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Fig. S1 Validation of in vivo multi-fragment assembly using an mCherry reporter cassette in K. phaffii. (A) Schematic illustration of the donor DNA fragments used for in vivo assembly, consisting of left and right homology arms (LHA/RHA), the GAP promoter, the mCherry coding sequence, and the RPS25A terminator. Individual fragments were designed with overlapping regions to enable homologous recombination–mediated assembly at the target locus (int1). (B) Diagnostic PCR analysis confirming correct chromosomal integration of the assembled pGAP-mCherry cassette. Genomic DNA PCR (G-PCR) yielded the expected 1.9 kb product. Individual fragment PCRs showed bands corresponding to their predicted sizes: pGAP; 0.6 kb, mCherry; 0.8 kb, RPS25Att; 0.6 kb crtI (1.7 kb), confirming precise reconstitution of all components. (C) Quantification of mCherry fluorescence normalized to OD600 in representative in vivo–assembled strains (mCherry) compared with the wild-type control (WT). (D) Flow cytometry analysis of a representative assembled strain, showing a distinct mCherry-positive population (R2 gate) relative to background fluorescence.
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Fig. S2 Evaluation of β-carotene biosynthesis in engineered K. phaffii. (A, B) Growth and glycerol-consumption profiles of the negative control (A) and β-carotene strain Kp1F (B) cultivated in glycerol medium. (C) β-carotene titer produced by the engineered strain during shake-flask cultivation. (D) Visual comparison of colony pigmentation between the β-carotene-producing strain and the negative control (KpKR). (E, F) HPLC chromatograms confirming β-carotene production in engineered cells compared with an authentic standard. Error bars represent the standard deviation of biological duplicates. Abbreviations: β-car, β-carotene strain; HPLC, high-performance liquid chromatography; mAU, milli-absorbance unit; NC, negative control; RT, retention time. 
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Fig. S3 Validation of β-carotene production in engineered K. phaffii strains. β-Carotene titers were measured in multiple engineered strains following cultivation at the culture tube scale in glycerol-containing medium. Strains harboring β-carotene biosynthetic pathways assembled using different fragment configurations (Kp1F, Kp3F, Kp9F, Kp1S, Kp2S, Kp3S, Kp3F1B, and Kp9F1B) all produced detectable levels of β-carotene, confirming functional pathway reconstruction across assembly designs. Titers are reported as mg/L, demonstrating that in vivo multi-fragment assembly yields metabolically active β-carotene pathways irrespective of fragment number or assembly strategy.
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Fig. S4 Sequence verification of the in vivo-assembled β-carotene pathway in strain Kp9F. Sanger sequencing traces were aligned to the expected consensus sequence to confirm correct assembly and chromosomal integration of the nine-fragment β-carotene pathway in strain Kp9F. Sequencing coverage spans all junctions between promoters, coding sequences, and terminators, as well as the genomic integration boundaries, demonstrating accurate multi-fragment assembly without rearrangements. Verification was performed using a set of diagnostic primers targeting the integration site and individual pathway components, including int1_50bp_CF_F, pGAP_CF_F, crtYB_CF_F, RPS25Att_CF_R, crtYB_BB_F, pMDH3_CF_F, pMDH3_CF(2)_F, crtI_gene_F, TDH3tt_CF_R, crtI_BB_F, pPOR1_CF_F, crtE_gene_F, RPS2tt_CF_R, and int1_50bp_CF_R. High-quality sequence reads across all regions confirm precise homologous recombination–mediated assembly of the complete β-carotene biosynthetic pathway.
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Fig. S5 Sequence verification of chromosomal integration sites in strain Kp3S. Sanger sequencing was performed to validate the correct chromosomal integration of assembled constructs at multiple genomic loci in strain Kp3S. Sequencing reads were aligned to the expected reference sequences, and coverage across integration junctions confirmed precise homologous recombination–mediated insertion. (A) Sequencing analysis of the int21 integration site using the diagnostic primers int21_CF_F and int21_CF_R. (B) Sequencing analysis of the int1 integration site using primers int1_50bp_CF_F and int1_50bp_CF_R. (C) Sequencing analysis of the int6 integration site using primers int6_CF_F and int6_CF_R. High-quality sequence traces spanning both left and right junctions at each locus confirm accurate site-specific integration without unintended rearrangements.

