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Fig. 1 The intermediate germacrene A can be converted into various products and 

their bioactivity. The sesquiterpenes and sesquiterpene lactone derived from 

germacrene A are :1, β-elemene; 2, δ-guaiene; 3, bulnesol; 4, pogostol; 5, patchoulol; 

6, germacranolide; 7, parthenolide; 8, costunolide. Fig. S1 was created by Figdraw. 
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Fig. 2 Construction of a phylogenetic tree, exhibiting the evolution of germacrene 

A synthases. The enzyme sequences were download from NCBI or Uniport. The 

germacrene A synthases originating from bacteria, red algae, fungi and plant are shown 

in grayish, pink, light blue and reseda, respectively. 
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Fig. 3 GC-MS analysis of shake flask fermentation products in strains expressing 

dlGAS, deGAS, lsGAS and hsGAS. GC-MS profiles show the same retention time 

(17.5 minutes) as the β-elemene standard. 
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Fig. 4 Computational analysis of the active cavities of dlGAS, deGAS and lsGAS. 

(A) Protein models of GASs predicted using Alphafold21. (B) The volume of cavities

calculated by CAVER Analyst 2.02. 
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Fig. 5 Engineering the downstream mevalonate pathway to improve germacrene 

A production. (A) Schematic illustration of the enhanced conversion of mevalonate to 

IPP. (B) Effects of increasing downstream mevalonate pathway on the biomass of 

engineered strains. MVA, mevalonate; MVAP, 5-phosphomevalonate; MVAPP, 5-

diphosphomevalonate; IPP, isopentenyl diphosphate. (C) qRT-PCR analysis of MVA 

pathway gene transcription levels of engineered strains YLLQ16 and YLLQ47. Error 

bars correspond to the SD of the mean (n = 3, corresponding to triplicate biological 

replicates). 
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Fig. 6 Germacrene A production for the ERG10-engineered strain (YLLQ71) 

based on strain YLLQ60. Error bars correspond to the SD of the mean (n = 3, 

corresponding to triplicate biological replicates). 
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Fig. 7 Alignment of ACC1p amino acid sequences from Y. lipolytica and S. 

cerevisiae. BLAST analysis of the amino acid sequences was performed with ClustalW 

and the final format was generated with DNAMAN. Homologous residues are 

highlighted in deep blue, the brown frames represent the mutated sites and the red 

arrows represent the phosphorylation sites3,4. 
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Fig. 8 Quantification of acetyl-CoA levels in engineered strains cultured for 24 h. 

Error bars correspond to the SD of the mean (n = 3, corresponding to triplicate 

biological replicates). 
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Supplementary Tables 

Table 1. Plasmids and gRNAs used in this study. 

Name Description Resource 

Plasmids 

pCfB3405 CEN1, AmpR, PEXP1-Nat-Tcyc 5 

gRNAs 

Int_C2 gctcatcggaaagaactcct 5

Int_C3 aatagtgctatggctttggg 5

Int_D1 gcagacgcagacggagactg 5

Int_E1 acaagcatacagccctcggg 5

Int_E3 ccttgaatcagtcgatggtc 5

PHMG1 acgaaggccacgaaatcaag This study 

PIDI1 agatggagaaatgataccaa This study 

PERG13 tgcacggtgtgacgtcggag This study 

PERG12 taaagttggaagaggacagg This study 

PERG8 tatagggagatttacttatg This study 

PERG19 tggtgtgattagtgtttggg This study 

PERG9 actaacaagtacagttggga This study 

PERG10 tgtgacgtgagtgagagaga This study 

ACC1S667 ggagttagacctctttctga This study 

ACC1S1178 ggtgtacgaaaagtcggaga This study 
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Table 2. Engineered strains used in this study. 

Strains Genotype or relevant characteristics Resource 

W29  NRRL 

ZG03 W29 Δku70::Cas9, ΔURA3 This study 

YLLQ01 ZG03 Int_C2::PTEFin-neGAS-Tlip2 This study 

YLLQ02 ZG03 Int_C2::PTEFin-spGAS-Tlip2 This study 

YLLQ03 ZG03 Int_C2::PTEFin-ppGAS-Tlip2 This study 

YLLQ04 ZG03 Int_C2::PTEFin-hsGAS-Tlip2 This study 

YLLQ05 ZG03 Int_C2::PTEFin-ctGAS-Tlip2 This study 

YLLQ06 ZG03 Int_C2::PTEFin-dlGAS-Tlip2 This study 

YLLQ07 ZG03 Int_C2::PTEFin-deGAS-Tlip2 This study 

YLLQ08 ZG03 Int_C2::PTEFin-hlGAS-Tlip2 This study 

YLLQ09 ZG03 Int_C2::PTEFin-lsGAS-Tlip2 This study 

YLLQ16 ZG03 Int_C2::PTEFin-dlGAS-GGGGS-ERG20-Tlip2 This study 

YLLQ17 ZG03 Int_C2::PTEFin-ERG20-GGGGS-dlGAS-Tlip2 This study 

YLLQ18 ZG03 Int_C2::PTEFin-dlGAS-Tlip2, PTEFin-ERG20-Tlip2 This study 

YLLQ22 YLLQ16 HMG1(-215, 3)::PTEFin This study 

YLLQ26 YLLQ22 IDI1(-216, 3)::PTEFin This study 

YLLQ32 YLLQ26 ERG13(-194, 3)::PTEFin This study 

YLLQ35 YLLQ32 ERG12(-84, 3)::PTEFin This study 

YLLQ41 YLLQ35 ERG8(-61, 3)::PGPD This study 

YLLQ47 YLLQ41 ERG19(-52, 0)::PGPD This study 

YLLQ52 YLLQ47 ERG9(-499, 0)::PERG9_50bp This study 

YLLQ58 YLLQ52 Int_C3::PTEFin-dlGAS-Tpex20 This study 

YLLQ59 YLLQ58 Int_D1::PTEFin-dlGAS-Tcyc1 This study 

YLLQ60 YLLQ59 Int_E1::PTEFin-dlGAS-Tcyc1 This study 

YLLQ61 YLLQ60 Int_E3::PTEFin-dlGAS-Tlip2 This study 

YLLQ71 YLLQ60 ERG10(-87, 3)::PTEFin This study 

YLLQ86 YLLQ60 ACC1S667D This study 

YLLQ87 YLLQ60 ACC1S667E This study 

YLLQ88 YLLQ60 ACC1S1178D This study 

YLLQ89 YLLQ60 ACC1S1178E This study 

YLLQ90 YLLQ60 Int_E3::PEXP1-MFE1-Tpex20 This study 

YLLQ91 YLLQ60 Int_E3::PEXP1-FAA1-Tpex20 This study 

YLLQ92 YLLQ60 Int_E3::PEXP1-PEX10-Tpex20 This study 

YLLQ93 YLLQ60 Int_E3::PEXP1-POT1-Tpex20 This study 

YLLQ94 YLLQ60 Int_E3::PEXP1-TGL4-Tpex20 This study 

YLLQ95 YLLQ88 Int_E3::PEXP1-FAA1-Tpex20 This study 

YLLQ96 YLLQ88 Int_E3::PEXP1-TGL4-Tpex20 This study 

YLLQ97 YLLQ89 Int_E3::PEXP1-FAA1-Tpex20 This study 

YLLQ98 YLLQ89 Int_E3::PEXP1-TGL4-Tpex20 This study 



 

12 

Table 3. List of primers and PCR fragments used in this work. 

