ADDITIONAL INFORMATION

Engineering the oleaginous yeast Yarrowia lipolytica to produce limonene from waste cooking oil
[bookmark: _Hlk4488102][bookmark: OLE_LINK20]Yaru Pang, Yakun Zhao, Shenglong Li, Yu Zhao, Jian Li, Zhihui Hu, Cuiying Zhang, Dongguang Xiao, Aiqun Yu*

[bookmark: _Hlk4600440]Table S1. Information on fatty acid composition of the commercial vegetable oil and waste cooking oil
	Fatty acid
	[bookmark: _Hlk7381502]Vegetable oil (Soybean oil, g/100g)
	[bookmark: _Hlk4166682]Waste cooking oil (g/100g)

	C8:0
	<0.000480
	0.0406 

	C14:0
	0.0512 
	0.0520 

	C15:0
	<0.000336
	0.0021 

	 C16:0
	9.3579 
	9.1128 

	C16:1
	0.0629 
	0.0592 

	C17:0
	0.0752 
	0.0704 

	C17:1
	0.0345 
	0.0286 

	C18:0
	3.8691 
	3.5801 

	 C18:1n9t
	0.0309 
	0.0953 

	C18:1n9c
	20.1828 
	18.8678 

	C18:2n6c
	55.0011 
	48.3580 

	C20:0
	0.3844 
	0.3847 

	C18:3n6
	0.9153 
	0.6781 

	C20:1
	0.5170 
	0.3990 

	C18:3n3
	6.9948 
	5.6221 

	C21:0
	0.0239 
	0.0386 

	C20:2
	0.0523 
	0.0492 

	C22:0
	0.5252 
	0.5505 

	C23:0
	0.0594 
	0.0616 

	C20:5n3
	0.4824 
	0.5014 

	C24:1
	0.0250 
	0.0364 


The trademark of commercial vegetable oil was Luhua. Waste cooking oil was collected from the canteen of Tianjin University of Science and Technology, and the fatty acids of commercial vegetable oil and waste cooking oil were detected by Qingdao Sci-tech Innovation Quality Testing Co., Ltd.