Table S1. Yeast strains used in this study.
	Strain
	Genotype or Description
	Purpose
	Reference

	Komagataella phaffii
ATCC 28485
	Wild Type host strain
	-
	ATCC

	dK
	K. phaffii ATCC 28485 ΔKu70
	NHEJ suppression
	In this study

	ROE
	K. phaffii ATCC 28485 Δint21::RAD52
	HR reinforcement
	In this study

	dKR
	dK Δint21::RAD52
	Dual-engineered chassis
	In this study

	L1
	K. phaffii ATCC 28485 Δint1::RoLDH
	Lactic acid
production control
	In this study

	dKRL1
	dKR Δint1::RoLDH
	Growth/metabolic performance test
	In this study

	KpKR
	K. phaffii ATCC 28485 ΔKu70::RAD52
	Dual-engineered chassis
platform strain
	In this study

	Kp1F
	KpKR Δint1::crtYB-crtI-crtE
(1 cassette)
	One-fragment genomic assembly
	In this study

	Kp3F
	KpKR Δint1::crtYB-crtI-crtE
(3 cassette)
	Three-fragment genomic assembly
	In this study

	Kp9F
	KpKR Δint1::crtYB-crtI-crtE
(9 cassette)
	Nine-fragment genomic assembly
	In this study

	Kp1S
	KpKR Δint21::crtYB-crtI-crtE
	Single-locus integration
	In this study

	Kp2S
	KpKR Δint21::crtYB-crtI, Δint1::crtE
	Dual-locus integration
	In this study

	Kp3S
	KpKR Δint21::crtYB, Δint1::crtI,
Δint6::crtE
	Triple-locus integration
	In this study

	Kp3F1B
	KpKR pCrtYB-I-E
	In vivo plasmid assembly (3 fragments with 1 backbone)
	In this study

	Kp9F1B
	KpKR pCrtYB-I-E
	In vivo plasmid assembly
(9 fragments with 1
 backbone
	In this study





Table S2. Plasmids used in this study.
	Plasmid
	Genotype or Description
	Reference

	BB1_12_pGAP
	Promoter derived from PP7435_Chr2-0858
	22

	BB1_34_RPS25Att
	Terminator derived from PP7435_Chr2-0346
	22

	BB1_23_eGFP
	enhanced green fluorescent protein [Bacillus cereus]
	22

	BB2_AB
	transcription unit cloning
	22

	pCrtYB
	[bookmark: _Hlk212733813]Plasmid carrying crtYB [Xanthophyllomyces dendrorhous] under the control of the GAP promoter
	In this study

	BB1_12_pMDH3
	Promoter derived from PP7435_Chr4-0136
	22

	BB1_34_TDH3tt
	Terminator derived from PP7435_Chr2-0858
	22

	BB2_BC
	transcription unit cloning
	22

	pCrtI
	Plasmid carrying crtI [Xanthophyllomyces dendrorhous] under the control of the MDH3 promoter
	In this study

	BB1_12_pPOR1
	Promoter derived from PP7435_Chr2-0411
	22

	BB1_34_RPS2tt
	Terminator derived from PP7435_Chr1-1396
	22

	BB2_CD
	transcription unit cloning
	22

	pCrtE
	Plasmid carrying crtE [Xanthophyllomyces dendrorhous] under the control of the POR1 promoter
	In this study

	BB3rN_AD
	overexpression of 3 genes in K. phaffii
	22

	[bookmark: _Hlk214562429]pCrtYB-I-E
	Plasmid carrying crtYB, crtI, crtE
	In this study

	pCast
	E. coli/Yeast shuttle vector carrying CloNAT marker and Spcas9, allowing cloning of gRNA flanked by tRNA promoter and HDV ribozyme
	23

	pTOP TA V2
	Topoisomerase I–based cloning vector with ccdB counter-selection for direct cloning of PCR products
	Enzynomics

	pKu70_DN
	Donor DNA plasmid for Ku70 deletion in K. phaffii (TOPO-cloned)
	In this study

	BB3aN_14*
	overexpression of 1 gene in K. phaffii
	22

	pRoLDH
	plasmid carrying RoLDH under the GAP promoter
	In this study

	pRoLDH_1000bp HA
	Plasmid carrying RoLDH under the GAP promoter, flanked by 1,000-bp upstream and downstream homology arms for genomic integration.
	In this study

	pRAD52
	Plasmid carrying RAD52 under the control of the GAP promoter
	In this study

	pRAD52_1000bp HA
	Plasmid carrying RAD52 under the control of the GAP promoter, flanked by 1,000-bp upstream and downstream homology arms for genomic integration.
	In this study

	pCast_dKu70
	CRISPR/Cas9 plasmid for Ku70 gene deletion; carries CAS9 and sgRNA targeting the Ku70 locus
	In this study

	pCast_int1
	CRISPR/Cas9 plasmid targeting integration site 1 for site-specific genome integration
	In this study

	pCast_int21
	CRISPR/Cas9 plasmid targeting integration site 21 for site-specific genome integration
	In this study

	pCast_int21-1
	CRISPR/Cas9 plasmid expressing dual sgRNAs targeting integration sites int21 and int1 for simultaneous double-site editing
	In this study

	pCast_int21-1-6
	CRISPR/Cas9 plasmid expressing triple sgRNAs targeting integration sites int21, int1, and int6 for multiplex genome integration
	In this study


The complete sequences of all plasmids generated in this study are provided in the Supplementary Material.


