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Table S1. Accession number of amino acid sequences of 39 L-Hph biosynthetic

cluster used for phylogenetic analysis in this study.

Strains

Accession No.

HphA

HphCD

HphB

Nostoc punctiforme PCC 73102

Nostoc sp. ATCC 53789

Nostoc sp. HIID-D1B

Nostoc sp. XHIID C2

Nostoc sp. 268

Nostoc sp. KVI20

Nostoc sp. 213

Nostoc sp. N6

Nostoc sp. 232

Nostoc sp. XPORK14A

Nostoc sp. N135.9.1

Nostoc calcicola FACHB-389
Scytonema sp. HK-05

Nostoc sp. CENAS543

Nostoc sp. FSN-E

Anabaena sp. BIR260

Anabaena sp. 90

Nodularia spumigena UHCC 0039
Nodularia spumigena CENA596
Sphaerospermopsis torques-reginae
ITEP-024

Dolichospermum compactum NIES-806
Anabaena sp. LE011-02

Anabaena sp. ALO9

Snowella sp. 249/25

Planktothrix agardhii No758
Planktothrix rubescens NIVA-CYA 407
Planktothrix rubescens No108
Planktothrix agardhii NIVA-CYA 126/8
Microcystis aeruginosa PCC 9432
Planktothrix agardhii NIVA-CYA 68
Planktothrix agardhii No66
Microcystis aeruginosa PCC 7005
Microcystis aeruginosa PCC 9701
Planktothrix agardhii NIVA-CY A 56/3
Planktothrix agardhii NIVA-CY A 34
Planktothrix agardhii NIVA-CYA 15
Planktothrix rubescens NIES-610

WP _012409019.1
WP _114081681.1
AVK43370.1
AVK43396.1
AVK43342.1
WP_069068163.1
WP_094332088.1
WP _104901026.1
WP _094346109.1
AVK43401.1
AVK43376.1
OKH39823.1

WP _073634529.1
WP _103139157.1
AVK43354.1
AVK43216.1

WP _015078980.1
WP _006196343.1
WP _063874468.1
API83199.1

WP_096669565.1
OBQ10118.1
OBQ12658.1
AVKA43467.1
AQY61077.1
WP _026785824.1
AQY60314.1
AQY60510.1
WP _002752284.1
AQY61269.1
AQY60686.1
WP_024969395.1
WP _002804152.1
WP _026785824.1
WP _026785824.1
WP _027248863.1
WP_026798230.1

3

WP_012409013.1
WP _114081674.1
AVK43361.2
AVK43390.1
AVK43335.2
WP_069068157.1
WP_094332086.1
WP _104901028.1
WP _094346111.1
AVK43403.2
AVK43378.1
OKH39821.1

WP _073634541.1
WP _103139164.1
AVK43347.2
AVK43207.1

WP _015078972.1
WP _006196336.1
WP _063874473.1
API83191.1

WP_096669549.1
OBQ10125.1
OBQ12650.1
AVK43465.1
AQY61075.1
WP 026785826.1
AQY60312.1
AQY60508.1
WP _002752281.1
AQY61267.1
AQY60684.1
WP _002752281.1
WP 043998115.1
WP 027255437.1
WP _026795616.1
WP 026795616.1
WP 026798228.1

WP _012409012.1
WP _114081673.1
AVK43360.1
AVK43389.1
AVK43334.1
WP_069068156.1
WP_094332087.1
WP _104901027.1
WP _094346110.1
AVK43402.1
AVK43377.1
OKH39822.1

WP _073634542.1
WP _103139165.1
AVK43346.1
AVK43206.1

WP _015078971.1
WP _006196335.1
WP _063874474.1
API83190.1

WP _096669547.1
0OBQ10126.1
0BQ12649.1
AVK43466.1
AQY61076.1
WP _026785825.1
AQY60313.1
AQY60509.1
WP_002752283.1
AQY61268.1
AQY60685.1
WP_002752283.1
WP_002752283.1
WP _027255438.1
WP_026795615.1
WP _027248864.1
WP _026798229.1