Table S2. Primers used in PCR
	Primer
	Sequence

	dLS-F
	AATGCGACGATCTGCCAACTAC

	[bookmark: _Hlk517367572]dLS-R
	GGGGTACCTTAGTGGTGATGGTGATGATG

	lLS-F
	AATGGAGCGACGATCCGGCAATTATAATC

	lLS-R
	GGGGTACCTTAGTGGTGATGGTGATGATG

	pYL-F
	CCTCGATCCGGCATGCACTGATCACG

	pYL-R
	TAGGCAACAGCGTTGGGAGAGCCCTTGAGG

	ACOAAT1-F
	acaaccacacacatccacAATGCTACTCGACAGAAGAGACCTT

	ACOAAT1-R
	acaagttccgtagttggatccctaATGCGACTCACTCTGCCCC

	pACOAAT2-1-F
	CATacaaccacacacatccaGTTGAAGGAGACAGGTCAGAGTACG

	pACOAAT2-1-R
	gagtgcggCCTTCACGGCATGGGCTC

	pACOAAT2-2-F
	atgccgtgaaggCCGCACTCGCCAAGACCG

	pACOAAT2-2-R
	gggacaggccatggaggtaccCTAACACTTCTCAACAATGATAGAGG

	ACOAAT2-F
	acaaccacacacatccacAATGGAGCCCGTCTACATTGTTTC

	HMGS-F
	acaaccacacacatccacAATGTCGCAACCCCAGAACG

	HMGS-R
	gggacaggccatggaggtaccCTACTGCTTGATCTCGTACTTTCGTC

	HMGR-F
	acaaccacacacatccacAATGCTACAAGCAGCTATTGGAAA

	HMGR-R
	gggacaggccatggaggtaccCTATGACCGTATGCAAATATTCGAA

	MK-F
	acaaccacacacatccacAATGGACTACATCATTTCGGCG

	MK-R
	gggacaggccatggaggtaccCTAATGGGTCCAGGGACCGA

	PMK-F
	acaaccacacacatccacAATGCTACTTGAACCCCTTCTCG

	PMK-R
	gggacaggccatggaggtaccCTAATGACCACCTATTCGGCTCC

	PMVADO-F
	acaaccacacacatccacAATGATCCACCAGGCCTCCA

	PMVADO-R
	gggacaggccatggaggtaccCTACTTGCTGTTCTTCAGAGAACCA

	IPPDI-F
	acaaccacacacatccacAATGCTACTTGATCCACCGCC

	IPPDI-R
	gggacaggccatggaggtaccCTAATGACGACGTCTTACAGCGA

	GGPPS-F
	acaaccacacacatccacAATGTCACTGCGCATCCTCAA

	GGPPS-R
	gggacaggccatggaggtaccCTAATGGATTATAACAGCGCGGA

	FPPS-F
	acaaccacacacatccacAATGCTACTTCTGTCGCTTGTAAATC

	FPPS-R
	acaagttccgtagttggatccCTAATGTCCAAGGCGAAATTCGA

	BDH-F
	ccatccagcctcgcgtcgGTTAACTATCCTAGGGTGCATGCTGAG

	BDH-R
	acgtcttgctggcgttcgcgaTCATCGATGATAAGCTGTCAAACA

	BDH2-F
	ccatccagcctcgcgtcgGTTAACTATCCTAGGAGGCCGTTGAGCAC

	BDH2-R
	acgtcttgctggcgttcgATAAGCTGTCAAACATGAGAATTCG

	FSBDH-F
	ccatccagcctcgcgtcgACGCGTTATCCTAGGGTGCATGCTGAG

	DJY-F
	AATCGCCGTGACGATCAGC

	DJY-R
	CTGTCGCTTGCGGTATTCGG

	ZHBDH-F
	GCTTATCATCGATGATCGCGAAGTAGTAGGTTGAGGCCGTTG

	ZHBDH-R
	GCTACGTCTTGCTGGCGTTCGATGAGAATTCGGACACG

	ZHYZ-F
	CCAACAGCTTGCTCGCATC

	ZHYZ-R
	CCTCGCTCAAGCCTTCGTC


The restriction sites are in bold, italic and underlined


DNA alignment between codon-optimized and original sequence of dLS gene
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DNA alignment between codon-optimized and original sequence of lLS gene
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[bookmark: _Hlk4923736]

Additional Methods
[bookmark: OLE_LINK1]Preparation of Y. lipolytica Po1g KU70△ competent cell
1. Inoculate a colony of Y. lipolytica Po1g KU70△ strain from a fresh YPD plate in 10 mL YPD medium (1% yeast extract, 2% peptone, 2% dextrose and 50 mM citrate buffer pH 4.0) in a 250 mL flask. Incubate with shaking at 225 rpm and 30°C for 20 hours.
2. Pellet the cells by centrifuging 5 minutes at 5, 000 g at 4℃. 
3. Wash the cells with 20 mL TE buffer and pellet the cells similarly as Step 2.
4. Resuspend the cells in 1 mL of 0.1 M lithium acetate (pH 6.0, adjusted with acetic acid) and incubate for 10 minutes at room temperature. 
5. Aliquot the competent cells (100 µL) into sterile 1.5 mL tubes. Proceed to the transformation steps below immediately, or add glycerol to a final concentration of 25% (v/v) and store at -80°C for long-term storage.
Transformation of Y. lipolytica Po1g KU70△ cells
1. Gently mix 10 µL of denatured salmon sperm DNA (10 mg/mL) and 1-5 µg of the linearized plasmid together with 100 µL of competent cells, and incubate at 30°C for 15 minutes.
2. Add 700 µL of 40% PEG-4000 (dissolved in 0.1 M lithium acetate pH 6.0), mix well and incubate at 30°C for 60 minutes with shaking (225 rpm).
3. Heat shock the transformation mixture at 39°C for 60 minutes.
4. Add 1 mL YPD medium and recover for 2 hours at 30°C and 225 rpm.
5. Centrifuge at 10,000 g for 1 minute, remove the supernatant and resuspend the pellet in 1 mL of TE buffer.
6. Repellet the cells and discard the supernatant again.
7. Resuspend the pellet in 100 µL of TE buffer and plate onto selective plates (leucine-deficient plates).