Table S3. Primers used in this study.
	Name
	Sequence 5'-3'
	Purpose

	dKu70_CF_F
	ACCTCTTCCTCCTCGCTCAT
	Confirmation of
Ku70 deletion

	dKu70_CF_R
	AATGGCGGGTTTTCCAGAGT
	

	int1_50bp CF_F
	TTTGCAAGACACTGCTCCGT
	Confirmation of
correct genomic
integration at the
target locus.

	int1_50bp CF_R
	GCCCAATGTCCATACTTCGC
	

	int1_1000bp CF_F
	TATCGGCCGTCCTCTCTAGG
	

	int1_1000bp CF_R
	GGAGTTTTGCAGCAGGAACG
	

	int21_CF_F
	GATGGTCTTCAGCCTTCCGT
	

	int21_CF_R
	TGCTATCCAGATGGTGCACTG
	

	int6_CF_F
	GCATGTTAGCATTGGCTGGG
	

	int6_CF_R
	AGGAGCGCACTCGGTAATTT
	

	M13_CF_F
	GTGTAAAACGACGGCCAGTT
	Confirmation of
Top Cloner–
assembled vector

	M13_CF_R
	GCCTCAGGAAACAGCTATGAC
	

	pCast_CF_F
	GGCAATTGACCCACGCATG
	Confirmation of
CRISPR/Cas9 vector construction

	pCast_CF_R
	GGGCGTGAATGTAAGCGTG
	

	pGAP_CF_F
	GGCGAACACCTTTCCCAATT
	Confirmation of
vector cloning

	RPS25Att_CF_R
	GCAAACACACTCGACAAGGA
	

	pMDH3_CF_F
	ACTGGTACTAGCCCCCACAA
	

	pMDH3_CF(2)_F
	TAATACTGCGCGAACACAGG
	

	TDH3tt_CF_R
	AATACACGAGATCGGCATCAC
	

	pPOR1_CF_F
	GATCAGGCCCAAACAATGGC
	

	RPS2tt_CF_R
	CGTCACGCAACTACTCCTGT
	

	BB3_CF_F
	GAGGTATGTAGGCGGTGCTA
	

	BB3_CF_R
	TTATATTTCTCTACAGGGGC
	

	crtYB_CF_F
	CTGGGTGGTGTGTTGCCTAT
	Confirmation of
β-carotene synthesis gene

	crtI_CF_R
	AGCTGAAGGGTCAATTCGGG
	

	crtE_CF_F
	TCACCTGTTGCTCACCTGAT
	

	dKu70 LHA_F
	CCCGGACGGGTTGTATCATC
	Ku70 deletion
Donor DNA

	dKu70 LHA_R
	AATGCCTTCGTGGATGTCGT
	

	dKu70 RHA_F
	TCAAGGTTGACCAGTTGCGA
	

	dKu70 RHA_R
	CTGGCTTCCATGGAGTCGTT
	

	dKu70 gRNA_F
	CGCAACAATTGTACCAAGTCCTGG
	Ku70-targeting CRISPR/Cas9 vector construction

	dKu70 gRNA_R
	AAACCCAGGACTTGGTACAATTGT
	

	Ku70::RAD52
50bp HA_F
	ACTGCAAGATGAGTGTTGTCAGCAAGCAATACGACATCCACGAAGGCATTTTTTTGTAGAAATGTCTTGGTGTCCTCG
	ΔKu70::RAD52 Donor DNA

	Ku70::RAD52
50bp HA_R
	CAAAAAGTTATTTCTTGCCCTGACGTATTTTCGCAACTGGTCAACCTTGAGTCAAATATTCAGATGGTGATGCATGTT
	

	RAD52_F
	TGAACAACTATCAAAACACCATGTCCGCCGAAGGGAAGTC
	pRAD52 and
pRAD52_1000bp HA vector
construction