No. 
Overlap PCR 

fragment 

PCR 

fragment 
Primer name Sequence (5’-3’) 

For evaluating the efficiency of GASs 

  

Int_C2-upa 

Int_C2-up-F aattcgacgacctgaacact 

Int_C2-up-R 
ccgccaacccggtctcaagcgttgcacgttt

ccatctaagacctacatt 

Int_C2-dwa 
Int_C2-dw-F tctgagtggcctatacctccgagtgtgcagc 

Int_C2-dw-R gcctgataaaaacgcctgtc 

PTEFin
a 

PTEFin-Fb gagaccgggttggcggcgta 

PTEFin-R ctgcggttagtactgcaaaaagtgc 

Tlip2
a 

Tlip2-Fb cttctgttcggaatcaacctc 

Tlip2-R 
aggtataggccactcagatgcattcttgggc

ggtc 

1 
Int_C2-PTEFin-

lsGAS-Tlip2 
lsGAS 

lsGAS-F 
ttgcagtactaaccgcaggccgccgtggac

accaacgc 

lsGAS-R 
gttgattccgaacagaagttacatagacaca

gagccca 

2 
Int_C2-PTEFin-

hlGAS-Tlip2 
hlGAS 

hlGAS-F 
ttgcagtactaaccgcagtctactcagatctt

cgcctc 

hlGAS-R 
gttgattccgaacagaagttaggggatggg

gtggatca 

3 
Int_C2-PTEFin-

deGAS-Tlip2 
deGAS 

deGAS-F 
ttgcagtactaaccgcagcgacccatcacct

gttctttc 

deGAS-R 
gttgattccgaacagaagttagatgcccttca

gagagg 

4 
Int_C2-PTEFin-

dlGAS-Tlip2 
dlGAS 

dlGAS-F 
ttgcagtactaaccgcagcgacccatcacct

gttctttc 

dlGAS-R 
gttgattccgaacagaagttagatgcccttca

gagagg 

5 
Int_C2-PTEFin-

ctGAS-Tlip2 
ctGAS 

ctGAS-F 
ttgcagtactaaccgcagggctctcagatcc

tggagcc 

ctGAS-R 
gttgattccgaacagaagttacagcaccata

gacagag 

6 
Int_C2-PTEFin-

hsGAS-Tlip2 
hsGAS 

hsGAS-F 
ttgcagtactaaccgcagatgcgaaccacc

ctgctgcg 

hsGAS-R 
gttgattccgaacagaagttacagcacgata

gacagagagc 

7 
Int_C2-PTEFin-

ppGAS-Tlip2 
ppGAS ppGAS-F 

ttgcagtactaaccgcaggtgcaagtggcc

gaggccgt 
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ppGAS-R 
gttgattccgaacagaagttactccttagagtt

gtatcgggc 

8 
Int_C2-PTEFin-

spGAS-Tlip2 
spGAS 

spGAS-F 
ttgcagtactaaccgcagcccgacatcttcc

acccctt 

spGAS-R 
gttgattccgaacagaagttactgatccacct

tcatcagag 

9 
Int_C2-PTEFin-

neGAS-Tlip2 
neGAS 

neGAS-F 
ttgcagtactaaccgcagacccgacgaatc

gccgcctc 

neGAS-R 
gttgattccgaacagaagttatcgcacggcg

ccgccgt 

For fusing dlGAS and ERG20 

10 

Int_C2-PTEFin-

dlGAS(GGGGS)

ERG20-Tlip2 

dlGAS-

GGGGS 

dlGAS-GGGGS-F 
gcagtactaaccgcagcgacccatcacctg

ttctttc 

dlGAS-GGGGS-R 
ggacatagaaccaccaccaccgatgccctt

cagagagggc 

GGGGS-

ERG20 

GGGGS-ERG20-F 
ggtggtggtggttctatgtccaaggcgaaatt

cga 

GGGGS-ERG20-R 
gttgattccgaacagaagctacttctgtcgctt

gtaaatc 

11 

Int_C2-PTEFin-

ERG20(GGGGS)

dlGAS-Tlip2 

ERG20-

GGGGS 

ERG20-GGGGS-F 
ttgcagtactaaccgcagtccaaggcgaaat

tcgaaagc 

ERG20-GGGGS-R 
tcgcatagaaccaccaccacccttctgtcgc

ttgtaaatc 

GGGGS-

dlGAS 

GGGGS-dlGAS-F 
ggtggtggtggttctatgcgacccatcacct

gttc 

GGGGS-dlGAS-R 
gttgattccgaacagaagttagatgcccttca

gagagg 

12 

Int_C2-PTEFin-

dlGAS-Tlip2-

PTEFin-ERG20-

Tlip2 

ERG20 

ERG20-F 
ttgcagtactaaccgcagtccaaggcgaaat

tcgaaag 

ERG20-R 
tgattccgaacagaagctacttctgtcgcttgt

aaatc 

For enhancing the flux of germacrene A synthetic route 

13 Int-PTEFin-HMG1 

PHMG1-up 

PHMG1-up-F cgcgacaggtggatcgaatc 

PHMG1-up-R 
ccgccaacccggtctcgatttcgtggccttc

gtggtc 

PTEFin-HMG1 
PTEFin-HMG1-F aatcgagaccgggttggcggcgt 

PTEFin-HMG1-R gtagctgcggttagtactgcaaaaagtgc 

PHMG1-dw 
PHMG1-dw-F 

ttttgcagtactaaccgcagctacaagcagct

attggaaagattg 

PHMG1-dw-R gatggccttgcaacctcgc 

14 Int-PTEFin-IDI1 PIDI1-up 
PIDI1-up-F gatgagagttgagagagggc 

PIDI1-up-R attttcacctacgatttccac 
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PTEFin-IDI1 
PTEFin-IDI1-F 

gaaatcgtaggtgaaaatgagaccgggttg

gcggcgta 

PTEFin-IDI1-R cgtctgcggttagtactgcaaaaagtgc 

PIDI1-dw 
PIDI1-dw-F 

ttgcagtactaaccgcagacgacgtcttaca

gcgac 

PIDI1-dw-R tggccggtatcaattggtgc 

15 Int-PTEFin-ERG13 

PERG13-up 

PERG13-up-F cctcggcattttgactcacaagttc 

PERG13-up-R 
caaatacgccgccaacccggtctcgagtgg

tgacatgaacaaggc 

PTEFin-ERG13 
PTEFin-ERG13-F ctcgagaccgggttggcggcg 

PTEFin-ERG13-R cgactgcggttagtactgcaaaaagt 

PERG13-dw 
PERG13-dw-F 

cactttttgcagtactaaccgcagtcgcaacc

ccagaacgttgg 

PERG13-dw-R ctgcttgatctcgtactttcgtcg 

16 Int-PTEFin-ERG12 

PERG12-up 

PERG12-up-F aggtcgctttttggtattggtgttg 

PERG12-up-R 
cgccgccaacccggtctcgacaggaggaa

acctgtggtgta 

PTEFin-ERG12 
PTEFin-ERG12-F gagaccgggttggcggcgtat 

PTEFin-ERG12-R gtcctgcggttagtactgcaaaaa 

PERG12-dw 
PERG12-dw-F 

ttgcagtactaaccgcaggactacatcatttc

ggcgccaggc 

PERG12-up-R ttctccttccgtccgacttgtgctc 

17 Int-PGPD-ERG8 

PERG8-up 

PERG8-up-F ttctccttccgtccgacttgtgctc 

PERG8-up-R 
aggacatcctactgcgtcttaaggttggtgtt

ccagag 

PGPD-ERG8 
PGPD-ERG8-F ttaagacgcagtaggatgtcctgc 

PGPD-ERG8-R tcattgttgatgtgtgtttaattc 

PERG8-dw 
PERG8-dw-F 

attaaacacacatcaacaatgatcttcgaccg

gctcttc 

PERG8-dw-R tgtgatttgctcttcatggc 

18 Int-PGPD-ERG19 

PERG19-up 

PERG19-up-F catgataaaggctccgattc 

PERG19-up-R 
aggacatcctactgcgtctgggtggtgtaac

cttttttttc 

PGPD-ERG19 
PGPD-ERG19-F ccagacgcagtaggatgtcctgc 

PGPD-ERG19-R cattgttgatgtgtgtttaattc 

PERG19-dw 
PERG19-dw-F 

attaaacacacatcaacaatgatccaccagg

cctccac 

PERG19-dw-R cactccactcacaagacctc 

19 
Truncated-PERG9-

50bp 

PERG9-50bp-up 
PERG9-50bp-up-F gttgtcgatataggctgagc 

PERG9-50bp-up-R atattagcaacacgatctac 

PERG9-50bp-dw PERG9-50bp-dw-F 
agatcgtgttgctaatatggacacaaactcg

cttgttc 
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PERG9-50bp-dw-R cgaaaatctctcggggtgac 