https://www.ncbi.nlm.nih.gov/protein/WP_012409019.1?report=genbank&log$=prottop&blast_rank=1&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_012409013.1?report=genbank&log$=prottop&blast_rank=1&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_012409012.1?report=genbank&log$=prottop&blast_rank=1&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_114081681.1?report=genbank&log$=prottop&blast_rank=4&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_114081674.1?report=genbank&log$=prottop&blast_rank=2&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_114081673.1?report=genbank&log$=prottop&blast_rank=2&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AVK43370.1?report=genbank&log$=prottop&blast_rank=5&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/AVK43361.2?report=genbank&log$=prottop&blast_rank=3&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AVK43360.1?report=genbank&log$=prottop&blast_rank=3&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AVK43396.1?report=genbank&log$=prottop&blast_rank=2&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/AVK43390.1?report=genbank&log$=prottop&blast_rank=4&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AVK43389.1?report=genbank&log$=prottop&blast_rank=4&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AVK43342.1?report=genbank&log$=prottop&blast_rank=6&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/AVK43335.2?report=genbank&log$=prottop&blast_rank=5&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AVK43334.1?report=genbank&log$=prottop&blast_rank=5&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_069068163.1?report=genbank&log$=prottop&blast_rank=7&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_069068157.1?report=genbank&log$=prottop&blast_rank=6&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_069068156.1?report=genbank&log$=prottop&blast_rank=7&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_094332088.1?report=genbank&log$=prottop&blast_rank=16&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_094332086.1?report=genbank&log$=prottop&blast_rank=7&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_094332087.1?report=genbank&log$=prottop&blast_rank=8&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_104901026.1?report=genbank&log$=prottop&blast_rank=18&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_104901028.1?report=genbank&log$=prottop&blast_rank=8&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_104901027.1?report=genbank&log$=prottop&blast_rank=9&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_094346109.1?report=genbank&log$=prottop&blast_rank=23&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_094346111.1?report=genbank&log$=prottop&blast_rank=9&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_094346110.1?report=genbank&log$=prottop&blast_rank=11&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AVK43401.1?report=genbank&log$=prottop&blast_rank=21&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/AVK43403.2?report=genbank&log$=prottop&blast_rank=10&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AVK43402.1?report=genbank&log$=prottop&blast_rank=19&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AVK43376.1?report=genbank&log$=prottop&blast_rank=20&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/AVK43378.1?report=genbank&log$=prottop&blast_rank=11&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AVK43377.1?report=genbank&log$=prottop&blast_rank=10&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/1115276488
https://www.ncbi.nlm.nih.gov/protein/1115276486
https://www.ncbi.nlm.nih.gov/protein/1115276487
https://www.ncbi.nlm.nih.gov/protein/WP_073634529.1?report=genbank&log$=prottop&blast_rank=3&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_073634541.1?report=genbank&log$=prottop&blast_rank=13&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_073634542.1?report=genbank&log$=prottop&blast_rank=15&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_103139157.1?report=genbank&log$=prottop&blast_rank=25&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_103139164.1?report=genbank&log$=prottop&blast_rank=14&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_103139165.1?report=genbank&log$=prottop&blast_rank=32&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AVK43354.1?report=genbank&log$=prottop&blast_rank=24&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/AVK43347.2?report=genbank&log$=prottop&blast_rank=15&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AVK43346.1?report=genbank&log$=prottop&blast_rank=21&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AVK43216.1?report=genbank&log$=prottop&blast_rank=14&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/AVK43207.1?report=genbank&log$=prottop&blast_rank=16&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AVK43206.1?report=genbank&log$=prottop&blast_rank=18&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_015078980.1?report=genbank&log$=prottop&blast_rank=12&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_015078972.1?report=genbank&log$=prottop&blast_rank=17&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_015078971.1?report=genbank&log$=prottop&blast_rank=16&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_006196343.1?report=genbank&log$=prottop&blast_rank=15&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_006196336.1?report=genbank&log$=prottop&blast_rank=19&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_006196335.1?report=genbank&log$=prottop&blast_rank=25&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_063874468.1?report=genbank&log$=prottop&blast_rank=19&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_063874473.1?report=genbank&log$=prottop&blast_rank=20&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_063874474.1?report=genbank&log$=prottop&blast_rank=22&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/API83199.1?report=genbank&log$=prottop&blast_rank=27&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/API83191.1?report=genbank&log$=prottop&blast_rank=23&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/API83190.1?report=genbank&log$=prottop&blast_rank=30&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_096669565.1?report=genbank&log$=prottop&blast_rank=29&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_096669549.1?report=genbank&log$=prottop&blast_rank=24&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_096669547.1?report=genbank&log$=prottop&blast_rank=24&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/OBQ10118.1?report=genbank&log$=prottop&blast_rank=11&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/OBQ10125.1?report=genbank&log$=prottop&blast_rank=25&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/OBQ10126.1?report=genbank&log$=prottop&blast_rank=31&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/OBQ12658.1?report=genbank&log$=prottop&blast_rank=13&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/OBQ12650.1?report=genbank&log$=prottop&blast_rank=26&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/OBQ12649.1?report=genbank&log$=prottop&blast_rank=29&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AVK43467.1?report=genbank&log$=prottop&blast_rank=36&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/AVK43465.1?report=genbank&log$=prottop&blast_rank=27&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AVK43466.1?report=genbank&log$=prottop&blast_rank=44&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AQY61075.1?report=genbank&log$=prottop&blast_rank=28&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_026785824.1?report=genbank&log$=prottop&blast_rank=32&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_026785826.1?report=genbank&log$=prottop&blast_rank=31&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_026785825.1?report=genbank&log$=prottop&blast_rank=37&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AQY60312.1?report=genbank&log$=prottop&blast_rank=32&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AQY60313.1?report=genbank&log$=prottop&blast_rank=42&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AQY60510.1?report=genbank&log$=prottop&blast_rank=39&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/AQY60508.1?report=genbank&log$=prottop&blast_rank=33&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AQY60509.1?report=genbank&log$=prottop&blast_rank=43&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_002752284.1?report=genbank&log$=prottop&blast_rank=40&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/WP_002752281.1?report=genbank&log$=prottop&blast_rank=36&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_002752283.1?report=genbank&log$=prottop&blast_rank=54&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AQY61269.1?report=genbank&log$=prottop&blast_rank=35&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/AQY61267.1?report=genbank&log$=prottop&blast_rank=37&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AQY61268.1?report=genbank&log$=prottop&blast_rank=47&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/AQY60686.1?report=genbank&log$=prottop&blast_rank=37&RID=EPJEXYU201R
https://www.ncbi.nlm.nih.gov/protein/AQY60684.1?report=genbank&log$=prottop&blast_rank=38&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/AQY60685.1?report=genbank&log$=prottop&blast_rank=46&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_002752281.1?report=genbank&log$=prottop&blast_rank=36&RID=EPGCFP3B014
https://www.ncbi.nlm.nih.gov/protein/WP_002752283.1?report=genbank&log$=prottop&blast_rank=54&RID=EPJ41GEX01R
https://www.ncbi.nlm.nih.gov/protein/WP_002752283.1?report=genbank&log$=prottop&blast_rank=54&RID=EPJ41GEX01R