	RAD52_R
	ATCAGATGTACACTAAAAGCTCAATTCGAACTTTGAGAATTTTCTTTTCCTGGA
	

	RAD52_BB_F
	ATTCTCAAAGTTCGAATTGAGCTTTTAGTGTACATCTGATAATATAGTACT
	

	RAD52_BB_R
	GACTTCCCTTCGGCGGACATGGTGTTTTGATAGTTGTTCAATTGATTG
	

	RAD52(int21_L)_F
	TTTCGCGATCGGAGGATCCTGCTAGCACAATCGCCAAGCATTCGATAAG
	

	RAD52(int21_L)_R
	CCAAGACATTTCTACAAAAAGATACAAGGGGATTTTAGGTTTAGCG
	

	RAD52(int21_R)_F
	TCACCATCTGAATATTTGACTTTATTCCATGGACCCATTCAAACG
	

	RAD52(int21_R)_R
	TCCATGTCCATGCCGGAGCGGCTAGCCCTATAGTGGATTTGCGGTAGAC
	

	RAD52 gene(int21)_F
	ACCTAAAATCCCCTTGTATCTTTTTGTAGAAATGTCTTGGTGTCCTC
	

	RAD52 gene(int21)_R
	GAATGGGTCCATGGAATAAAGTCAAATATTCAGATGGTGATGCATG
	

	RAD52 BB(int21)_F
	TACCGCAAATCCACTATAGGGCTAGCCGCTCCGGCATGGACATG
	

	RAD52 BB(int21)_R
	ATCGAATGCTTGGCGATTGTGCTAGCAGGATCCTCCGATCGCGAAA
	

	RAD52_HA_F
	ACAATCGCCAAGCATTCGATAAG
	RAD52
Donor DNA

	RAD52_HA_R
	CCTATAGTGGATTTGCGGTAGAC
	

	RoLDH_F
	TGAACAACTATCAAAACACCATGGTTCTACATAGTAAAGTGGCAAT
	pRoLDH and
pRoLDH_1000bp HA vector
construction

	RoLDH_R
	ATCAGATGTACACTAAAAGCTTAACAACTAGATTTAGAGAAAGAAGTGGC
	

	RoLDH_BB_F
	TCTCTAAATCTAGTTGTTAAGCTTTTAGTGTACATCTGATAATATAGTACT
	

	RoLDH_BB_R
	ACTTTACTATGTAGAACCATGGTGTTTTGATAGTTGTTCAATTGATTG
	

	G2_HU_F
	TTTCGCGATCGGAGGATCCTCTTGAATTTCTCGTGGTTGGAG
	

	G2_HU_R
	CCAAGACATTTCTACAAAAATGAATGTTCGACGTTTCTGGTC
	

	G2_HD_F
	CATCTGAATATTTGACCGCTATGGGCAAATCTTCGCCTTC
	

	G2_HD_R
	GGCCTCCATGTCCATGCCGGCTCAAATGTGACACTTTCTGCA
	

	G2_Block_F
	CCAGAAACGTCGAACATTCATTTTTGTAGAAATGTCTTGGTGTC
	

	G2_Block_R
	GAAGGCGAAGATTTGCCCATAGCGGTCAAATATTCAGATGGT
	

	G2_Back_F
	CAGAAAGTGTCACATTTGAGCCGGCATGGACATGGAGGCC
	

	G2_Back_R
	CCAACCACGAGAAATTCAAGAGGATCCTCCGATCGCGAAAAAACCC
	

	crtYB_gene_F
	ACAACTATCAAAACACCATGATGACGGCATTGGCTTACTACCA
	pCrtYB, pCrtI,
pCrtE and pCrtYB-I-E vector
construction

	crtYB_gene_R
	ATCAGATGTACACTAAAAGCCTATTGACCTTCCCAACCAGACAT
	

	crtYB_BB_F
	CTGGTTGGGAAGGTCAATAGGCTTTTAGTGTACATCTGATAATATAGTACTACCACG
	

	crtYB_BB_R
	TAGTAAGCCAATGCCGTCATCATGGTGTTTTGATAGTTGTTCAATTGATTGA
	

	crtI_gene_F
	CAACGAACAATAACAACATGATGGGAAAAGAACAGGATCAGGATAAAC
	

	crtI_gene_R
	TTCACATACAAATCGAAAGCTTAAAAAGCCAACACACCCACCG
	

	crtI_BB_F
	TGGGTGTGTTGGCTTTTTAAGCTTTCGATTTGTATGTGAAATAGCTGAAATTC
	

	crtI_BB_R
	TGATCCTGTTCTTTTCCCATCATGTTGTTATTGTTCGTTGGTTGTAACTC
	

	crtE_gene_F
	TAACCTGAACTATCAACATGATGGATTATGCGAACATATTAACTGCCATTC
	

	crtE_gene_R
	GATTAATATTTGACTAAAGCCTATAATGGAATATCTGCGAGCTTTTTTAAAATGG
	

	crtE_BB_F
	TCGCAGATATTCCATTATAGGCTTTAGTCAAATATTAATCTATTTCACCTGTTCAAAC
	

	crtE_BB_R
	AATATGTTCGCATAATCCATCATGTTGATAGTTCAGGTTAAGTGATGAAGC
	

	pCast_int1_sgRNA_F
	CGCAGTAACTCTAGGGTTTCAACC
	int1-targeting CRISPR/Cas9 vector construction

	pCast_int1_sgRNA_R
	AAACGGTTGAAACCCTAGAGTTAC
	

	pCast_int21_sgRNA_F
	CGCAACAAACGATGATGTTTGACC
	int21-targeting CRISPR/Cas9 vector construction

	pCast_int21_sgRNA_R
	AAACGGTCAAACATCATCGTTTGT
	

	pCast_dual_F
	ATGGAGTGATGCGCAGGTG
	Dual-gRNA
(int21, int1)
CRISPR/Cas9 vector construction