20 Int-PTEFin-ERG10 

PERG10-up 

PERG10-up-F ccacctgcgaaatcatgatc 

PERG10-up-R 
caaatacgccgccaacccggtctcagagg

gaacacgacgatgatc 

PTEFin-ERG10 
PTEFin-ERG10-F ctctgagaccgggttggcggcgta 

PTEFin-ERG10-R gctcctgcggttagtactgcaaaaagtgc 

PERG10-dw 
PERG10-dw-F 

cactttttgcagtactaaccgcaggagcccg

tctacattgtttctactgc 

PERG10-up-R cagaccgtctcgctggatac 

For optimizing copy numbers of dlGAS 

21 
Int_C3-PTEFin-

dlGAS-Tpex20 

Int_C3-up 
Int_C3-up-F 

cattcatgttagttgcgttacagtgtctatcaa

c 

Int_C3-up-R aggaaaggagaactgaggtc 

C3-PTEFin 
C3-PTEFin-F ggcgagaccgggttggcggcgta 

C3-PTEFin-R gtcgctgcggttagtactgcaaaaagtgc 

C3-dlGAS 

C3-dlGAS-F 
tttgcagtactaaccgcagcgacccatcacc

tgttctttcg 

C3-dlGAS-R 
acttccccatccacacttttagatgcccttcag

agagg 

C3-Tpex20- 
Tpex20-F aaaagtgtggatggggaagtga 

Tpex20-R gtaacgcaactaacatgaatgaatac 

Int_C3 

Int_C3-dw-F gtgtatcatatcgcaccaac 

Int_C3-dw-R 
cgccgccaacccggtctcgccatagcacta

ttgtagag 

22 
Int_D1-PTEFin-

dlGAS-TCYC1 

Int_D1-up 
Int_D1-up-F 

aaggttttgggacgctcggacattgctctaac

actctg 

Int_D1-up-R tgaattgagcagcttggtac 

D1-PTEFin 

D1-PTEFin-F cagagagaccgggttggcggcgta 

D1-PTEFin-R 
gtcgctgcggttagtactgcaaaaagtgctg

gtc 

D1-dlGAS 
D1-dlGAS-F 

cactttttgcagtactaaccgcagcgacccat

cacctgttctttc 

D1-dlGAS-R attacatgattagatgcccttcagagagg 

TCYC1 
D1-TCYC1-F ggcatctaatcatgtaattagttatgtca 

D1-TCYC1-R gtccgagcgtcccaaaaccttctc 

Int_D1-dw 

Int_D1-dw-F tctttcttcccccacacatc 

Int_D1-dw-R 
cgccgccaacccggtctctctgcgtctgctg

tttgtgtc 

23 
Int_E1-PTEFin-

dlGAS-TCYC1 

Int_E1-up 
Int_E1-up-F 

gaaggttttgggacgctcgaagcactatcct

ctgctgcg 

Int_E1-up-R gggggagctttaatgatgtc 

E1-PTEFin E1-PTEFin-F gacacaagagaccgggttggcggcgta 
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E1-PTEFin-R 
gtcgctgcggttagtactgcaaaaagtgctg

gtc 

E1-dlGAS 
E1-dlGAS-F 

tttgcagtactaaccgcagcgacccatcacc

tgttctttcgac 

E1-dlGAS-R attacatgattagatgcccttcagagagggc 

E1-TCYC1 
E1-TCYC1-F 

gggcatctaatcatgtaattagttatgtcacgc

t 

E1-TCYC1-R gtgcttcgagcgtcccaaaaccttctca 

Int_E1-dw 

Int_E1-dw-F ccgtcttcctctacagattc 

Int_E1-dw-R 
cgccgccaacccggtctcttgtgtcgaaata

caacagc 

24 
Int_E3-PTEFin-

dlGAS-Tlip2 

Int_E3-up 

Int_E3-up-F ccaatggtgatcgcgtattc 

Int_E3-up-R 
cgccgccaacccggtctctgtttgatgtcttg

agtttg 

E3-PTEFin 

E3-PTEFin-F caaacagagaccgggttggcggcgta 

E3-PTEFin-R 
tgggtcgctgcggttagtactgcaaaaagtg

ctg 

E3-dlGAS 

E3-dlGAS-F 
tttgcagtactaaccgcagcgacccatcacc

tgttctttcgac 

E3-dlGAS-R 
ttccgaacagaagttagatgcccttcagaga

gggc 

E3-Tlip2 
E3-Tlip2-F 

ctgaagggcatctaacttctgttcggaatcaa

cctc 

E3-Tlip2-R gtgccagacagatgcattcttgggcggtc 

Int_E3-dw 
Int_E3-dw-F 

cgcccaagaatgcatctgtctggcacagaa

atgaccac 

Int_E3-dw-R gagaatagcaacgaggtctc 

For regulating lipids metabolism 

25 ACC1S667D 

S667D-up 

S667-up-F taaccctcacaccaccactc 

S667D-up-R 
ccaccgtcgtcaagaggtctaactccaatgt

cg 

S667D-dw 
S667D-dw-F gacctcttgacgacggtggtattctgtgtct 

S667-dw-R agagaagacacctgatgagc 

26 ACC1S667E 

S667E-up 

S667-up-F As above 

S667E-up-R 
ccaccgtcctcaagaggtctaactccaatgt

cg 

S667E-dw 
S667E-dw-F gacctcttgaggacggtggtattctgtgtct 

S667-dw-R As above 

27 ACC1S1178D 
S1178D-up 

S1178-up-F gagtcggagccaagaacaac 

S1178D-up-R 
tcggagacgtcatcagctcgagacaccgag

g 

S1178D-dw S1178D-dw-F gagctgatgacgtctccgacttttcgtacac 
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S1178-dw-R acgtggatgtttcggttgtc 

28 ACC1S1178E 

S1178E-up 

S1178-up-F As above 

S1178E-up-R 
tcggagacctcatcagctcgagacaccgag

g 

S1178E-dw 
S1178E-dw-F gagctgatgaggtctccgacttttcgtacac 

S1178-dw-R As above 

  

Int_E3-AC-

upc 

Int_E3-AC-up-F tagttgcgttgtttgatgtcttgagtttgagg 

Int_E3-AC-up-R taacttttttcgtgactctgttctc 

PEXP1
c 

PEXP1-F aaggccactaaggagtttggcgcccgttt 

PEXP1-R tgctgtagatatgtcttgtgtg 

E3-Tpex20
c 

E3-Tpex20-F aagtgtggatggggaagtgag 

E3-Tpex20-R 
catcaaacaacgcaactaacatgaatgaata

c 

Int_E3-AC-

dwc 

Int_E3-AC-dw-F aaactccttagtggccttctggcacagaa 

Int_E3-AC-dw-R gtgaaggaaatgcctaaaacctg 

29 
Int_E3-PEXP1-

MFE1-Tpex20 
MFE1 

MFE1-F 
caagacatatctacagcaatgtctggagaac

taagatacgac 

MFE1-R 
acttccccatccacacttttagagcttagcatc

cttggg 

30 
Int_E3-PEXP1-

FAA1-Tpex20 
FAA1 

FAA1-F 
caagacatatctacagcaatggtcggataca

caatttcc 

FAA1-R 
acttccccatccacacttctaagactgctcgt

agcact 

31 
Int_E3-PEXP1-

POT1-Tpex20 
POT1 

POT1-F 
caagacatatctacagcaatggaccgactta

acaacctc 

POT1-R 
acttccccatccacacttttactcggcaacaa

ccagag 

32 
Int_E3-PEXP1-

PEX10-Tpex20 
PEX10 

PEX10-F 
caagacatatctacagcaatgtggggaagtt

cacatgc 

PEX10-R 
ttccccatccacacttttatctgataggcaaca

agttctgc 

33 
Int_E3-PEXP1-

TGL4-Tpex20 
TGL4 

TGL4-F 
caagacatatctacagcaatgttcacctcca

gagtttcc 

TGL4-R 
acttccccatccacacttttagcacgagtcag

aacagttc 

aThe common fragments used for evaluating the efficiency of GASs and fusing dlGAS and ERG20. 

bPromoter and terminator sequence of gene XXX were represented by PXXX and TXXX, respectively. 

cThe common fragments used for regulating lipids metabolism. 
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Table 4. List of primers used for qPCR in this work. 

PCR fragment Primer name Sequence (5’-3’) 

qHMG1 
qHMG-F catacctcgccatcctcgac 

qHMG-R atgtgggtccaatcagcagg 

qERG13 
qERG13-F ggttgagggtcgatcttggg 

qERG13-R aatgagcatggcaacacagc 

qIDI 
qIDI-F catgaacacggaaaaggccc 

qIDI-R atctgtgtggtgctggactg 

qERG12 
qERG12-F ctcactaaggtccagcaggc 

qERG12-R atcttcgcacacagaagggg 

qERG19 
qERG19-F cccctgatttcacccaggac 

qERG19-R cattttgtgtcgcagagccc 

qERG8 
qERG8-F accggctcttcaaacacgaa 

qERG8-R tgctgaatacgccggatcaa 

qACT1 
qACT1-F tccaggccgtcctctccc 

qACT1-R ggccagccatatcgagtcgc 
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Table 5. Synthetic GAS genes and endogenous DNA sequences used in this study. 