Planktothrix agardhii NIES-204 BBD53655.1 BBD53653.1 BBDS53654.1
Planktothrix agardhii NIES-905 WP _141293771.1 WP _026785826.1 WP 141293773.1



https://www.ncbi.nlm.nih.gov/protein/1373816326
https://www.ncbi.nlm.nih.gov/protein/1373816324
https://www.ncbi.nlm.nih.gov/protein/1373816325
https://www.ncbi.nlm.nih.gov/protein/1697817758
https://www.ncbi.nlm.nih.gov/protein/652389978
https://www.ncbi.nlm.nih.gov/protein/1697817760

Table S2. The abundance data of target nonribosomal peptides (NRPs) used for

depiction of the heatmap in this study.

Strains Target NRPs Abundance Reference
(mg/kg)

Anabaena sp. strain 90 Anabaenopeptin A 1383 !
Anabaenopeptin B 872
Anabaenopeptin C 553

S. torques-reginae ITEP-024 Namalide B 400 2
Namalide C 70
Spumigin K 170
Spumigin L 140
Spumigin M 130
Spumigin N 150

N. spumigena UHCC 0039 Nodulapeptin A 426 3
Nodulapeptin B 1277
Spumigin A 319
Spumigin Bl 638
Spumigin B2 447
Spumigin C 426

P. agardhii CYA126/8 Anabaenopeptin 908 3063 4
Anabaenopeptin 915 2438
Cyanopeptolin 880 1813
Cyanopeptolin 960 813

P. agardhii NIES-204 Anabaenopeptin B 1541 3
Anabaenopeptin E 178
Anabaenopeptin F 64

P. agardhii NIES-905 Oscillamide B 2000 6

P. agardhii NIES-610 Anabaenopeptin F 300 6,7
Oscillamide Y 515




Table S3. The main primers used in this study.