	pCast_dual_R
	CTTATCTAATTCGCAGGTGTACCTGC
	

	pCast_triple_part1_F
	TGTGCGGACACCTGCTG
	Triple-gRNA
(int21, int1, int6) CRISPR/Cas9 vector construction

	pCast_triple_part1_R
	ACCTGTGACAAACCACCTGC
	

	pCast_triple_part2_F
	GCGGACACCTGCCGCATT
	

	pCast_triple_part2_R
	TACCTGCACCTGCTGACAAACTCC
	

	int1_pGAP_DN_F
	TGAAGTTTGGGAGAACTTCAGTCAGTTTGACCAGAAACGTCGAACATTCATTTTTGTAGAAATGTCTTGGTGTCCTCG
	For the preparation of donor DNA and assembly fragments

	int1_pMDH3_DN_F
	TGAAGTTTGGGAGAACTTCAGTCAGTTTGACCAGAAACGTCGAACATTCAGGGGAGTAGCTTGGGTAGGA
	

	int1_pPOR1_DN_F
	TGAAGTTTGGGAGAACTTCAGTCAGTTTGACCAGAAACGTCGAACATTCACGCATTATTTGGGTCGGCTAC
	

	int1_RPS25Att_R
	AAAAAAAGGCAAATGGCTTCATGGGCCACTGAAGGCGAAGATTTGCCCATAGCGGTCAAATATTCAGATGGTGATG
	

	int1_TDH3tt_DN_R
	AAAAAAAGGCAAATGGCTTCATGGGCCACTGAAGGCGAAGATTTGCCCATTTAGCGAAAGTCCTCAGGTGTTATC
	

	int1_RPS2tt_DN_R
	AAAAAAAGGCAAATGGCTTCATGGGCCACTGAAGGCGAAGATTTGCCCATCTCTAATCCGGACTGTCCAAAGG
	

	int21_pGAP_DN_F
	TGAGTTCAATCAGCGGAGATACCCCGCTAAACCTAAAATCCCCTTGTATCTTTTTGTAGAAATGTCTTGGTGTCCTCG
	

	int21_RPS25Att_DN_R
	ATGTACGTAGTGATGATTTTCAGTGCGTTTGAATGGGTCCATGGAATAAAAGCGGTCAAATATTCAGATGGTGATG
	

	int21_TDH3tt_DN_R
	ATGTACGTAGTGATGATTTTCAGTGCGTTTGAATGGGTCCATGGAATAAAAAAGTCCTCAGGTGTTATCTGAAAATAAAATACACG
	

	int21_RPS2tt_DN_R
	ATGTACGTAGTGATGATTTTCAGTGCGTTTGAATGGGTCCATGGAATAAACTCTAATCCGGACTGTCCAAAGG
	

	int6_pPOR1_DN_F
	CTAGTGCAATTGTCTTGTTTTTTACACCTGCCAGTCGCTTCTTCACTCTCGGAGCGCATTATTTGGGTCG
	

	int6_RPS2tt_DN_R
	TACACCCCATACTACATCTAGTCGCAGTAAGGACGGTAATAACAATATTGCTAGCGCTCTAATCCGGACT
	

	RPS25Att_pMDH3_F
	ACCATCTGAATATTTGACCGCTCCGGGGAGTAGCTTGGGTAGGACTT
	

	RPS25Att_pMDH3_R
	TTGTCAAGTCCTACCCAAGCTACTCCCCGGAGCGGTCAAATATTCAGATGGTGAT
	

	TDH3tt_pPOR1_F
	AGATAACACCTGAGGACTTTCGCTAATTGGAGCGCATTATTTGGGTC
	

	TDH3tt_pPOR1_R
	TAGCCGACCCAAATAATGCGCTCCAATTAGCGAAAGTCCTCAGGTGTTATCT
	

	pGAP_vector_F
	TTTCGCGATCGGAGGATCCTTTTTTGTAGAAATGTCTTGGTGTCCTCG
	

	pGAP_vector_R
	CCAAGACATTTCTACAAAAAAGGATCCTCCGATCGCGAAA
	

	RPS2tt_vector_F
	TTGGACAGTCCGGATTAGAGCGCTAGCTCATGGACATGGA
	

	RPS2tt_vector_R
	TCCATGTCCATGAGCTAGCGCTCTAATCCGGACTGTCCAAAGG
	





Table S4. sgRNA sequences used in this study.
	Target locus
	Sequence 5'-3'

	int21
	ACAAACGATGATGTTTGACC

	int1
	GTAACTCTAGGGTTTCAACC

	int6
	CGTACTACCAGTGTAATGGA

	Ku70
	ACAATTGTACCAAGTCCTGG





Table S5. Synthetic DNA cassettes encoding gRNAs used in this study.
	Name
	Sequence 5'-3'