Name Sequence (5’-3’) 

neGAS atgacccgacgaatcgccgcctctcccttctctgcccgagtggaggccatcgccaccacttctgcccccaaccgaactgat

cctagaggcagacctctggtggccgtgcccggacagcctgctggcctcgctcctgccgtggacgccactcagttcgcctct

tcctctgtgtctcgacagcgaatcatgcagctgccccgactggagtgtccctatcagccctctgtgcaccccgccgccgatc

agatccacgagaacaccgtggagtgggcccaagccatgggcttcgcccgatctcagaagcacatcgacgccctgcgaga

ctctcgagtgggccacctgctggcccgaatcttccccgccaccgccgacatggtggccctgcaagtggccgtggactgga

ccaccctgttctgttgtctggacgaccgactggagcagatccacggcgccgtgctggtggccgcctacctgcgaaccctgc

tgggcgtgttccgagacggcgcccaccctcagctgatcgaccccttcgcccaagccttcggcgacctgcgagagcgaatg

ctggagctgcgagtgcccaactggatcccccgattctcttcttgtgtggagcgactgttccaagccttcgtggacgaggcca

agtaccgagccgccggcgtggtgcccgccttcgcctctcactctcgaatccgacagatcaccgtgggcctgtacaccggct

tcctgctgggcgagctgaccgagcacatcttcctgccccccgacgtgctggagcacgagtctgtgcgagccctggagcga

tctgcctctaccatcgtgggcctggccaacgacatctacaccgtggagaaggagcgagccaagggcgaggtgaacaaca

ccgtgctggtgctgatgcacgaggacggcctgtctttcgacgacgccctggcccgaaccgtgcagctgcacaacatcgag

atgcgagagttcgagcgactggtggccgacctgccctctttcgacgaggacatcgacgatcagctgcgacgatacgtgca

agtgctgatccacttcatctctggccacgccgactgggcccgatctaccggccgatatcagccccccggcgacggcggcg

ccgtgcgataa 

spGAS atgcccgacatcttccaccccttcccctaccgaatctctccctacgtggcccaagcccgagagcacctgaccgactggacc

cgacgaatcggcctgatcgagcgagaggccgcccgaaagcgattcgccaaggccgacttcggctggttcgccgccatgg

tgtaccccaccgccgacgccactcagctgaacctgatggccgactggttcgcctggctgttcctggtggacgatcagctgg

acgacggctctatcggccgatctcccgagcaagcccgagacatcgtggacggaatgcgagccgtcctggagtctcccga

ccatggcgccgctgccgctgccgatagagacggccctgtggctgtctctgccctggccgacctctggctgagaaccgccc

ctcacgccaccgccaactggcgaagacgattcgtgcagcacctggacgactgtctgaccgtcgccgccacttgggaggc

cggcaaccgagtggccggcaccgtgcccgacgaggagacctacatcgagatgcgacgacacaccggcgccatctacgt

gtgtatggacctgatcgacattgtggagagaatcgacatccccgactctctgtacgccgacgctcagttccgagccgccctg

gacgccgcctgtaacgtggtgtgttggaccaacgacgtgtactctctggccaaggagcgagccctgggcgaggtgcaca

acctggtgcacatcgtggagcaccaccgaggcctggatactcccggagccctggaccacgtgtgtgccgccacctctacc

gagaccatgctgtttctggagaaggaacgagagctcctcgccgcccgacccgagcatcacgccgtgctcgtgcctggcct

ggccggcatgcgaacctggatgcgaggcaacctggactggtctcgatctaccaagcgataccgacccgtggagggcgac

gaggagatccgacccgacgagtacctggaggcctctctgatgaaggtggatcagtaa 

ppGAS atggtgcaagtggccgaggccgtgatcacctctgagaagcgaatccacgagtctgaggagaaggacgcccgacccgcc

ctgcgatgtgacctgtctgtgcaagtgcacccccacgaggacgacgccttccgagagaccctgaagtgggccacctctttc

ggcctgattcagcccggctctaaggcctacgccaaggtgcagcgagcccgattctctatgctgatcgcctctacctacccct

acgtgacccgagatcagctgcagctgatgtctgacttcgccctgtggctgttcgcctacgacgacgcctctgacaacctgaa

gatcatcaccgacacctctcgactggccgccctggtggagctggaggaccgaatgatcggcctgctgcagaaccgacaa

ggcgtgtgtgtggccgagcagtcttacgcctgtctgcgagcctgtaagacctggcccgcccctcagcccgtgctgaacatc

atgttcgaggagtacggcaccgactgtgtgctgatcgagaccctgcaagacctgatggtgcgattcacctcttgggcctctg

aggcctggctggcccgatggactcagcacatggaggagtacctgctggccacccgattcgagcgatctttccacctgcga

ggcgagaccatgacccccaacgagtacatcccccgacgaatggacttctctgccgtgaacccctgtctggacatgaccgg

cgccttcctgaagctggactgtgagatgctgtctaacaacgcctgtatcgccgagctggagaagctgtgtaacaagcacatc
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tcttgggtgaacgacctgtacggcctgaagcgagacgtgtctgacggcaccaactctaacctggtgctgtgtatcctgcacc

acaccaagaacgccggcgccttcaccgtgcaagacgcctctgatatcgtggtgcagtctaccaacttcgtgctggaggagt

tcgtggacctgtctgcccaagtgcccctgggcctggagtcttacgtgcacgccatggagttctggatgtctggctctctgttct

ggcaccaagcctctgcccgatacaactctaaggagtaa 

hsGAS atgcgacccatcacctgttctttcgaccccgtgggcatctctttcaaggccgagtctaagcaagagtctttcgagttcctgaag

gaggccgtgacccactctgtgcccggcctggagaactgtaacgtgttcgaccccaactctctgggcgtgccctggcccacc

tctctgcccgccgctgctcagtgtaagtactggaaagaggctgaggaggctgccgccgagctgatggatcagattgtggcc

gctgcccccggagagcaaggctctctgccctctgagatggccgtgtcttctaagaaggccgccaagcgacgagagctgct

ggatacctctgtcgccgcccccatgaacatgttccccgccgccaacgccgcccgagcccgaatcatggccaaggccaac

ctgctgatcttcatgcacgacgacgtgatcgagtctgagtctgtggagcaccccaccatcatcgactctgccctggccgaca

ccgccacccccaacggcaagggcgtggagatcctgtggcagaaccgaatcttcaaggagttctctgaggagaccaaccg

agaggaccccgtggtgggccccgtgttcctgcaaggcatcctgaactgggtgcagcacacccgagagaagctgcccggc

tctatgaccttctcttctctgaacgagtacatcgactaccgaatcggcgacttcgccgtggacttctgtgacgccgccctgatg

ctgacctgtgagatcttcctgacccccgccgacatggagcccctggccaagctgcaccgactgtacatgacccacttctctc

tgaccaacgacctgtactcttacaacaaggagatcatggctcagcaagagaacggcgccgccgtgatcaacgccgtgcga

gtgctggagctgctcctggacactactccccgagccgccaaggtggtgctgcgagccttcctgtgggacctggagctgca

gatcaacgaggagctgacccgactgtcttctgccggcctgtctccctctcagtggcgattcgcccgaggcatggtggaggt

gtgtgccggcaacctgttctactctgccacctgtctgcgatacgccaagcccggcctgcgaggcgtgtaa 

ctGAS atgggctctcagatcctggagcctcagaccatggccgacatcctgcgaggacagaccctgcacgtgcccgacctgctggg

catcttccgaggctggcccgtgatggccaacgcccactacaacgacatcgcctctgtggtggagggcgccttcgaccgact

gtgtaagtctcccaccatgcgagagaagtaccgacgagccaactacgcccgattcgtgtctctgtactacccccaccccaa

ctgggaccgaatccccaccctggccctgtacatcacctggctgttctgttgggacgacgccatcgatcagcaaggctctaag

ctgtcttctaacctgctgcacgctcagtctaaccgagcccacaccctgcgagtgctggagcaagtgctgaacatcgccccct

tcgccaactctctggtggagtacgacgaggtggacgccgagctgaagaccatcggcgagcagctgcagaagttctacacc

ttcgagcagcgacgagtgtacatggcccacatgcgaacctacatcgagaactgtgacaaggagcagtcttaccgactgga

gggcaccctgcccgacctggagtcttacaaggagatgcgacacggcaccgccgccgtgtggaccctgtgtgccctgatc

gagtacggcctgggcgagaacatgcccgagcacgtgcgatacatggccgaggtgcagaccctgtggtctgagacctctc

gagccatctggatcaccaacgacatcctgtctctgaagaaggagatccctcagtcttcctctaccaccgagtctatcatcaac

