTTTTTTGACTGCCACGGCTCCTCCCAG
GAGTGTGACAAGATCATCGAGCTCGTCAAGGAGTGGAAGGAGAACCCCGACGCTGAGTACGG
CTCCGAGGAGCTCGAGATCCTGTTTATGGCCCTGTACAACACCGTCAACGAGCTGGCCGAGCG
AGCTCGAGTTGAGCAGGGTCGATCCGTCAAGGAGTTCCTGGTGAAGCTGTGGGTGGAGATCCT
GTCCGCCTTCAAGATCGAGCTGGACACCTGGTCCAACGGCACCCAGCAGTCTTTTGACGAGTAC
ATCTCCTCTTCCTGGCTGTCCAACGGCTCCCGACTCACCGGTCTGCTGACCATGCAGTTCGTCGG
CGTCAAGCTCTCCGACGAGATGCTCATGTCCGAGGAGTGCACCGACCTGGCTCGACACGTTTGC
ATGGTCGGCCGACTGCTGAACGACGTCTGCTCTTCCGAGCGAGAGCGAGAGGAGAACATCGCC
GGTAAGTCCTACTCCATCCTCCTGGCCACCGAGAAGGACGGTCGAAAGGTCTCCGAGGACGAG
GCTATCGCCGAGATTAACGAGATGGTCGAGTACCACTGGCGAAAGGTCCTGCAGATCGTCTAC
AAGAAGGAGTCCATCCTGCCCCGACGATGTAAGGACGTCTTTCTGGAGATGGCCAAGGGCACC
TTCTACGCCTACGGCATTAACGACGAGCTGACCTCCCCCCAGCAGTCTAAGGAGGACATGAAG
TCCTTCGTTTTTTAA

Endogenous 
geranylgeranyl 
diphosphate 
synthase (YlGGPPS) 
coding DNA (GGS1, 
YALI0D17050g)

TAGGATTATAACAGCGCGGATTTCAAGGAGATATGGGGCAAGGCCGCCGACACCGCGCTGCTG
GGACCGTACAACTACCTCGCCAACAACCGGGGCCACAACATCAGAGAACACTTGATCGCAGCG
TTCGGAGCGGTTATCAAGGTGGACAAGAGCGATCTCGAGACCATTTCGCACATCACCAAGATT
TTGCATAACTCGTCGCTGCTTGTTGATGACGTGGAAGACAACTCGATGCTCCGACGAGGCCTGC
CGGCAGCCCATTGTCTGTTTGGAGTCCCCCAAACCATCAACTCCGCCAACTACATGTACTTTGT
GGCTCTGCAGGAGGTGCTCAAGCTCAAGTCTTATGATGCCGTCTCCATTTTCACCGAGGAAATG
ATCAACTTGCATAGAGGTCAGGGTATGGATCTCTACTGGAGAGAAACACTCACTTGCCCCTCGG
AAGACGAGTATCTGGAGATGGTGGTGCACAAGACCGGTGGACTGTTTCGGCTGGCTCTGAGAC
TTATGCTGTCGGTGGCATCGAAACAGGAGGACCATGAAAAGATCAACTTTGATCTCACACACC
TTACCGACACACTGGGAGTCATTTACCAGATTCTGGATGATTACCTCAACCTGCAGTCCACGGA
ATTGACCGAGAACAAGGGATTCTGCGAAGATATCAGCGAAGGAAAGTTTTCGTTTCCGCTGAT
TCACAGCATACGCACCAACCCGGATAACCACGAGATTCTCAACATTCTCAAACAGCGAACAAG
CGACGCTTCACTCAAAAAGTACGCCGTGGACTACATGAGAACAGAAACCAAGAGTTTCGACTA
CTGCCTCAAGAGGATACAGGCCATGTCACTCAAGGCAAGTTCGTACATTGATGATCTAGCAGC
AGCTGGCCACGATGTCTCCAAGCTACGAGCCATTTTGCATTATTTTGTGTCCACCTCTGACTGTG
AGGAGAGAAAGTACTTTGAGGATGCGCAGTGA

Codon optimized 
geranylgeranyl 
diphosphate 
synthase (SsGGPPS) 
for Y. lipolytica 
based on the 
geranylgeranyl 
diphosphate 
synthase (GGPPS7, 
GenBank: 
WP011429285.1) 
from Synechococcus 
sp.