Additional Figures
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[bookmark: OLE_LINK78][bookmark: _Hlk529007101]Figure S1. Inhibitory eﬀects of d‑limonene and l-limonene on S. cerevisiae AY15 and Y. lipolytica Po1g KU70△. (A) The inhibitory eﬀect of d‑limonene on S. cerevisiae AY15. (B) The inhibitory eﬀect of l-limonene on S. cerevisiae AY15. (C) The inhibitory eﬀect of d‑limonene on Y. lipolytica Po1g KU70△. (D) The inhibitory eﬀect of l-limonene on Y. lipolytica Po1g KU70△. A fixed volume of serially diluted d‑limonene and l-limonene in dodecane ranging from 10 to 1500 mg/L was added to YPD medium which contained 0.5 % Tween 80 (v v‑1), YPD medium containing 0.5 % Tween 80 (v v‑1) and dodecane was used as a negative control. The cultivation was performed at 30℃and 200 rpm in 30 mL of YPD medium. All values presented are the mean of three biological replicates ± standard deviation.
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[bookmark: _Hlk8466703]Figure S2. GC-MS analysis of solvent overlay-extracted limonene from engineered strains cultures. (A) d-limonene standard (10.027 mg/L) and d-limonene obtained in YPD medium of Po1g KPYL and Po1g KdLS; (B) l-limonene standard (11.225 mg/L) and l-limonene obtained in YPD medium of Po1g KPYL and Po1g KlLS. Po1g KPYL obtained by pYLEX1 integrating into Po1g △KU70 was used as a negative control.
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[bookmark: _Hlk2613378][bookmark: _Hlk4920346]Figure S3. Effect of different carbon sources on growth of Y. lipolytica. Different carbon sources (glucose, waste cooking oil and dodecane) was added into the base medium, which included 1% yeast extract and 2% tryptone. OD600 was measured at 4 h, 8 h, 24 h, 28 h, 32 h, 48 h, 72 h and 96 h. Glu: 2% glucose was added into the base medium; NCS: there was no addition of any external carbon sources in the base medium; DOD: dodecane was added into the base medium; WCO: 1.18% (w/v) waste cooking oil as a carbon source which has an equal amount of carbon units to that of 2% (w/v) glucose was added into the base medium. All values presented are the mean of three biological replicates ± standard deviation.
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[bookmark: _Hlk4920872]Figure S4. Effect of addition of glucose on biosynthesis of limonene. 0, 0.5% and 1% (w/v) of glucose was added into the culture medium of the engineered Y. lipolytica strains on day 3 and day 6, respectively. And the concentration of limonene was analyzed by GC-MS on day 9. All values presented are the mean of three biological replicates ± standard deviation.

[image: ][image: ]
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[bookmark: _Hlk529007170]Figure S5. The OD600 values of different engineered Y. lipolytica strains cultured in YPD medium. OD600 were measured at 0, 4, 16, 26, 32, 48, 72, 96 and 120 h, respectively. The cultivation was performed at 28℃ and 220 rpm. All values presented are the mean of three biological replicates ± standard deviation.
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Figure S6. Effect of temperature on volatilization of limonene. The initial concentrations of limonene were 48 mg/L and 96 mg/L, respectively, which was dissolved in dodecane. Limonene was then added into the culture medium without Y. lipolytica cells. The concentration of limonene in the cell-free culture medium was analyzed by GC-MS after 2 days or 4 days of shaking at different temperatures (20℃ and 30℃). All values presented are the mean of three biological replicates ± standard deviation.
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[bookmark: _Hlk8377716]Figure S7. The pHs during fermentation of the engineered Y. lipolytica Po1g KdHR and Po1g KlHR strains in a 250-mL shake flask. The cultivation was carried out at 20℃, 250rpm, and pHs were measured at 0h 24h, 48h and 72h.
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[bookmark: _GoBack][bookmark: _Hlk8377741][bookmark: OLE_LINK2][bookmark: OLE_LINK3]Figure S8. The data of limonene batch-fermentation parameters in the 5 L-fermenter. The initial volume of YPDM medium was 2 L, temperature and oxygen saturation were fixed at 28℃, and 20% (adjusted by stirring and aeration), respectively. (a) Change in dissolved oxygen of fermentation in the fermenter, which was set to 20%; (b) Change in rotate speed of fermentation in the fermenter, which was set to follow the level of dissolved oxygen; (c) Change in pH of fermentation medium in the fermenter. 
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Figure S9. Effect of Mg2+ on growth of Y. lipolytica. Different concentration of MgSO4•7H2O was added into medium. OD600 was measured at 4 h, 8 h, 24 h, 28 h, 32 h, 48 h, 72 h and 96 h. All values presented are the mean of three biological replicates ± standard deviation.
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[bookmark: _Hlk8411659]Figure S10. Effect of Mn2+ on d-limonene or l-limonene accumulation in Po1g KdHR or Po1g KlHR. The cultivation was performed at the optimum fermentation temperature of 20°C, the optimum rotation speed of 250 rpm, the optimum initial OD600 of 2.0, the optimum pH of 5.74 and the best n-dodecane volume 10% in the optimal 50 mL-final-volume of medium in a 250-mL shake flask for 5 days with different concentrations of MnSO4•7H2O (0, 0.005%, 0.01%, 0.04%, 0.08% and 0.12%). All values presented are the mean of three biological replicates ± standard deviation.
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Figure S11. Effect of concentration of peptone on the production of d-limonene and l-limonene. Effect of peptone on d-limonene or l-limonene accumulation in Po1g KdHR or Po1g KlHR. The cultivation was performed at the optimum fermentation temperature of 20°C, the optimum rotation speed of 250 rpm, the optimum initial OD600 of 0.1, and the best n-dodecane volume 10% in the optimal 50 mL-final-volume of medium in a 250-mL shake flask for 5 days with different concentrations of peptone (0.5%, 2%, 3.5% and 5%). All values presented are the mean of three biological replicates ± standard deviation.
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(c)
Figure S12. The data of limonene fed batch-fermentation parameters in the 5-L fermenter. (a) Change in dissolved oxygen of fermentation in the fermenter, which was set to 20%; (b) Change in rotate speed of fermentation in the fermenter, which was set to follow the level of dissolved oxygen; (c) Change in pH of fermentation medium in the fermenter.
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[bookmark: _Hlk529007197]Figure S13. Map of the plasmid pYLEX1.
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[bookmark: _Hlk529007224][bookmark: OLE_LINK79][bookmark: OLE_LINK80]Figure S14. Map of the recombinant plasmid pYLdLS. The dLS gene were cloned into the Pml I/Kpn I site of pYLEX1 with a primer pair dLS-F/dLS-R to yield plasmid pYLdLS.
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[bookmark: _Hlk8466672][bookmark: _Hlk529007454][bookmark: _Hlk517983608]Figure S15. Maps of the overexpression recombinant plasmid pYLA1 and pYLdA1. ACOAAT1 were cloned into the Pml I/Kpn I site of pYLEX1 with primers ACOAAT1-F/ACOAAT1-R to yield plasmid pYLA1 (A). The expression cassette of ACOAAT1 were cloned into pYLdLS with primers BDH-F/BDH-R to yield plasmid pYLdA1 (B).