gccatccccatcctgatgtctgagtgtggcaccaaccctcagcaagccgtggagaccctgctgcgagagctggtggtgtct

gtggccaccttcgagaaggccgctgccatcctgctggaggccgtgggccaagagcgacgagagtggatgcagacctact

gtgacgcctgtcgatgtatggtgaccggctctattcagttcacctacgagtctacccgatacggcctggccggctgtctgaac

gaggacggctctctgtctatggtgctgtaa 

dlGAS atgcgacccatcacctgttctttcgaccccgtgggcatccccttcacctctaacaccaagtacgagtctttcgagttcctgaag

gacggcatctctaacaccgtgcccggcctggagaactgtgacgtgttcgacccccgatctatcggcgtgccctggcccacc

ctgatccccgccgtggctcagtgtaagtactggcgagaggccgaagaggtggccgaggccctgatggatcagattgtgtc

tgctgcccccggcgagcaaggctctctgcccgccgagttcaccatctcttccctcaagggcgctaagcagcgagagctgct

ggacacctgtgtggccgccgctatcaacatgttccccgctgccaacgccgcccgagcccgactgatggtgaaggccaccc

tgctgaccttcatgcacgacgacgtggtggagtctaccgagcagtctaccatcatcgacgacgccctggccgacatcgtgg

gccacgaggagaagtctaccgaggtgctgtggaagaaccgaatcttcaaggagttcaccctggagtgtatccaagaggac

cccgtggtgggccccctgttcgtgaagggcatgctgtcttgggtgcagcacacccgagacaacctgcccggctctatgacc

ttcaagtctctgaacgactacatcgactaccgaatcggcgacctgggcgtggacttctgtaacgccgccatcatgctgacct

gtgaggtgttcgtgtctccctctgagatggagcccctggccaccctgcaccacctgtacatgacccacttctctctggccaac
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gacctgtactcttacgacaaagaggtgtacgccatgaagaagcacggcgccgccctgatcaacggcgtgcgagtgctgga

gctgctcctgtctacctctccccgagccgccaaggtgctgctgcgagcctacctgtgggacctggagtttcagatcaacgag

gagctggcccgactgtctgactgtggcctgtcttacaatcagtggcgattcgcccgaggcatggtggaggtgatcgccggc

aacctgttctactcttctacctgtctgcgatacgccaagccctctctgaagggcatctaa 

deGAS atgcgacccatcacctgttctttcgaccccgtgggcatccccttcacctctgacaccaagtacgagtctttcgagttcctgaag

gacggcatccacaacgacgtgtctggcctggagaactgtgacgtgttcgacccccgatctgtgggcgtgccctggcccac

cctgctgcccgccgtggctcagtgtaagtactggcgagagggcgaagaggtggccgagaccctgatgaaccgaatcgtg

tctgccgcccccaaggagcaaggctctctgcccgccgagttcaccgactctcgactgaaggaggccaagcagcgagagc

tgctggacacctctgtggccgctgccatcaacatgttccccgccgccaacgccacccgagcccgactgatggtgaaggcc

accctgctgaccttcatgcacgacgacgtgatcgagtctaccgagcagtctaccatcatcgacgacgccctggccgacatc

gtgggccaagaggaagagggcaccgagatctcttggaagaactctatcttcaaggagttcaccatggagtgtatcgagga

ggaccccgtggtgggccccctgctggtgaagggcatgctgtcttgggtgcagcacacccgagacaacctgcccggctcta

tgaccttcaagtctctgaacgactacatcgactaccgaatcggcgacctgggcgtggacttctgtaacgccgccatcatgct

gacctgtgagatcttcgtgtctccctctgagatggagcccctggccaccctgcaccgactgtacatgacccacttctctctga

ccaacgacctgtactcttacgacaaggagctgtacgccatgaagaaccacggcgccgccctgatcaacggcgtgcgagtg

ctggagatcctgctgaacgccaccccccgagccgccaaggtgctgctgcgagcctacctgtgggacctggagtttcagat

caacgaggagctgacccgactgtctggctctcgactgtcttacaatcagtggcgattcgcccgaggcatggtggaggtgct

ggccggcaacctgttctactcttctacctgtctgcgatacgccaagccctctctgaagggcatctaa 

hlGAS atgtctactcagatcttcgcctcttcctctcagaacgagaagatccacaagatcctgcgacccaccaagaagctgcagccct

ctgtgtggggcgagcgattcctgcactacaacatctctgagcaagagctgcgatacaagcagcaacaagtggaggagctg

aaggccgtggtgaagaaggagatcttcggcgagtctgcctacgacgtgtctcatcagctgaagctgatcaacgtggtcgaa

cgactcggcctgtcttaccacttcgagtctgagatcgagaacgagctggagtctatctacaacaagtctgtggatcagaacta

catcctgaaggacgagaacctgcacgacgcctctctgcgattccgactgctgcgacagcacggcttccgagtgtcttctgcc

gacatcttcgagaagttcaaggacgaggacggcaacttcaaggagtgtctggtgtctgacaccatcggcctgctgtctctgt

acgaggcctctcacctgtcttgtgtgggcgagaacatcctggacgaggccctggacttcaccactacccacctgaccgagtt

cctggccaacaagaaagagcacgacgaccccctgtctaaagaaatctctcaagccctggagcgacccctgcgaaagtctc

tggagcgactggccgcccgacacttcatctctatctacgccaacgagacctctcacaacaaggtgctgctgcagctggcca

agctggacttcaacctgctgcagtctatccacaagaaggagctgtctgagatctctcgatggtggaaggagtctgacttcgtg

cacaagttccccttcgcccgagaccgaatcgtggagctgtacctgtggatcctggccgtgtactacgagcctcagtactacc

tggcccgaaacatcctgaccaagaccatcgccctggcctctatcgccgacgacatctacgacgagtacggcaccatcgag

gagctggagctgctgaccgaggccgtggagcgatgggacatcaacttcatcgacaagctgaaccccgagtacctgcaga

ccttctacaaggagctgctgaactcttacgaggagttcgagcaagccctgtctaaggaggagacctaccgagtgcactacg

ccaaggagcgattcaaggagctcctgcgatcttctctggaggtggcctggtggctgaaggagggccgagtgccctctttcg

acgagtacctgaagatctctctgatcaactgtggctaccacatgctgatcgtgtcttctctgatcggcatgaagggctctatcgt

gaccaaagaggtgttcgagtggctgtctatcgaccgaaagatcgtgcgagcctctgtgaccatctgtcgactgatggacga

catcgccgagtacaaattcgagcaagagaaaaacgaggagccctctgccgtggagtgttacatgaagcagtacggcgtgt

ctgaggaagaggcctacgacgagctgaacaagcgagtggtgaacgcctggaaggagatcaacgaagagctgctgaagc

ccaccggcgtggcctctcccatcctggtgcgagccctgaacttctctaagttcatggacctgttctacaagaacggcgacgg

ctacacccaagtgggcaaggtgaccaagcactctgtggccgccctgctgatccaccccatcccctaa 

lsGAS atggccgccgtggacaccaacgccaccatccaagagaagaccaccgccgagcccgtgcgacccctggccaacttcccc

ccctctgtgtggggcgaccgattcctgtctttcaccctggacaactctgagctggagggctacgccaaggccatggaggcc

cccaaagaggagctgcgacgactcatcgtggatcagaccatggactctaacaagaagctgtctctgatctactctgtgcacc
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gactgggcctgacctacctgttcctgcaagagatcgaggctcagctggacaagatcttcaaggagttcaacctgcagaacta

cgacgaggtggacctgtacaccacctctatcaacttccaagtgttccgacacctgggctacaagctgccctgtgacgtgttca

acaagttcaaggacaacacctctggcgccttcaaggaggacatctctaccgacgtgaagggcatgctgggcctgtacgaat

cttctcagctgcgaacccgaggcgagtctatcctggacgaggcctcttctttcaccgagaccaagctgaagtctgtggtgaa

caacctggagggcaacctggctcagcaagtgctgcagtctctgcgacgacccttccaccaaggcatgcccatggtggagg

cccgactgtacttctctaactactctgaggagtgtgccacccacgagtgtctgctgaagctggccaagctgcacttctcttacc

tggagctgcagcagaaagaggaactgcgaatcgtgtctaagtggtggaaggacatgcgattccaagagaccaccccctac

atccgagaccgagtgcccgagatctacctgtggatcctcggcctgtacttcgagccccgatactctctggcccgaatcatcg