Primer

Sequence

Candidates assessment

ACDOI F
ACDO1 R

PEO1 F
PEO1 R

BO2 F
B02 R

PAO2 F
PAO2 R

ACDO3 F
ACDO3 R

PEO3 F
PEO3 R

ACDO04 F
ACDO04 R

PEO4 F
PEO4 R

ACDOS F
ACDO5S R

PEOS F
PEO5S R

A06 F
AO6 R

PEO6 F
PEO6 R

GGAATAAACCATGGAAACCCTGCCGATCATCA

TTCGGGTTACCGGAATTCTTATTATTAATCAAAGCGATCGCT
AATTTTACCGTTTACAG
AAGAATTCCGGTAACCCGAAGCTTGTTTAAACGGT

GGGTTTCCATGGTTTATTCCTCCTTATTTAATCGATACATTAA
TATATACCTCTTTAA
GGAATAAACCATGGAATCTCTGTCTAAGGCATCTTATCG

AGGGGTTACGCGGATCCTTATTATTATTTACGAGACTCATGC
AGTACACCCA
TAAGGATCCGCGTAACCCCTCGA

GAGATTCCATGGTTTATTCCTCCTTATTTAATCGATACATTAA
TATATACCTCTTTAA
ATGCAAACTCTGCCGATTAAAATTTCCG

CCGGAATTCTCACGGTTATTTTTCATCCAGCAGGTGGCTAATT
TTAC
AACCGTGAGAATTCCGGTAACCCGAAGCTTG

TCGGCAGAGTTTGCATGGTTTATTCCTCCTTATTTAATCGATA
CATTAATATATACCT
GTTAAATTATGCAGACCCTGCCGATCAAGA

AATTCAGTCCGTTAATCCAGAATGTGGCTGATTTTACCCTTA
ACCG
CTGGATTAACGGACTGAATTCCGGTAACCCGAAGCTTG

CAGGGTCTGCATAATTTAACCTCCTTAATTTAATCGATACATT
AATATATACCTCTTTAA
ATGCAAACTCTGCCGATTAAAATTTCTG

CCGGAATTCTCACGGTTAATCCAGGTTGGCAGTAATTTTACC
TTTAATAGCAG
AACCGTGAGAATTCCGGTAACCCGAAGCTTG

TCGGCAGAGTTTGCATGGTTTATTCCTCCTTATTTAATCGATA
CATTAATATATACCT
ATGCAAACTCTGCCGATTAAAATTTCCG

CGGAATTCTCACGGTTAATCAAAGCGATCGCTAATTTTACCG
TTTACAGCA
GATTAACCGTGAGAATTCCGGTAACCCGA

TCGGCAGAGTTTGCATGGTTTATTCCTCCTTATTTAATCGATA
CATTAATATATACCT



AO7F
AO07 R
PEO7 F
PEO7 R

AO8 F
AO8 R
PEO8 F

PEO8 R

CDO9 F

CD09 R

PEO9 F
PEO9 R
CDIOF
CDIOR

PEIOF
PEIOR
CDI1F

CDII R

PEI1 F
PEI1 R
B12 F
BI12R
PAI12F
PA12 R

BI13 F
B13 R

PAI13 F
PAI13 R

B14 F

AGGTTAAATTATGCAGACCCTGCCGATCAA
GGATCCTGATGAATTACTCGAAAATACCGTC
CGAGTAATTCATCAGGATCCAAGAGGAGAAATTAACT

GGGTCTGCATAATTTAACCTCCTTAATTTAATCGATACATTAA
TATATACCTCTTTAA
ATGCAAACTCTGCCGATTAAAATTTCTG

TCGAAGATGCCATTCTTCCACAGCT

TGGAAGAATGGCATCTTCGAATAaTTCATCAGGATCCAAGAG
GAGAAATTAACTATG
TCGGCAGAGTTTGCATGGTTTATTCCTCCTTATTTAATCGATA
CATTAATATATACCT
TCAGGATCCATGAGGAGAATCAGAACATGTCTTCTATCAAAC
AGATTCTGTACCTG
CCGGAATTCTCACGGTTATTTTTCATCCAGCAGGTGGCTAATT
TTAC

AACCGTGAGAATTCCGGTAACCCGAAGCTTG

CTCCTCATGGATCCTGATGAATTACTTAAACACACCG
GTAATTCATCAGGATCCAAGAGGAGAAATTAACTATGAGC

AATTCAGTCCGTTAATCCAGAATGTGGCTGATTTTACCCTTA
ACCG
CTGGATTAACGGACTGAATTCCGGTAACCCGAAGCTTG
CTTGGATCCTGATGAATTACTTAAACACACCG
TCAGGATCCATGAGGAGAAAACACGGATGACTGATGCCAAC
AAAATCCTGAAC
CCGGAATTCTCACGGTTAATCCAGGTTGGCAGTAATTTTACC
TTTAATAGCAG
AACCGTGAGAATTCCGGTAACCCGAAGCTTG

CTCCTCATGGATCCTGATGAATTACTTAAACACACCG
TAATTTATGGGTAGCCTGAGCAAGCCGA
ACGCGGATCCTAACGGTTAGCTGCTCAGTTCCTCCAGCA
TAACCGTTAGGATCCGCGTAACCCCTCGA

CTCAGGCTACCCATAAATTATTCCTCCTTATTTAATCGATACA
TTAATATATACCTCT
ATGCGTAGCAGCAGCAACCAGA

GGATCCTCACGGTTACTTATAAAATTCGTGCAGCACACCAAT
C
ATAAGTAACCGTGAGGATCCGCGTAACCCCTCGA

TGGTTGCTGCTGCTACGCATAAATTATTCCTCCTTATTTAATC
GATACATTAATATATAC
GAATAATTTATGGCGAGCCTGAACAAGAGCAGCT



B14 R
PA14 F
PA14 R

BI5F
BI5SR
PAISF
PAISR

ATCCTCACGGTTATTCGGTCGGTTGCTCCAGGCTGA
GACCGAATAACCGTGAGGATCCGCGTAACC

CAGGCTCGCCATAAATTATTCCTCCTTATTTAATCGATACATT
AATATATAC
GGAATAAACCATGTCGAAGAATTACCATATTGCCGTATTG

TCCTTATTACACCCCTTCTGCTACATAGCG
GCAGAAGGGGTGTAATAAGGATCCGCGTAACCCCTCGA

CTTCGACATGGTTTATTCCTCCTTATTTAATCGATACATTAAT
ATATAC

Plasmid copy number variation

B16 F
B16 R

P1016 F
P1016 R
CLI1719F
CLI719 R
PCDF19 R
I8 F

I8 R
STR F
STRR

CGGGGTACCAGCTGCAGATCTTCCTTAACCGCTC

GGAATTCCATATGGTTTGACAGCTTATCATCGACTGCACGGT
G
GGAATTCCATATGTAGGCTGCTGCCACCGCTGAGCAAT

CGGGGTACCCCGAAGGCCCAGTCTTTCG
TGACTTCCGCGTTTCCAGACTTTACGAAAC
AGTTATTGCTCAGCGGTGGCAGCA
TGGGGCTGACTTCAGGTGCTACATTTGAAG
TGAGACTGCTGACCAAAATCCCTTAACGTGAGTTTTC
TTCAAGCCGATGTCAGACCAAGTTTACTCATATATAC
TGGTCTGACATCGGCTTGAACGAATTGTTAGACA
GATTTTGGTCAGCAGTCTCACGCCCGGAGCGTA