ATGGTCGCTCAGACCTTCAACCTGGACACCTACCTGTCCCAGCGACAGCAGCAGGTTGAG
GAGGCTCTGTCTGCTGCTCTGGTCCCTGCTTACCCTGAGCGAATCTACGAGGCCATGCGATACT
CCCTCCTGGCTGGTGGTAAGCGACTGCGACCTATCCTCTGCCTCGCTGCTTGTGAGCTGGCTGG
TGGCTCTGTTGAGCAGGCTATGCCTACCGCTTGCGCTCTGGAGATGATTCACACCATGTCTCTG
ATCCACGACGACCTCCCCGCTATGGACAACGACGACTTTCGACGAGGCAAGCCTACCAACCAC
AAGGTCTTCGGCGAGGACATCGCCATTCTGGCTGGTGACGCTCTGCTGGCTTACGCTTTCGAGC
ACATCGCCTCCCAGACCCGAGGTGTTCCTCCTCAGCTGGTTCTCCAGGTCATCGCTCGAATCGG
TCACGCTGTCGCTGCTACCGGTCTGGTTGGTGGTCAGGTTGTCGACCTGGAGTCCGAGGGTAAG
GCTATCTCCCTGGAGACCCTCGAGTACATTCACTCCCACAAGACCGGCGCCCTGCTGGAGGCTT
CTGTTGTTTCTGGCGGTATCCTGGCCGGCGCTGACGAGGAGCTGCTGGCTCGACTGTCTCACTA
CGCTCGAGACATTGGCCTGGCCTTTCAGATCGTCGACGACATTCTGGACGTGACCGCTACCTCT
GAGCAGCTGGGTAAGACCGCTGGTAAGGACCAGGCTGCTGCTAAGGCTACCTACCCTTCCCTG
CTGGGTCTGGAGGCTTCCCGACAGAAGGCTGAGGAGCTGATTCAGTCCGCCAAGGAGGCTCTG
CGACCTTACGGTTCTCAGGCTGAGCCTCTCCTGGCTCTGGCTGACTTTATTACCCGACGACAGC
ACTAA

Codon optimized 
geranylgeranyl 
diphosphate 
synthase 
(PaGGPPS) for Y. 
lipolytica based on 
the 390-719 AA of 

ATGCTCTCGACAGGTCTGAGTCTCTCTCCAGTGCATTCCAACGAGGGCAAGGATCTTCAGCGAG
TGGACACCGACCACATTTTCTTTGAGAAGGCTGTTTTGGAGGCTCCTTACGACTACATTGCCTC
CATGCCTTCCAAGGGTGTTCGTGATCAGTTCATCGACGCTCTCAACGACTGGCTGCGGGTGCCC
GACGTCAAGGTCGGTAAGATCAAGGACGCCGTGCGCGTACTGCATAATAGCTCTCTACTTCTGG
ATGACTTCCAGGACAACTCGCCTCTCCGTAGAGGAAAGCCCTCCACCCACAACATCTTCGGATC
AGCCCAGACGGTCAACACCGCCACTTATAGTATCATAAAGGCCATCGGCCAGATCATGGAGTT
TTCAGCTGGAGAGTCTGTCCAGGAGGTCATGAACTCCATCATGATTCTCTTTCAAGGACAGGCC
ATGGACCTGTTCTGGACCTACAACGGCCACGTTCCCTCTGAGGAGGAGTACTACCGAATGATTG
ACCAGAAAACTGGCCAACTGTTTTCCATTGCAACTTCTCTTCTGCTCAATGCTGCCGATAACGA
AATCCCGCGAACGAAAATCCAGAGCTGTTTACATCGACTGACACGGCTACTTGGAAGATGCTT
CCAGATTCGAGACGACTACCAGAACCTGGTTTCTGCTGATTACACCAAGCAGAAGGGCTTCTGC
GAGGATCTCGATGAGGGGAAGTGGTCGCTGGCGCTCATTCACATGATCCACAAGCAACGGAGC
CATATGGCGTTGCTTAATGTGCTTTCAACAGGACGAAAGCACGGTGGTATGACCCTCGAGCAA
AAACAGTTTGTGCTGGACATTATCGAGGAAGAAAAGTCCCTCGATTATACTAGGTCTGTGATGA