[image: ]
(a)
[image: ]
(b)
Figure S16. The GC-MS analysis of fatty acid composition in waste cooking oil and commercial vegetable oil. (A) The GC-MS analysis of fatty acid composition in waste cooking oil; (B) The GC-MS analysis of fatty acid composition in commercial vegetable oil. 
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ATGGAZZGACGATCCGGLAATTACARCCCTTCTCGTTGGGATGTCAR TTCATCCARTCECTTCTCA 2TGACTATARGGA
BIGEA :CEACEATCCRE AR A TAR TEE CIE (06 A TGEGA CGICAR TITCATCOA GIC TCT CCIC TCOGACTACAAGER

EAEAA 6 CETEHT T 50 TG TEAECTEET e T ECTGAACATEEH \CTGEAEAR &N AH0 A T6H 151  EAE
AGACAH CATETEAT CAEAEE OIC (EACCTGET GAC COTGETCAACATECA COTCEACAR GGA AL CGA CCA AT CAGAC

BB 188 o i 6 TG Tl OAE 4B CATEGE S TCTO0GH oA TTTC0A A TEAETE JAH AERRTE 1 ST 6T
BacT Cea» i CATCEA CEAS O CEAG O AATEGE CCTGTC0GA CCA CTTCCA AN CGAGTE TAA GGARATC T CIG TECE

48 16 AOCATCHC T 1T ACANGARGO TETTO0 ~H /58 28 » 8 BB O CTHCTOHY A6 161 1EE AT 8
B O 061 GACCATCACTA CTACAAGAACCS CTTTCC TAH GGA GEA GCE TEAT T1 ATACTCCAQ OTC OCT GG CTTI 6

o e {EAEH 58 EETT 108 287 oS {58 EHEET ~F0EA T~ T TCHACAACEH JEAGEE TERETICHA 18R
‘261 CETC CEAGA SCA CGETTE CCA 6T 60 COA EAGET CTTCEA CTC OTICAACAACEA  CACGEE CGAGTICAR SGACT

o6 1 JEEACEHGHES +EHEE » 1iE THE0A AOTETH 1158 A6 116 i TG 1jf <A <5 ~EE0EH A5E 6 51 CEEe
CBGT CTCEGACEACACE CEAGE 6 CTGCA COTETA CGA GEC OIE TIHT CCIE O CAG TGA GEGCEA A TAG TOT EAG

62486 i85 <0G S BRI <5 cEA A 5 HACEEGE 18 T 18 fEE 5 OB i BT eHET
/6760 C e \GA GTTCEC TAC TAARTI T \GA A 6A GAA 6T CAACEAGEE 68 O CBACEE TEA TCE COl GAG CAGRAT