ccaccaagatcaccctgttcctggtggtgctggacgacacctacgacgcctacgccaccatcgaggagatccgactgctga

ccgacgccatcaaccgatgggacatgtctgccatggagcagatccctgaatacatccgacccttctacaagatcctgctgga

cgagtacgccgagctggagaagcagctggccatcgagggccgagccaagtctgtgatcgcctctaaggaggccttccaa

gacatcgcccgaggctacctggaggaggccgagtggaccaactctggctacgtggcctctttccccgagtacatgaagaa

cggcctgatcacctctgcctacaacgtgatctctaagtctgccctggtgggcatgggcgacatcgtctctgagaacgctctg

gcctggtacgagtctcaccccaagaccctgcaagcctctgagctgatctctcgactgcaagacgacgtgatgacctatcagt

tcgagcgagagcgaggacagtctgccaccggcgtggacgcctacatcaagacctacggcgtgtctgagaaggaagccat

cgacgagctgaagatcatgatcgagaacgcctggaaggacatcaacgagggctgtctgaagccccgagaggtgtctatg

gacctgctggcccccatcctgaacctggcccgaatgatcgacgtggtgtaccgatacgacgacggcttcaccttccccggc

aagaccatgaaggagtacatcaccctgctgttcgtgggctctgtgtctatgtaa 

ERG20 

(YALI1_E0

6759) 

atgtccaaggcgaaattcgaaagcgtgttcccccgaatctccgaggagctggtgcagctgctgcgagacgagggtctgcc

ccaggatgccgtgcagtggttttccgactcacttcagtacaactgtgtgggtggaaagctcaaccgaggcctgtctgtggtc

gacacctaccagctactgaccggcaagaaggagctcgatgacgaggagtactaccgactcgcgctgctcggctggctgat

tgagctgctgcaggcgtttttcctcgtgtcggacgacattatggatgagtccaagacccgacgaggccagccctgctggtac

ctcaagcccaaggtcggcatgattgccatcaacgatgctttcatgctagagagtggcatctacattctgcttaagaagcatttc

cgacaggagaagtactacattgaccttgtcgagctgttccacgacatttcgttcaagaccgagctgggccagctggtggatc

ttctgactgcccccgaggatgaggttgatctcaaccggttctctctggacaagcactcctttattgtgcgatacaagactgctta

ctactccttctacctgcccgttgttctagccatgtacgtggccggcattaccaaccccaaggacctgcagcaggccatggatg

tgctgatccctctcggagagtacttccaggtccaggacgactaccttgacaactttggagaccccgagttcattggtaagatc

ggcaccgacatccaggacaacaagtgctcctggctcgttaacaaagcccttcagaaggccacccccgagcagcgacaga

tcctcgaggacaactacggcgtcaaggacaagtccaaggagctcgtcatcaagaaactgtatgatgacatgaagattgagc

aggactaccttgactacgaggaggaggttgttggcgacatcaagaagaagatcgagcaggttgacgagagccgaggctt

caagaaggaggtgctcaacgctttcctcgccaagatttacaagcgacagaagtag 

MFE1 

(YALI1_E1

8441) 

atgtctggagaactaagatacgacggaaaggtcgtcattgttaccggtgccggtggcggtctcggtaaggcatacgcccttt

tctacggctctcgaggagcctctgttgttgtcaacgatcttggtggcgacttcaagggcgacggtgcccaggctggcagtgg

caagcgagttgccgatgttgtcgtcgacgagattgtttccaagggaggcaaggctgttgctaactacgactctgtcgagaac

ggtgacaagattgtcgagactgccgtcaaggcttttggctccgtccacattgtcatcaacaacgccggtattctccgagatatt

tccttcaagaagatgaccgacaaggactgggatcttgtctacaaggtccacgttttcggtgcctacaaggttacccgagctgc

ctggccttacttccgaaagcagaagtacggtcgagttatctctacctcttccgctgctggtctttacggaaacttcggccagac

caactactccgctgccaagctcgccctggttggtttcggtgagactctcgccaaggagggtgccaagtacaacattacttcc

aacgtcatcgctcctcttgctgcttcccgaatgaccgagacagtcatgcccgaggatatcctcaagctcctcaagcctgagta

cgttgttcctctggtcggctacctcacccacgactctgtcaccgagtcttatggtatttacgaggtcggtgctggttacatggct

aaaatccgatgggagcgaggcaacggtgctgttttcaagggcgacgacactttcaccccgtctgctattctgaagcgatgg

gatgaggtcacctcttttgagagccccacctaccctaacggccctgctgacttcttcaaatacgctgaggagtctgttaagcg
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acccgagaacccccagggacctaccgtctccttcaaggaccaggttgtcattgtcactggagccggtgctggcattggccg

agcttactctcacctccttgctaagcttggtgccaaggtcgttgttaacgatttcggtaaccctcagaaggttgtcgatgaaatt

aaggccctcggtggtatcgccgtcgctgacaagaacaacgtcatccacggtgagaaggttgttcagaccgctatcgacgcc

ttcggtgctgtccacgccgttgtcaacaacgctggtattctccgagacaagtctttcgccaacatggatgatgagatgtggca

gctgatctttgatgtccacctcaacggtacttactccgttaccaaggccgcgtggccccacttccttaagcagaagtacggcc

gtgtcatcaacaccacctcaacttctggtatctacggtaacttcggccaggccaactactctgccgccaaggctggtatcctc

ggtttctcccgagctcttgctcgagagggtgagaagtacaacattcttgtcaacaccattgcccctaacgctggtactgccatg

actgcttctgtcttcactgaggagatgctcgagctcttcaagcccgatttcatcgcacccatcaccgtcctgcttgcttccgatc

aggctcccgtcaccggtgatctgtttgagactggttctgcttggatcggacagactcgatggcagcgagctggtggtaaggc

cttcaacaccaagaagggtgtcacccccgaaatggttcgagacagctgggctaagatcgtcgacttcgatgatggtaactcc

acccatcccaccactccctccgagtctactactcagattcttgagaacatcttcaacgtgcctgatgaggaggttgaggagac

tgctctcgttgctggtcccggtggtcccggtatcctcaacaaggagggcgaacctttcgactacacttacacttaccgagacc

tcattctttacaaccttggtctcggtgccaaggctaatgagctcaagtatgtcttcgagggtgatgatgacttccagaccgtgc

ccactttcggtgttatcccttacatgggtggcctcatcactaccaactatggcgacttcgttcctaacttcaaccctatgatgcttc

tccacggtgagcagtaccttgaaatccgacagtggcctattcctaccaatgctacattggagaacaaggctaaggtcatcgat

gtcgttgacaagggcaaggctgccctccttgtcactgctaccaccaccacgaacaaggagactggtgaggaggttttctac

aacgagtcttctctcttcatccgaggctctggtggtttcggtggtaagtctaccggtactgaccgtggcgctgccactgctgcc

aacaagccccctgctcgagctcctgacttcgttaaggagatcaagatccaggaggaccaggctgccatttaccgactttctg

gtgattacaaccctcttcacatcgaccctgcttttgctgctgttggtaactttgaccgacctattctccacggtctctgctcttttgg

tgtctccggtaaggctctttacgatcagtttggtcctttcaagaacgctaaggtccgatttgctggtcacgtcttccctggtgag

accctgaaggttgagggctggaaggagggcaacaaggtcattttccagaccaaggttgttgagcgaggtactaccgccat

cagcaatgccgccattgagctcttccccaaggatgctaagctctaa 

FAA1 

(YALI1_D

22124) 

atggtcggatacacaatttcctcaaagcccgtgtcggtggaggtcggccccgccaagcctggcgagactgccccccgacg

aaacgtcattgccaaggacgcccctgtcgtcttccccgacaacgactcgtccctgaccaccgtctacaagctgttcaaaaag

tacgccgagatcaacagcgagcgaaaggccatgggatggcgagacaccatcgacatccacgtggagaccaaacaggtg

accaaggtcgtggacggagtggagaagaaggtgcccaaggaatggaagtactttgagatgggcccttacaagtggctctc

atacaaggaggcccttaagctggtccatgattatggagctggtcttcgacacctcggaatcaagcccaaggagaagatgca

catttacgcccagacctcccaccgatggatgctctctggcctggcttctctgtctcagggtattcccattgtcactgcctacgac

actcttggagaggagggtctcactcgatctctccaggagaccaactcggtcatcatgtttaccgacaaggctctgctgagctc

tctcaaggtctctctcaagaagggcaccgatctgcgaatcatcatctacggaggtgatctgacccccgacgacaagaaggc