	pCast_int21_1_Dual
	ATGGAGTGATGCGCAGGTGTGCGGACACCTGCTGCACGCAACAAACGATGATGTTTGACCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTGGCCGGCATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATGCTTCGGCATGGCGAATGGGACACAGAGGCCTGCGCAAGTGGTTTAGTGGTAAAATTCATCGTTGCCATCGATGAGCCCCCGGTTCGATTCCGGGCTTGCGCAGTAACTCTAGGGTTTCAACCGTTTGTCAGCAGGTGCAGGTACACCTGCGAATTAGATAAG

	pCast_int21_1_6_Triple_part1
	TGTGCGGACACCTGCTGCACGCAACAAACGATGATGTTTGACCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTGGCCGGCATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATGCTTCGGCATGGCGAATGGGACACAGAGGCCTGCGCAAGTGGTTTAGTGGTAAAATTCATCGTTGCCATCGATGAGCCCCCGGTTCGATTCCGGGCTTGCGCAGTAACTCTAGGGTTTCAACCGCAGGTGGTTTGTCACAGGT

	pCast_int21_1_6_Triple_part2
	GCGGACACCTGCCGCATTTCAACCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTGGCCGGCATGGTCCCAGCCTCCTCGCTGGCGCCGGCTGGGCAACATGCTTCGGCATGGCGAATGGGACACAGAGGCCTGCGCAAGTGGTTTAGTGGTAAAATTCATCGTTGCCATCGATGAGCCCCCGGTTCGATTCCGGGCTTGCGCACGTACTACCAGTGTAATGGAGTTTGTCAGCAGGTGCAGGTA





Table S6. Sequences of codon-optimized genes used in this study.
	Gene
	Sequence 5'-3'

	RoLDH
	ATGGTTCTACATAGTAAAGTGGCAATCGTCGGAGCCGGTGCCGTAGGCGCCTCCACTGCATATGCTCTGATGTTCAAAAATATATGTACCGAAATTATCATTGTTGACGTTAATCCTGACATCGTTCAAGCCCAAGTGTTAGATTTGGCTGATGCTGCTTCCATTAGTCATACACCTATTAGAGCAGGCTCTGCAGAAGAAGCAGGTCAAGCAGACATAGTGGTCATCACAGCTGGTGCTAAGCAGAGGGAGGGTGAACCCAGAACGAAGTTGATCGAACGTAATTTCAGAGTTCTTCAGTCAATCATAGGCGGAATGCAACCTATTAGGCCAGATGCCGTCATCTTAGTTGTAGCTAATCCAGTAGATATATTGACCCATATTGCTAAAACCCTTTCAGGACTGCCCCCCAATCAAGTCATAGGATCTGGTACCTATTTGGACACGACTAGGTTAAGAGTGCATCTTGGAGATGTGTTTGATGTTAATCCTCAATCAGTCCACGCATTCGTCTTAGGAGAGCATGGCGACAGTCAGATGATTGCATGGGAGGCAGCTTCAATTGGCGGTCAGCCCTTGACTTCCTTCCCCGAGTTCGCAAAGTTGGATAAGACAGCCATCTCCAAGGCCATATCCGGAAAGGCAATGGAGATAATCAGATTGAAGGGCGCAACTTTCTACGGAATTGGAGCTTGTGCTGCAGACTTGGTGCATACTATCATGTTGAATCGTAAGTCTGTCCACCCAGTTAGTGTTTACGTCGAGAAGTACGGAGCTACTTTTTCTATGCCCGCTAAGTTGGGCTGGAGGGGCGTGGAGCAAATATATGAGGTGCCACTAACCGAAGAAGAAGAGGCTTTACTAGTAAAATCTGTTGAAGCTTTGAAGTCAGTAGAATATAGTTCAACGAAAGTCCCAGAAAAAAAAGTACACGCCACTTCTTTCTCTAAATCTAGTTGTTAA