G 48 1116 11 CEACATOOOTCY 108 G648 B A AE 00 BRI SOTE T CTCEATOsA A TGETAY A8 AR
‘T8 A TG O CEACATCCCTCN CLA (66 S AT AR GAGACC CAATGE COCTETETECATCEA SIGETAT G TARGC

B COCCEACHTCARTOR /51 ~ETETH 5 <5 1180 o 5 CEAE i < 1 116 {0 /50 58 71 158 58 EEg
CCCEACATCARTC 6T CETGTT ~GA 0T GEC TN CCT GEAT O CAH AT O GCA GGY CAGII CCA GGA GEAGET

BBHEA TETIG 6 CTCETEE JERAR T 156 SFTIEH 1EACHAGET <6 o 50 » 48 i T{EHET < JEl FeeT
BAAGA TCCTTC o6 - TCETEE CEARA OAC (56 CTTTET CEACAAGET C6E T TIEG COE AGACCBACT 08T CGA TECTA

(G 1GEAH 16 186 CATORT 58 GO0 458 1EAEEATEE » » 60 » 1 < A HTCHTEEE o 5] CARCEeTeTaRT T
€71 OTGEAH CAQ O CATCAT 16400 CCE ACAGCATEE TT OTGE TS TAT TATGATGEG TAN GG CARCECTCTEAT OBl

6 CETEATOEA 1A T iiH T8 1164 i TEEEA0 Tl 58 1A 5 CSHHEA - CHOTEH Ol CATeeA ERTeEe T
€ CETEATCEA O oA A CEA ST STA CGECACE C GGA GEA GO GGAACA GIT TACIGA TCE CATICEA EATGEEAC

i -BHOTC - TCEAECH 5 1E06EA 111 CHTG0A {CTETCoTTToN 16 ~oT A CANGT S A T THE AT GEE
B TARCTC TATCEACEA 0T SCCCEA OTA TATE0A COTETGOTTTCN OB0 0T AR TAACT T6Y GEACEACAC TG TR

CGATET TATCARGEACARAGECET CARCET TAT HCCCTACCTACE CCARTC A TECET TEAT TTGEC CEATARGTATATGE
CGACETCATGAAGEAAARAGECGT CAACGT CAT CCCCTACCTGCEACARTC CTEGET CGAT CTGGC TEACARGTACATGE

i 2467 56 66 JEETTCTACEE06E CONEAA 158 » T EHACAGTA 1 1TECACHACIC AICECAGTC Bl A2 c TRl
[1i6H 66 06 A TEETTCTACEECEE COACAR <08 C O AGAACAGTAC CTEGAGAACTC IGECAGTC AT CTCCEET

ECCTETATE i ~HE OAEHT ~FTCTIG CERGH ~HE 58 TG O A A S i oA ca o1 GHAGAA AFRGEH
ECCTETATE O CAC CCACAT TITCTICAGAGE CAC CGA CIC TITCAC TAAGA AAC TE] TEATTCCOl CRACAA SIACCH

{688 7 1 8 O GG A6 < i OG0 O EEHeH 1A T i A0 6 CETEEH A5 GEE A U AEHEE
(668 i o8 21 A TEETE 106 T 16T CETECE A 0% CECTGA (6A CCEEE AL TIEC TETEGH A ETE TOf CEAETE

i {EEE6 <A 56 5 1108 TECTACATE - c {5 AGHA 160 A0 CEAEEE SRR - o GAREEAGE] A AfEEET o
606 T2 <16 (01 O ATGCTACATE T A TEACAR OB0 G TEAGEE TEAGGS CAE AAAGCACET CAA SIEECT

2486 <6 <5 TGN ARGATCHA T80 EAE B B S HAGEA i 10 FHeEE o A58 T 1 AEE ATE 160
B 760 0o i61 T EEARCARCATCAR CBE (A 06 61 CIC CAAGEA OIC o8 CTTCEG TAR GGA 0T oA CGE CTECEC

{5 1 17 48 G HGEG O i HICTHOCH 1 156 A 1{5E ACEEOAE o) NGAECETAT 1 A58 16 8
8% O O 66 OB AATEGE (A Ol CATETACCA AR 56 (A CEE CCACGECAC TCA SCACCOTAT OAT CCA CBAGE

AR ATCACCHGAACE TTATTCEAGCE 1 T6CACATCATCACCATCACCACT
AGATGACCCGAACCCTGTTCGAGCCTTICECTCATCATCACCATCACCACTA
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