Fusicoccadiene 
Synthase (GenBank: 
A2PZA5.1) from 
Phomopsis amygdal

TGGATCTGCACGTGCAGCTGAGAGCCGAAATTGGCCGCATTGAGATTCTGTTGGACTCGCCCAA
CCCCGCAATGCGACTCCTGTTGGAACTGCTGCGAGTCCATCACCACCACCATCATTGA

Codon optimized 
geranylgeranyl 
diphosphate 
synthase 
(SaGGPPS) for Y. 
lipolytica based on 
geranylgeranyl 
diphosphate 
synthase (GenBank: 
BAA43200.1) from 
Sulfolobus 
acidocaldarius

ATGTCTTACTTCGACAACTACTTCAACGAGATCGTGAACTCTGTGAACGACATCATCAAGTCTT
ACATCTCTGGCGACGTGCCCAAGCTGTACGAGGCCTCTTACCACCTGTTCACCTCTGGCGGCAA
GCGACTGCGACCCCTGATCCTGACCATCTCTTCTGACCTGTTCGGCGGACAGCGAGAGCGAGCC
TACTACGCCGGCGCCGCCATCGAGGTGCTGCACACCTTCACCCTGGTGCACGACGACATCATGG
ACCAAGACAACATCCGACGAGGCCTGCCCACCGTGCACGTGAAGTATGGCCTGCCTCTGGCTA
TTCTGGCCGGCGATCTGCTGCACGCCAAGGCCTTTCAGCTGCTGACCCAAGCCCTGCGAGGCCT
GCCCTCTGAAACCATCATCAAGGCCTTCGACATCTTCACCCGATCTATCATTATCATCTCTGAG
GGCCAAGCCGTGGACATGGAGTTCGAGGACCGAATCGACATCAAGGAGCAAGAGTACCTGGA
CATGATCTCTCGAAAGACCGCCGCCCTGTTCTCTGCCTCTTCCTCTATCGGCGCCCTGATCGCCG
GCGCCAACGACAACGACGTGCGACTGATGTCTGACTTCGGCACCAACCTGGGCATCGCCTTTCA
GATCGTGGACGACATCCTGGGCCTGACCGCCGACGAGAAGGAGCTGGGCAAGCCCGTGTTCTC
TGACATCCGAGAGGGCAAGAAGACCATCCTGGTGATCAAGACCCTGGAGCTGTGTAAGGAGGA
CGAGAAGAAGATCGTGCTGAAGGCCCTGGGCAACAAGTCTGCCTCTAAGGAGGAGCTGATGTC
TTCTGCCGACATCATCAAGAAGTACTCTCTGGACTACGCCTACAACCTGGCCGAGAAGTACTAC
AAGAACGCCATCGACTCTCTGAACCAAGTGTCTTCTAAGTCTGACATCCCCGGCAAGGCCCTGA
AGTACCTGGCCGAGTTCACCATCCGAAGACGAAAGTAA

Codon optimized 
linker (GGGGS)3 
and peptide RIDD 
for Y. lipolytica 
based on reference2

GGTGGTGGTGGTTCTGGTGGTGGTGGCTCTGGTGGTGGCGGTTGTGGTTCTCTGCGAGAGTGTG
AGCTGTACGTGCAGAAGCACAACATTCAGGCTCTGCTGAAGGACTCTATTGTGCAGCTGTGTAC
CGCTCGACCTGAGCGACCCATGGCTTTTCTGCGAGAGTACTTTGAGCGACTGGAGAAGGAGGA
GGCCAAG

Codon optimized 
linker (GGGGS)3 
and peptide RIAD 
for Y. lipolytica 
based on reference2