Chromosomal integration and deletion

feaBU F
feaBU R
Fap F

Fap R
Chl F
Chl R

feaBD F
feaBD R
gRNA F

gRNA R

tyrAU F
tyrAU R

TGGCACGTTTTCGCTCTGTGAAATGTA
TAGGCAAAGATCGCCAACCGTTTTTCAC

GTTGGCGATCTTTGCCTAATCTAGAGTTTGACAGCTTATCATC
GACTGC
CAATCTGTGGCAGCAGCCTAGGTACC

TAGGCTGCTGCCACAGATTGCAGCATTACACGTCTTGAG

CGATCGCTATATTCCAGAGACAGGAACACTTAACGGCTGACA
TG
CTCTGGAATATAGCGATCGCTTACAGGC

GTTGTCTGGATGACCACCGGCACCA

CACACCAGGTCTCACCAGTCATGTTGCACTAGTATTATACCT
AGGACTGAGC
CACACCAGGTCTCACTGGGATCGAGGTTTTAGAGCTAGAAAT
AGCAAGTTAA

CCGAATAGCCCGCAATACCT

TCGGAAGACTGATTGCCCTCG
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tyrAD F AGGGCAATCAGTCTTCCGAGGATTACCGTGAATCGGGCG
tyrAD R TCCGGTGCCATAAACGACG

leuB-Chl F  GAGTTGCAACGCAAAGCTCAACACAACGAAAACAACAAGGA
AACCGTGTGAGATTGCAGCATTACACGTCTTGA

leuB-Chl R CAATTTTTCGTATAACGTCTTAGCCATGATTACACCCCTTCTG
CTACATAACAGGAACACTTAACGGCTGACAT




Table S4. Nucleotide sequences of codon optimized genes used in this study.

NphphA

ATGGAAACCCTGCCGATCATCATTTCTGATGAAACTCTGCGTG
ATGGTGAACAACAAGCAGGTATCTTCTTCTCTTATCCAACTAA
GCAAAAACTGGCCCATCTGATTGCCCAAACTGGTGTAGATCGT
CTGTCTATGATGCCGCGTGTTCATGAGCAAGAAGAAGAGCTGG
TTAAATCTCTGGTATCTGAAGGTCTGGATTCTCTGATCGCTGCT
GCTACCATGACCGGTAAGCAGTATATCGATCAAGCCAAAATGT
ACGGTGTTAAGCGCATCATCCTGTTCTACGGCCTGTCCGATCGC
CTGCTGTTTCTGCGTGATCCGCAGATCCGTCTCCTCAACGAGTT
CAAAGGGAAAACCATTGATGATGATATCCCAAAAAAAGTAAT
TGAGCGTATTCGCCAAAACGCCATTGATCTGATTGTTGAAAAC
CTGCACTATGCCACTACCGTTGCTGGTCTCACTGTAGACTTCGC
CGCCGAAGACGCCTCTCGTGCCGATTTTGACTTTCTGGTGCAAT
GTATCCGCTCTTTTAGCCCGTACCTCGACCACTTCATGCTGTGT
GATACCGTTGGTGTTCTGACTCCAGAAAAGAGCTATATCTGGA
TTAACGACCTGCTGCAACGTACCACTGGTGTTGCTTTCGGTGTA
CACTACCACAACGACATGGGCCTGGCTCTGGAAAACACTCTGC
AATCTGTTATCGCGGGTGCGACTCTGGTAAGCGGTACTTTCTGC
GGGATTGGTGAACGTGCCGGTAACGTTGCCATTGAGCAGGTAC
TGAACGGTCTGCGTGTTCGCTTTGGTATTGAAGTTAAAGGTATT
AACTATGATGCGATCGCCGCCGTGACTGATTACATTGAGCAAC
TGGGTATTCGTCCGGCTCCGCCGTACTCTCAAACTGCTCAACGC
CACGAATCTGGCATCCATGTTAACTCTCTGTTTAGCGACCCGCA
AAGCTATGCTGCTCTGCCGTACAACACCATCGAGGTTCTGTTC
GGTAAATGGTCTGGTATTTCTAACTTTCAATATCTGTTTGAAAA
GCAACTGCAAAACCCGCAACCGCGTAACCAATATGAAAAAAT
GCGCTCTGTGATTAAATCTCTGGCTGTTGAGCAAGAACGCTAT
TTTACCGCTAAGGAGGTACTGGAGCTGTGGAAAAACGGTGTGT
TTAAGTAA