cggaaacacggagattgacgccatcaaggagattgttccagatatgaagatctacaccatggacgaggttgtcgctctcgg

ccgagaacacccccaccccgtggaggaggtcgactatgaggacctggccttcatcatgtacacctctggttctaccggtgtc

cccaagggtgtggttctgcagcacaagcagatcctcgcctctgtggccggtgtcaccaagatcattgaccgatctatcgtcg

gcaacacagaccggcttctcaacttcctgcccctcgcacacattttcgagtttgtgttcgagatggtcaccttctggtgcggtg

cttctctgggttacggaaccgtcaagaccatttccgatctgtccatgaagaactgtaagggagacattcgagagctcaagcc

caccatcatggtcggcgttcccgctgtctgggaacctatgcgaaagggtattcttggcaagatcaaggagctgtctcctctga

tgcagcgggtcttctgggcctcatttgccgccaagcagcgtctcgacgagaacggactccctggtggatctatcctcgactc

gctcattttcaagaaggtcaaggacgccactggaggctgtctccgatacgtgtgtaacggaggtgctccagtatctgtcgac

acccagaagttcatcaccactctcatctgtcccatgctgattggatgcggtctgaccgagactacagccaacaccaccatcat

gtcgcctaaatcgtacgcctttggcaccattggtgagcccaccgccgccgtgaccctcaagctcattgacgtgcctgaagcc

ggctacttcgccgagaacaaccagggagagctgtgcatcaagggcaacgtcgtgatgaaggagtactacaagaacgagg

aggagaccaagaaggcgttctccgacgatggctacttcctcaccggtgatattgccgagtggaccgccaatggccagctca
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gaatcattgaccgacgaaagaacctcgtcaagacccagaacggagagtacattgctctggagaagctcgagacacagtac

cgatcgtcgtcgtacgtggccaacctgtgtgtgtacgccgaccagaaccgagtcaagcccattgctctggtcattcctaacg

agggccccaccaagaagcttgcccagagcttgggcgtcgattctgacgactgggacgccgtctgctccaacaaaaaggtg

gtcaaggctgtgctcaaggacatgctcgataccggccgatctctgggtctgtccggcattgagctgctgcaaggcattgtgtt

gctgcctggcgagtggactcctcagaacagctacctgactgctgcccagaagctcaaccgaaagaagattgtggatgataa

caagaaggaaattgatgagtgctacgagcagtcttag 

PEX10 

(YALI1_C0

1416) 

atgtggggaagttcacatgcattcgctggtgaatctgatctgacactacaactacacaccaggtccaacatgagcgacaata

cgacaatcaaaaagccgatccgacccaaaccgatccggacggaacgcctgccttacgctggggccgcagaaatcatccg

agccaaccagaaagaccactactttgagtccgtgcttgaacagcatctcgtcacgtttctgcagaaatggaagggagtacga

tttatccaccagtacaaggaggagctggagacggcgtccaagtttgcatatctcggtttgtgtacgcttgtgggctccaagac

tctcggagaagagtacaccaatctcatgtacactatcagagaccgaacagctctaccgggggtggtgagacggtttggcta

cgtgctttccaacactctgtttccatacctgtttgtgcgctacatgggcaagttgcgcgccaaactgatgcgcgagtatcccca

tctggtggagtacgacgaagatgagcctgtgcccagcccggaaacatggaaggagcgggtcatcaagacgtttgtgaaca

agtttgacaagttcacggcgctggaggggtttaccgcgatccacttggcgattttctacgtctacggctcgtactaccagctca

gtaagcggatctggggcatgcgttatgtatttggacaccgactggacaagaatgagcctcgaatcggttacgagatgctcg

gtctgctgattttcgcccggtttgccacgtcatttgtgcagacgggaagagagtacctcggagcgctgctggaaaagagcgt

ggagaaagaggcaggggagaaggaagatgaaaaggaagcggttgtgccgaaaaagaagtcgtcaattccgttcattgag

gatacagaaggggagacggaagacaagatcgatctggaggaccctcgacagctcaagttcattcctgaggcgtccagag

cgtgcactctgtgtctgtcatacattagtgcgccggcatgtacgccatgtggacactttttctgttgggactgtatttccgaatgg

gtgagagagaagcccgagtgtcccttgtgtcggcagggtgtgagagagcagaacttgttgcctatcagataa 

POT1 

(YALI1_E2

2238) 

atggaccgacttaacaacctcgccacccagctcgagcagaaccccgccaagggcctcgacgctatcacctccaagaacc

ccgatgacgttgtcatcaccgccgcctaccgaactgcccacaccaagggaggcaagggtctgttcaaggacacctcttctt

ccgagctgctcgcctctctgctggagggcctcgtcaaggagtccaagatcgaccccaagctcatcggtgatgtcgtctgcg

gaaacgttctcgctgccggtgccggtgccactgagcaccgagctgcctgccttgttgccggcatccccgagaccgttccctt

cgtcgctctcaaccgacagtgctcctctggtctgatggccgtcaacgacgttgccaacaagatccgagccggccagattga

cattggtatcggctgtggtgtcgagtccatgtccaaccagtacggtcccaactccgtcacccccttctccaacaagttccaga

acaacgaggaggctaagaagtgcctgatccccatgggtatcacttccgagaacgttgccgccaagtacaacgtgtcccga

aaggcccaggacgcctttgctgccaagtcctacgagaaggccgccgctgcccaggccgccggcaagttcgaccaggag

atcctccccatcaagaccactgttctcgatgatgatgacaacgagaaggaggttaccgtcaacaaggacgacggtatccga

cctggtgtcaccgccgagaagctcggcaagctcaagcctgctttctccgccgagggaaccacccacgctggtaacgcctc

tcagatctccgacggtgccggagccgttctcctcatgcgacgatctgttgccgagaagcttggccagcccatccttgccaag

tttgtccactgcaagaccgtcggtgttccccccgagctcatgggaattggccccgcttacgccattcctgctgtccttgagga

ccttggtctgaccgtcaacgacgttgacgttttcgagatcaacgaggctttcgcttcccaggctctgttctccatccagcattgt

ggaatcgacgagtccaaggtcaacccccgaggtggtgccattgctattggccaccctctgggagccaccggtgctcgaca

gtttgccactctgctctccgagcttaaggagtctggcaagaaggtcggtgtcacctccatgtgcattggtaccggtatgggtg

ccgcttctctggttgttgccgagtaa 

TGL4 

(YALI1_F1

3550) 

atgttcacctccagagtttccgaagcaagcaccaccaactttatccggccgacggcacggtctcacatccacttttttttcgcct

tcatcgccgcaaccgtccaccaactgctgctcatgctctaccaactgcttggagacggctacctcaagtcgtttgtcgacaca

ggtatcacgctggcccaacagtcggggctttcgggtatcgtcaacgccttgacttcagaggccaaactgcggatcgataaa

cggtccatcatcaaaaagctgctagaggaccaggaaaacgccgagtcgtactttgactggctcaaggcgtccagcgaact

cgactatctgctcggcaaccaggaatggaaggaaagagacgagtgtccagcttacgattacgaatacgtccgactccgatt

ggacgaactgagacacgcccgaaccaataacgacaccacccgactgctttacctcgtgcgaacaacgtggagtagaaac
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ctcggcaacctcggagacgtcaagctctaccacaactcctttaccggaaccaaacgactcatcgaagactacattctggaat

gcgaactggctctcaacgcgctcctggcagccggaaacgacaagatcccggaccaggagctgctcacggagctgctcaa

caccagaaaggcatttggacgaactgcccttctgctgtccggcggaggatgtctcggtctgctccacaccggtgttctccag

gccctctcagacacatcgctcttgccccacgtcatatcgggttcgtcggcaggctcaatcatggccgcgggactgtgcattc

acaaagacgaagaacacgaggctttcatcaccgagctcatggagcgagactttgacattttcgaagagtccggaaacgaa

gacacggtgctcgaacgagtgtctcgaatgctcaaacatggatcgctactcgacaacagatatatgcaggacactatgcga

gaattatttggcgacatgacctttctggaggcctacaaccggactcgccgtattctcaacgttacggtatcgtctgctggcatct

acgaaatgcctcgtttgctcaactacctgacggcccccaacgtactcatttggtcggctgtctgcgcctcctgctcggtgcctc

tcattttcaatgcctacactctgcttgaaaaggagcccaaaacaggagctattcagacctggaacgcttcttcgctgcggttca