	crtYB
	ATGACGGCATTGGCTTACTACCAGATTCACTTGATATACACCTTACCAATTTTGGGCCTTCTGGGTCTGTTAACGTCCCCAATTCTCACTAAGTTCGACATCTATAAGATCTCCATTCTCGTGTTCATCGCCTTTTCAGCTACAACTCCATGGGATTCCTGGATAATTAGAAATGGAGCATGGACGTACCCATCTGCTGAATCAGGGCAGGGTGTATTTGGAACATTTCTGGACGTTCCTTACGAGGAATACGCCTTCTTCGTTATTCAGACCGTCATTACAGGTTTGGTTTATGTTTTGGCTACTCGCCATTTGTTGCCTTCACTTGCTCTCCCAAAAACTCGTTCGTCAGCATTGTCACTGGCCCTTAAAGCCCTTATCCCTTTACCCATTATCTATTTGTTTACCGCACATCCATCCCCATCACCAGACCCTCTTGTGACCGATCATTATTTCTATATGAGAGCCCTGTCTTTGTTGATAACCCCACCAACTATGCTTTTAGCTGCTCTATCAGGGGAATACGCTTTCGACTGGAAGTCTGGCAGAGCTAAGTCCACAATTGCTGCGATAATGATCCCTACTGTTTATCTCATCTGGGTTGATTACGTTGCCGTAGGACAAGACAGCTGGTCAATTAATGATGAGAAGATAGTCGGATGGAGACTGGGTGGTGTGTTGCCTATTGAAGAAGCTATGTTCTTTCTTCTGACCAACCTCATGATTGTTCTCGGTCTGAGTGCTTGTGATCACACTCAGGCGCTTTACCTTCTGCACGGACGAACTATTTACGGTAATAAGAAGATGCCCTCTTCGTTTCCTCTCATTACACCACCAGTCCTGTCATTGTTCTTTAGCTCCAGACCATATTCTTCCCAACCTAAAAGGGACTTGGAACTGGCTGTTAAATTGTTGGAAAAGAAGTCCCGATCCTTTTTCGTCGCGTCTGCTGGTTTTCCTTCAGAAGTTAGAGAACGTTTGGTGGGTCTTTACGCTTTTTGCAGGGTGACCGACGATCTGATCGACAGTCCTGAAGTTTCGTCTAATCCTCACGCGACAATCGACATGGTTTCTGATTTCTTAACCTTACTGTTTGGTCCTCCTCTTCACCCCTCACAACCAGATAAGATTCTATCTTCTCCACTACTACCTCCTTCTCATCCGAGCAGACCTACTGGAATGTATCCTTTGCCTCCACCTCCATCTCTATCTCCTGCAGAATTAGTTCAGTTCTTGACGGAACGTGTTCCTGTTCAGTACCACTTCGCTTTCAGACTCTTGGCTAAACTTCAAGGTCTGATTCCCCGCTACCCACTTGACGAACTACTTCGAGGCTATACCACCGATCTCATTTTCCCATTATCAACAGAAGCCGTACAGGCTCGAAAGACCCCAATAGAGACTACAGCAGACTTACTCGACTATGGACTGTGTGTAGCTGGCTCCGTAGCCGAATTGTTGGTTTACGTTTCCTGGGCGTCAGCTCCATCTCAGGTTCCTGCTACAATTGAGGAAAGAGAGGCTGTATTGGTGGCTTCAAGAGAAATGGGTACAGCTCTCCAATTGGTCAACATTGCCAGAGACATAAAAGGTGACGCTACAGAGGGACGCTTTTACTTGCCGTTGAGTTTTTTCGGCTTGCGAGATGAAAGTAAGCTGGCCATACCTACTGATTGGACAGAACCACGTCCTCAAGATTTCGACAAATTACTGTCGCTTTCCCCATCTTCTACTCTACCATCTTCCAATGCATCTGAGAGTTTCAGGTTCGAGTGGAAAACGTACTCGCTTCCATTAGTAGCTTACGCAGAAGATTTGGCCAAACACAGTTATAAGGGTATTGACAGACTTCCTACTGAGGTCCAGGCAGGAATGAGAGCAGCTTGCGCTTCTTACCTATTGATCGGAAGAGAAATTAAAGTTGTTTGGAAAGGCGACGTTGGTGAAAGAAGAACTGTCGCAGGTTGGAGAAGGGTCAGAAAGGTTCTCTCCGTGGTTATGTCTGGTTGGGAAGGTCAATAG