NphphCD

ATGTCTCACGAAAACAACGTTCTGCACCTGGGTGATGATATCA
ACACTGATGATATTATTCCGGCTAACCGTGCTACCAACGATGA
CCTGGATTCTCTGAAACATTATGCTCTGGAGCATGTTATTGGTG
CAGGTGAACTGCTGAAATATGATGTGATTGAAGCAGGTGAAA
ACTTCGGCTGTGGTTCCTCTCGTGAAATTGCTCCGATTGCCCTG
CAAGCTGCTGGTATTACCAAGATTCGTGCGCGTTCTTTCGCCGA
GATTTTTTATCGTAACAGCATCAACATTGGTCTGTCTCTGGAAA
TTCTGGGTGAGAAACAGGAGAACCCGGTAGTTGATGCGATCGC
AGCAGCAGGTGGCCTCATGTCTTTCAACCAGCTGAGACGTCAG
GGTCAGATTAGCATTCCGGGTAGCCTGACTCCGCCACGTCCGA
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TGACTCTGGTAGAAAAACTGCTGGGCCTGGCCTCTCGTAACTC
CTACGTTCAGCCGGGTGAAGTGGTTTTTGCTCAGGTTGATCTGG
CACTGTCCCATGATGCTGTGGCCGGTCCGGTAGCTCAAACCTT
CTATAAACAGTATGGTGAAGGTACTAAGCTGTGGGACTCCCAA
AAGGTGGTTCTGGTAGCAGATCACTTCATCCAAATCAACGACA
TCCGTGCTGATGACAAAGCATATCTGATGTACGAACAGATGAT
TGAATTTGCTAAATTCCAAGGTTGCCACCTGTTTGATGTGGTTT
CCCCAGGTGAAGCAACCGGCATCTGTCACGTTCTGCTGCCAGA
AAAAGGTTTTGTTCGTCCAGGTATGATCATTGCCGGTACTGATT
CCCATACCTGCACCTACGGTGCATTAGGCGCCTTCAGCACCGG
CGTGGGTACTACCGATATGGCTAACATTTATGCCACCGGTGAT
ATGTGGATTCGTATTCCGCCAACCCTGGTATTTGAGCTGTCTGG
TACTCTGCCGCCGAAAATCTCTGCCAAAGATATTATCCTGTTTA
TTCTGGGTCAAATCGGCTGTGCTGGCGCTACTTCTAAGGTAAT
GGAGTTTCGTGGTTCTATCCTGGCACAGCTCCCGTTCGACGAA
CGTCTGACTCTGGCCAACATGGCCGTGGAGTGTGGTGCAATCT
GTGGTCTGATTGTTCCGGATGAAGTAACCCGTGAATATCTGAA
AAACCGTGTTTCTGAAGAATTTCAAGAGATTATCGGCGATGCT
GATGCTGAGTACGAACGTGTTTATCAATTTGACCTGAGCTCTCT
GGAACCACAAGTTGCCCGTCCGCCGAAACCAGATCGTGTAGTT
GCCATTTCTCAGCTGGAAAACATTCCGATTACTAAAGCCTTTAT
TGGCTCTTGTACTGGTGGTAAACTGTATGACCTGGCTCAAGCA
GCCGAAGTTCTGAAGGGTCGCCAACTGGCAGACGGTGTAAACC
TGTTTATTGTACCGGCAACTATTGAAATTCGTGAACAAGCTCA
AGAACTGGGCTATATCGACATTTTTGAACAAGCAGGTGCACAA
ATTCTGAAGACCGGTTGTGGTGCTTGTATCAACTCTGGTTTTGG
TGTTCTGGCGAAAGAAGAAACCGGTATTTATGCAACCAACCGC
AACTTTAAGGGTCGCTCTGGCGATCCAACCGGCAAAAACTATC
TGGCCTCTCCGCGTACCGTAGCTATCTCTGCTGTAAACGGTAA
AATTAGCGATCGCTTTGATTAA

NphphB

ATGGAATCTCTGTCTAAGGCATCTTATCGTATTGTTGCCATTCC
GGGTGAAGGTATTGGTCCAGAAGTTGTAGAAGCTAGTCTGAAA
ATTCTGCAACACGTTGCTAAAATTCAAGGTTTTACCCTGCAAGT
AGACTATGGTTGGCTGGGCGCGACTGCCTTCGAACAACTGGGA
TCTTACTTCCCGCAAGCCACTACCGAACTGTGCGATGGTGCCG
ATGGTATTGTATTTGGTGCAGTTTCTCAAGGCGGTCTGCTGGAA
CTGCGTAAACACTTCGACTTTTTTTGCAACCTGCGTCCAATCCG
TAGCGTTAACAGCCTGCTGCATAAATCTTCTCTGCGTCCAGAG
AAAATTCAAGGTCTGGATATTCTGATCGTTCGTGAACTGGTGT
CTGGTATCTATTTTGGTCCGTCTGGTCGCTCCTCTGATGAACGT
GGTAACTATGGTTACCATACCATGCGCTATTACGATGAAGAAA
TTCGTCGTATTGCTCGTAAAGCTCTGGAGCAAGCCCAATACCG
TCGTGGTCTGCTGACCGTAGCTCACAAAGAAAACGCCCTGCCG
CATCTGCATTGGACTCGTCTGGTTCAAGAAGAAGCCACCAAGT
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TTCCGAACGTTATTGTTGAACCAATGCTGGTGGATAACCTGGC
CATGCAAATGGTTCTGAACCCGCAACGTTTTGATGTAATTCTG
GCGTCTAACCTGTTTGGTGATATTCTGAGCGATATTGGCGGTGC
ACTGGTTGGCTCTATTGGCCTGCTGGGTTCTGCATCTCTGAACG
CTAACGGTTTTGGTCTGTACGAGGCCATTCACGGTACTGCGCC
AGATATTGCAGGCCTGGGTATTGCTAACCCGCTGGGTACTCTG
GGTGCTTGTGTTCTGATGCTGCAACAATGGGGTGAAGTGCAGG
CTGCCCAACAGATTATTGCAGCGCAAGACCGTATTCTGGCTAA
GGGTTACCGTACCGCTGATCTGTTTACCCAAGGCGAAGAAATT
CTGGTTAACACTGCAACCCTGGTTGACCTGCTGCTGGAAGAAC
TGTCTGTTGTGCAACATTCTCAACTGGGTGTACTGCATGAGTCT
CGTAAATAA