GGAGGCGGCGGATCTGGCGGAGGAGGCTCTGGAGGCGGAGGATGCGGCCTGGAGCAGTACGC
CAATCAGCTGGCCGATCAGATCATCAAGGAGGCCACCGAGGGCTGT

TEFin Promoter
AGAGACCGGGTTGGCGGCGCATTTGTGTCCCAAAAAACAGCCCCAATTGCCCCAATTGACCCC
AAATTGACCCAGTAGCGGGCCCAACCCCGGCGAGAGCCCCCTTCACCCCACATATCAAACCTC
CCCCGGTTCCCACACTTGCCGTTAAGGGCGTAGGGTACTGCAGTCTGGAATCTACGCTTGTTCA
GACTTTGTACTAGTTTCTTTGTCTGGCCATCCGGGTAACCCATGCCGGACGCAAAATAGACTAC
TGAAAATTTTTTTGCTTTGTGGTTGGGACTTTAGCCAAGGGTATAAAAGACCACCGTCCCCGAA
TTACCTTTCCTCTTCTTTTCTCTCTCTCCTTGTCAACTCACACCCGAAATCGTTAAGCATTTCCTT
CTGAGTATAAGAATCATTCAAAATGGTGAGTTTCAGAGGCAGCAGCAATTGCCACGGGCTTTG
AGCACACGGCCGGGTGTGGTCCCATTCCCATCGACACAAGACGCCACGTCATCCGACCAGCAC
TTTTTGCAGTACTAACCGCAG

xpr2t Terminator
GATCCAACTACGGAACTTGTGTTGATGTCTTTGCCCCCGGCTCCGATATCATCTCTGCCTCTTAC
CAGTCCGACTCTGGTACTTTGGTCTACTCCGGTACCTCCATGGCCTGTCCCCACGTTGCCGGTCT
TGCCTCCTACTACCTGTCCATCAATGACGAGGTTCTCACCCCTGCCCAGGTCGAGGCTCTTATTA
CTGAGTCCAACACCGGTGTTCTTCCCACCACCAACCTCAAGGGCTCTCCCAACGCTGTTGCCTA
CAACGGTGTTGGCATTTAGGCAATTAACAGATAGTTTGCCGGTGATAATTCTCTTAACCTCCCA
CACTCCTTTGACATAACGATTTATGTAACGAAACTGAAATTTGACCAGATATTGTTGTAAATAG
AAAATCTGGCTTGTAGGTGGCAAAATGCGGCGTCTTTGTTCATCAATTCCCTCTGTGACTACTC
GTCATCCCTTTATGTTCGACTGTCGTATTTCTTATTTTCCATACATATGCAAGTGAGATGCCCGT
GTC

mig1t Terminator
CACTGGCCGGTCGATAATTTAACGTGCTGAGCTCAGCACACGCATTGCCCATTGGCTGTATATA
GATGAATGTAATGATACCGTAAGAGAATGAGAGCACGGTATTGTATTACAGGGGATTAAGTAC
ACATTACTTGGAGTTCTGTACCAGAAGACACTACTATACATGGTATTACTTACATTAGAGTCGG
TGACCGTATTCGTCTCGTATAGACATAATATTTTCCTACCCCACATTGTTCCTGGGCCTTCGGAG
CACATCTACAGTGAGTGACTGTTTCAGTTGAGCTTGAGGGGTTAAGTAAGTGGGGGAAGGGTT
TGCGATTCTGAAAAAGAGCATGACTAATCTCTCTGTGGAGGAGCAATGAAGTCACGTGATGCA
ATCATACCGGTGTATCGGATCTGCCTGGGTGTCTGATTACTAATCATTTACTCACCTGTTTTCCC
CAGCTATCTCATCCATCTCAGAGCCTCGGCCCAGCCTTCGGCCCTTTTGGGTTT



Supplementary Figure 1. GC-MS analysis of the diterpenoid standards and the products 

generated by strain SCL210. (a) Gas chromatogram of dodecane phase obtained from strain 

SCL210 culture after 120 h fermentation and gas chromatogram of sclareol standard (retention 

time 15.1 min), geranylgeraniol (GGOH) standard (retention time 14.6 min), labdenediol 

(LOH) standard (retention time 17.3 min). (b) The mass spectrum of peak 1-3 and the 

diterpenoid standards.
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