	crtI
	ATGGGAAAAGAACAGGATCAGGATAAACCAACCGCTATCATTGTTGGATGCGGAATAGGGGGAATCGCTACCGCTGCTAGATTGGCTAAAGAAGGTTTCCAGGTGACTGTATTTGAAAAGAATGACTACTCTGGAGGAAGATGTTCTCTCATTGAAAGAGATGGTTACAGATTCGATCAGGGTCCTTCTCTTCTTTTATTGCCAGATCTCTTTAAACAGACTTTTGAGGATTTAGGGGAGAAGATGGAGGATTGGGTGGACTTAATTAAGTGTGAGCCCAATTACGTCTGTCATTTTCACGATGAAGAAACTTTCACTTTTTCCACTGATATGGCCTTATTGAAGCGTGAGGTCGAGAGGTTCGAAGGTAAGGATGGATTCGATCGGTTTCTTTCATTTATTCAGGAAGCACATCGTCATTACGAGTTAGCCGTTGTTCATGTGTTACAGAAGAACTTTCCCGGTTTTGCCGCTTTTTTAAGACTCCAATTCATCGGTCAAATTCTTGCATTGCACCCATTTGAAAGCATCTGGACTAGAGTCTGTCGTTACTTTAAGACTGACCGATTACGGAGAGTTTTTTCGTTCGCTGTCATGTACATGGGACAGTCGCCATACTCAGCTCCTGGTACTTATTCACTGCTTCAGTACACAGAGCTTACAGAAGGGATCTGGTACCCAAGAGGTGGGTTCTGGCAAGTCCCAAATACGTTGTTGCAAATCGTTAAGAGAAACAACCCGAGCGCCAAATTCAACTTTAACGCTCCCGTATCTCAGGTGCTCTTATCTCCTGCAAAAGACAGAGCAACAGGAGTAAGATTGGAATCTGGTGAAGAACATCATGCTGACGTGGTTATAGTTAATGCCGATCTGGTCTACGCATCGGAACATCTGATACCTGATGATGCCAGAAATAAAATTGGTCAACTTGGAGAAGTTAAGAGATCATGGTGGGCAGATCTTGTTGGGGGTAAAAAATTGAAAGGCTCGTGTTCTTCCCTGAGTTTTTACTGGAGCATGGACCGGATCGTTGATGGTCTTGGTGGTCACAACATTTTCCTAGCTGAAGATTTTAAAGGGAGCTTCGACACGATTTTTGAAGAACTTGGCTTACCAGCTGACCCCTCCTTTTACGTTAATGTACCTTCCCGAATTGACCCTTCAGCTGCACCAGAGGGTAAGGACGCAATAGTTATTTTGGTTCCTTGTGGCCATATTGACGCTTCTAATCCACAAGACTACAACAAGTTGGTTGCTCGAGCTAGAAAATTCGTGATCCAAACTTTGAGTGCGAAACTCGGACTTCCAGATTTCGAGAAGATGATTGTTGCCGAGAAGGTTCATGATGCTCCGTCATGGGAGAAGGAATTTAACTTGAAAGACGGTTCTATCCTTGGTTTGGCTCATAACTTCATGCAGGTACTGGGATTTAGACCTTCTACGAGACACCCCAAGTACGATAAGCTCTTCTTTGTTGGTGCTTCCACTCATCCAGGGACAGGGGTTCCAATCGTTCTAGCAGGAGCTAAGCTCACAGCAAACCAAGTCCTAGAGTCATTCGACAGATCTCCTGCCCCTGATCCCAACATGAGCTTAAGTGTCCCATACGGTAAACCGCTTAAGAGCAACGGTACTGGGATCGACTCACAGGTCCAGTTGAAGTTCATGGACCTGGAGAGATGGGTCTACCTTCTTGTTCTGTTAATTGGAGCTGTAATAGCTCGTTCGGTGGGTGTGTTGGCTTTTTAA

	crtE
	ATGGATTATGCGAACATATTAACTGCCATTCCGTTAGAGTTCACTCCACAAGACGACATCGTATTGCTTGAGCCATACCACTACTTGGGAAAAAACCCTGGAAAGGAAATCAGGTCGCAGTTGATTGAGGCTTTTAATTATTGGTTGGATGTTAAGAAAGAAGATCTGGAAGTGATTCAGAACGTCGTAGGTATGCTTCACACTGCTTCTTTGTTGATGGACGATGTTGAGGACAGTTCAGTTTTAAGAAGAGGATCACCTGTTGCTCACCTGATATACGGAATCCCTCAAACAATAAACACCGCCAACTATGTCTACTTCTTGGCTTATCAGGAAATCTTTAAGCTACGTCCGACACCAATTCCTATGCCAGTGATACCCCCTTCCAGTGCTTCGTTGCAGTCCTCTGTTTCTTCTGCCTCTAGCTCTAGCTCGGCTTCCTCGGAAAATGGCGGAACTTCAACCCCAAACTCACAGATTCCTTTCTCTAAAGATACGTACTTGGATAAGGTGATCACTGATGAAATGTTGTCTTTGCATAGAGGACAGGGACTGGAACTGTTTTGGAGAGACTCTTTGACCTGTCCGTCAGAAGAAGAGTATGTGAAGATGGTCTTGGGTAAGACAGGCGGACTTTTCCGCATTGCTGTCAGGTTAATGATGGCGAAATCAGAGTGCGACATCGACTTTGTGCAGCTGGTTAACCTGATTTCGATTTATTTTCAGATTCGCGATGACTACATGAACTTGCAGAGCAGTGAGTACGCACACAATAAGAACTTCGCTGAAGATTTAACAGAGGGGAAATTTTCATTCCCAACAATCCACTCTATTCATGCTAACCCCTCTTCCAGACTGGTCATAAATACTCTTCAGAAAAAATCAACTTCACCAGAGATTCTTCACCATTGCGTTAACTACATGCGCACAGAGACACACAGCTTCGAGTACACTCAGGAAGTTTTAAACACATTAAGTGGTGCTCTGGAGAGAGAATTGGGTCGTCTACAAGGTGAGTTTGCTGAGGCCAATAGCAGGATGGATTTGGGAGATGTCGATTCAGAAGGTAGAACCGGTAAGAACGTAAAACTTGAAGCCATTTTAAAAAAGCTCGCAGATATTCCATTATAG
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