AshphA

ATGCAAACTCTGCCGATTAAAATTTCCGACGAAACCCTGCGTG
ATGGTGAACAGCAAGTTGGCATTTTCTTCAGCTATCCGACCAA
ACACAAACTGGCTCATCTGATTGCCCAAACCGGTGTTGATGAA
CTGTGCATCATGCCGTATGTTTATGAACAGGAGGCTAAACTGG
TTAAAACCCTGGTATCTGAGGGTCTGGATGGTGTTGTTACTGCT
TCTACCATGATGGGTAAAGAGTATATTGATCATGCGAAGAACT
GCGGTGTTAAGCGCATTATTCTGTTTCATGCTGTTTCTGATCGT
CTGCTGTTTCTGCGTGATCCGCAAATTCGCCTGATGAGCGAATT
TCAAGGTAAAACCATTGATGATGATATCCCATCTGCAATCATC
AACCGTATTCGTCAGAACGCTATTAACGTTATTGTAGAAAACC
TGCACTATGCCACCAAAGTGGCCGGTCTGCGTGTTAACTTTGCT
GCGGAGGATGCTTCTCGTGCGGATTTTGACTTTCTGGTGGAAT
GTATTCGCTCTTGCTCTCCGTATATTGAAAACTTTCTGCTGTGT
GATACCGTAGGTGTGCTGAACCCAGAAAAGTCTTATATCTGGA
TTCATGATCTGCTGCAATCCACTACTGGTGTAGGTCTGGGTGTA
CACTACCACAACGATATCGGTCTGGCACTGGAAAACACTCTGC
AATCTCTGATGGCGGGCGCGACTCTGGTAAGCGGTACTTTCTG
CGGGATTGGTGAACGTGCCGGTAACGTTGCCATTGAGCAGGTG
CTGAACGGTCTGCGTGTTCGTTTTGGCATTGAAGTTCAGGGTAT
CAACTATGATGCGATCGCCGCAGTGACTAACTATATTGAGCAA
CTGGGTATTCGTCCGGCATCTCCGTACTCTCAAACTGCACAAC
GCCACGAATCTGGTATTCATGTTAACTCTCTGTTTCGTGATCCG
AAGAGCTATGCAGTATTTCCACATAACAAAATCGATGTTGTTT
TTGGCAAATGGTCTGGTGTTTCTAACTTCCAATATCTGTTTGAA
AAACAACTGCAAAACCCGCAATCTCGTAAGCAGTATGAAAAA
ATGCGTTCCGTTATCAAATCTCTGGCAATGGAAAAAGAATGTT
ACTTTACCGCTAACGAAGTTCTGGAACTGTGGAAAGATGGTAT
CTTTGAATAA

AshphCD

ATGTCTTCTATCAAACAGATTCTGTACCTGGGTGATGATATCAA
CACTGATGATATTATGCCGGCCAACCGTGCGACCAACGATGAC
CCGGATAACCTGAAACACTATGCTCTGGAACATCTGATTGGTG
TAGGTGAGCTGCTGAAATACGATGTGATTGAAGCCGGTGAAAA
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CTTCGGCTGTGGTTCTTCTCGTGAAATTGCCCCGATTGCCATCA
AAGCTGCCGGTATCGAACTGATTCGTGCGAAATCTTTCGCAGA
AATTTTTTATCGCAACAGCATTAACATTGGTCTGCCGCTGGAA
ATTCTGGGTGAAAAACCAGAGAACCCGGTAGTTAACGTGATCG
CCGCAGCCGGTGGTCTGATCCCGTTTAACCAAAAGCGTCGTCA
GGGTAAAATTACCATTCCGGCCAGCGCGACTTCCCCGCGTCCG
ATGACTCTGGTGGAAAAACTGCTGGCCAAATCCTCTGGTAACA
CCTACGTTACTCCAGGTGAAGTGGTTTTTGCTCAAGTTGATCTG
GCCCTGTCCCACGATGCTGTGGCCAGCCCGGTTGCTAAAATCT
TTTATAAACACTATGGTGAAGATGCAAAGCTGTGGGATGCTCA
ACGTGTAGTTCTGGTTGCAGATCACTTCATCCAAGTTAACGAC
ATCCGTGTTGATCACAAAGCTGAACTGATGTATCAACAGATGG
TTCAGTTTGCCAAAGACCAAGAATGTTACCTGTTTGATGTAGTT
TCCCCAGGTGAAGCCGCAGGTATCTGTCACGTTCTGCTGCCAG
AAAAAGGTTTTGTTCGTCCAGGTATGATCATTGCCGGCACCGA
TTCCCATACCTGCACCTATGGTGCACTCGGCGCGTTCAGCACC
GGTGTTGGTACTACCGATATGGCGAACATCTATGCTATGGGTG
ATATGTGGATTCGTGTTCCATCTACCCTGGTATTTGATCTGTCT
GGTACTCTGCCGCACCATATTTCTGCCAAAGATATTATCCTGTT
TATCCTGGGTCAAATTGGTTGTGCTGGTGCTACCGGTAAGGTA
ATGGAGTTTCGTGGTTCTATCCTGGCACAGCTCCCGTTCGACGA
ACGTCTGACTCTGGCTAACATGGCTATTGAGTGTGGTGCAGTTT
GTGGTCTGATTGTTCCGGATGAAACCACCCGTAACTATGTTCGT
TCTCGTTCTACCCAAGGTTTTGTAGAAATGATTGCCGATCCGGA
TGCTGAATACGAAAAAGTATATCAATTTGACCTGTCTAACCTG
GAACCACAAGTTGCCCGTCCGCCAAAACCAGATCAGGTTATCC
CGATTAGCCAGCTGGAGGAGACTCCGATTACCAAAGCGTTTAT
TGGCTCTTGTACCGGTGGCAAGCTGTATGATCTGGCCCAGGCT
GCTGAAGTTCTGCAAGGTCGTCAACTGGCAGATGGCGTGAGCC
TGTTTGTGGTTCCGGCTTCCGTAGAGATTCGTGAACAAGCTGA
AGCCCTGGGTTATCTGGAAATTTTTGCACAAGCAGGCGCACAG
ATTCTGAAGTCTGGTTGTGGTGCTTGTATTAACTCTGGTATGGG
TGTGCTGGATAAAGAAGAAACCGGTGTTTATGCAACCAACCGC
AACTTTAAAGGTCGTTCTGGCGATCCGACCGGTAAAAACTATC
TGGCCTCTCCACGTACCGTGGCAATCTCTGCCATCAAGGGTAA
AATTAGCCACCTGCTGGATGAAAAATAA