ttgacggatccgtctatgccgacgtgcccattgcgcgtctctcagaaatgttcaatgtaaatcatttcattgtctcgcaggtaaa

ccctcacgttgctcctttcctcaagctcacagaagacaaggccaacccggactcggtcgacgaaatctacacgctcaagctt

tggcacaacttcaagacgctggtcaccgacgaggtcatgcaccagttgcaggtgctgtacgagtttggcatcttcaagaacc

tgtgttcgaaaatgggaggcgtactgtcccagcgatacaagggagacatcacaatcctgccccaggtccatctctcagagct

cccgggaattcttactaaccccactgccgcatacatgaaggacaccaaccgacgaggtgcccaggccacttatcgaaagat

ctcgctcattcgaaaccactgtgccattgagttggcgctggatcgagctatccacgaactcaaggcccgtatgctcccctcca

agcttggatcaggacgtacatccccgcaaggtacttttaagcattcgcagtcgtccaaccagatttctgcgctcaaacctcctt

ctcgtcacatgtctgcttcatcggcaaccacagcacatacgcgtcttcggaaccgaaagtcgttttctcatgcacgtatcaaga

gtgatgcggccgctgtgttcgacaaggagcctattcacgagacgcccaagtcgtcgcctcagagctcgtatgtcaacttgca

ccgatctgcaagtgagcggtcgagacgacccaagtctgcattcaatctgggctctctgccgacctctcctctttatcatccgc

atctgacccactccatgtctatggggggagccaatcaggcgcctctgtacaatcctgggcgcggttctgtgtctcagaacac

ctcccctgggaccaaaatccccggaaacgctgatccgtcgtactttgatggacccaacaatgtgcgtttccactgggacagc

gacgacgacgatgtgcgagagacggagttcctcaacaacatgtcttcgtcgtcttcacgaagagtttctcctgtccagagtcg

tcgagccagtgttgatggactgcgaaactctgtcgtatccaccgccaccagtgtcaccgacggttccgtgtccagcagacc

gtcccgagcgtgggagagcatttcccagctgtttgaaggggacgagaactgttctgactcgtgctaa 

PTEFin gagaccgggttggcggcgtatttgtgtcccaaaaaacagccccaattgccccaattgaccccaaattgacccagtagcggg

cccaaccccggcgagagcccccttcaccccacatatcaaacctcccccggttcccacacttgccgttaagggcgtagggta

ctgcagtctggaatctacgcttgttcagactttgtactagtttctttgtctggccatccgggtaacccatgccggacgcaaaata

gactactgaaaatttttttgctttgtggttgggactttagccaagggtataaaagaccaccgtccccgaattacctttcctcttcttt

tctctctctccttgtcaactcacacccgaaatcgttaagcatttccttctgagtataagaatcattcaaaatggtgagtttcagagg

cagcagcaattgccacgggctttgagcacacggccgggtgtggtcccattcccatcgacacaagacgccacgtcatccga

ccagcactttttgcagtactaaccgcag 

PGPD gacgcagtaggatgtcctgcacgggtctttttgtggggtgtggagaaaggggtgcttggagatggaagccggtagaaccg

ggctgcttggggggatttggggccgctgggctccaaagaggggtaggcatttcgttggggttacgtaattgcggcatttgg

gtcctgcgcgcatgtcccattggtcagaattagtccggataggagacttatcagccaatcacagcgccggatccacctgtag

gttgggttgggtgggagcacccctccacagagtagagtcaaacagcagcagcaacatgatagttgggggtgtgcgtgtta

aaggaaaaaaaaagaagcttgggttatattcccgctctatttagaggttgcgggatagacgccgacggagggcaatggcg

ccatggaaccttgcggatatcgatacgccgcggcggactgcgtccgaaccagctccagcagcgttttttccgggccattga

gccgactgcgaccccgccaacgtgtcttggcccacgcactcatgtcatgttggtgttgggaggccactttttaagtagcacaa

ggcacctagctcgcagcaaggtgtccgaaccaaagaagcggctgcagtggtgcaaacggggcggaaacggcgggaaa

aagccacgggggcacgaattgaggcacgccctcgaatttgagacgagtcacggccccattcgcccgcgcaatggctcgc

caacgcccggtcttttgcaccacatcaggttaccccaagccaaacctttgtgttaaaaagcttaacatattataccgaacgtag
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gtttgggcgggcttgctccgtctgtccaaggcaacatttatataagggtctgcatcgccggctcaattgaatcttttttcttcttct

cttctctatattcattcttgaattaaacacacatcaaca 

PEXP1 aaggagtttggcgcccgttttttcgagccccacacgtttcggtgagtatgagcggcggcagattcgagcgtttccggtttccg

cggctggacgagagcccatgatgggggctcccaccaccagcaatcagggccctgattacacacccacctgtaatgtcatg

ctgttcatcgtggttaatgctgctgtgtgctgtgtgtgtgtgttgtttggcgctcattgttgcgttatgcagcgtacaccacaatatt

ggaagcttattagcctttctattttttcgtttgcaaggcttaacaacattgctgtggagagggatggggatatggaggccgctg

gagggagtcggagaggcgttttggagcggcttggcctggcgcccagctcgcgaaacgcacctaggaccctttggcacgc

cgaaatgtgccacttttcagtctagtaacgccttacctacgtcattccatgcatgcatgtttgcgccttttttcccttgcccttgatc

gccacacagtacagtgcactgtacagtggaggttttgggggggtcttagatgggagctaaaagcggcctagcggtacacta

gtgggattgtatggagtggcatggagcctaggtggagcctgacaggacgcacgaccggctagcccgtgacagacgatgg

gtggctcctgttgtccaccgcgtacaaatgtttgggccaaagtcttgtcagccttgcttgcgaacctaattcccaattttgtcact

tcgcacccccattgatcgagccctaacccctgcccatcaggcaatccaattaagctcgcattgtctgccttgtttagtttggctc

ctgcccgtttcggcgtccacttgcacaaacacaaacaagcattatatataaggctcgtctctccctcccaaccacactcactttt

ttgcccgtcttcccttgctaacacaaaagtcaagaacacaaacaaccaccccaacccccttacacacaagacatatctacag

ca 

Tlip2 cttctgttcggaatcaacctcaaggttaacggccacgatcccctcgttgttactcttggtcagcccattgtcggtaacgctggct

ttgctaactgggtcgataaactcttctttggccaggagaaccccgatgtctccaaggtgtccaaagaccgaaagctctaccga

atcacccaccgaggagatatcgtccctcaagtgcccttctgggacggttaccagcactgctctggtgaggtctttattgactg

gcccctgatccaccctcctctctccaacgttgtcatgtgccagggccagagcaataaacagtgctctgccggtaacactctg

ctccagcaggtcaatgtgattggaaaccatctgcagtacttcgtcaccgagggtgtctgtggtatctaagctatttatcactcttt

acaacttctacctcaactatctactttaataaatgaatatcgtttattctctatgattactgtatatgcgttcctctaagacaaatcga

aaccagcatgcgatcgaatggcatacaaaagtttcttccgaagttgatcaatgtcctgatagtcaggcagcttgagaagattg

acacaggtggaggccgtagggaaccgatcaacctgtctaccagcgttacgaatggcaaatgacgggttcaaagccttgaat

ccttgcaatggtgccttggatactgatgtcacaaacttaagaagcagccgcttgtcctcttcctcgaaactctcaaacacagtc

cagaagtcctttatagtttgatctgtatccagatagcctccgtaattggtgtgtgtcttcaaatcccagacgtccacattggcatg

tcctccactgataagcatttgaagttcatctgcgttgaacattgagacccacgaagggtcaatgagctggtatagaccgccca

agaatgcatctg 

Tpex20 aagtgtggatggggaagtgagtgcccggttctgtgtgcacaattggcaatccaagatggatggattcaacacagggatata

gcgagctacgtggtggtgcgaggatatagcaacggatatttatgtttgacacttgagaatgtacgatacaagcattgtccaag

tacaatactaaacatactgtacatactcatactcgtacccgggcaacggtttcacttgagtgcagtggctagtgcccttactcgt

acagtgtgcaatactgcgtatcatagtctttgatgtatatcgtattcattcatgttagttgcgt 

Tcyc1 tcatgtaattagttatgtcacgcttacattcacgccctccccccacatccgctctaaccgaaaaggaaggagttagacaacctg

aagtctaggtccctatttatttttttatagttatgttagtattaagaacgttatttatatttcaaatttttcttttttttctgtacagacgcgt

gtacgcatgtaacattatactgaaaaccttgcttgagaaggttttgggacgctcg 
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