AshphB

ATGGGTAGCCTGAGCAAGCCGAGCTACCGTATCGTTGCGATTC
CGGGCGAGGGCATCGGTCCGGAAGTGGTTGAGGCGAGCCTGC
AAATCCTGCAACACGTTGCGAAAATCGAAGGTTTCACCCTGCG
TGTGGACTATGGTTGGCTGGGTGCGACCGCGTTCCTGCAAATG
GGCAGCTATTTTCCGCAGGCGACCGTGCAACTGTGCGATGGCG
CGAACGGTATTGTTTTTGGTGCTGTGAGCCAAGGTGGCCTGCT
GGAGCTGCGTAAGCACTACGACTTCTTTTGCAACCTGCGTCCG
ATCCGTATCATTGATAGCCTGGTTCACAAGAGCAGCCTGCGTC
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CGGAGAAAGTGCAGGGTCTGGACATTCTGATCATTCGTGAACT
GGTTAGCGGCATCTATTTCGGCCCGGCGGGTCGTAGCAGCGAC
GAAAAAGGCGCGTACGGTTATCACACCATGCTGTACTATGATG
AGGAAATCCGTCGTATTGCGCGTATCGCGCTGCAAAAGGCGCA
AGAGCGTCGTGGTCTGCTGACCGTTGCGCACAAAGAGAACGCG
CTGCCGCACCTGCCGTGGACCCGTATTGTGCAGGAAGAGGCGA
TCAAGTTCCCGGGCGTGGTTGTGGAGCCGATGCTGGTTGACAA
CCTGGCGATGCAGATGGTGCTGAACCCGCAACGTTTCGATACC
GTTCTGGCGGGTAACATGTTTGGCGACATTCTGAGCGATATCG
GTGGTGCGCTGGTTGGTAGCATTGGTCTGCTGGGCAGCGCGAG
CCTGAACGCGGACGGCTTTGGTCTGTATGAGGCGATCCACGGC
ACCGCGCCGGATATTGCGGGCAAGGGTATTGCGAACCCGCTGG
GCACCCTGGGTGCGTGCGTTCTGATGCTGCAACAATGGGGTGA
AGTGGGTGCGGCGCAGCGTATCATTGCGGCGCAGGAGCAAGTT
CTGAGCGAAGGTTATCGTACCGCGGACCTGTTCCCGCAAGGCA
GCGAGATTTTTGTGAACACCGAAAAACTGATCGACCTGCTGCT
GGAGGAACTGAGCAGCTAA

NshphA

ATGCAGACCCTGCCGATCAAGATTAGCGATGAAACCCTGCGTG
ACGGCGAGCAGCAAGTGGGCGTTTTCTTTAGCCTGCCGACCAA
GCACAAACTGGCGCACCTGATCGCGCAGACCGGTGTGGATGA
ACTGTGCATTATGCCGAGCGTGTGCGAGCAAGAAGCGGAGCTG
GTTAAGACCCTGATCAGCGAGGGCTGGGACGATCTGATTACCG
CGGACACCATGATGGGTAAAGATTACATCGACTATGCGAAGA
ACTGCGGCGTGAAACGTATCATTCTGTTCCACGCGGTTAGCGA
TCGTCTGCTGTTTCTGCGTAACCCGCACGTGCGTCTGATGAGCG
AATTTCAGGACAAGACCATCGACGATGACATTCCGAGCCACAT
CATTAACCAGATCCGTCAAGATGCGCTGGACGTGATTGTTGAA
AACCTGCACTATGCGACCAAAGTGGCGGGTCTGCGTGTTGATT
TTGCGGCGGAGGATGCGAGCCGTGCGGATTTCGACTTTCTGGT
TCAATGCATCCGTAGCTGTAGCCCGTACATTGAACACTTCCTGC
TGTGCGATACCGTGGGTGTTCTGAGCCCGGAGAAGAGCTATAT
CTGGATTAACGACCTGCTGCAAAGCACCACCGGTGTGGCGTTC
GGCGTTCACTACCACAACGATATGGGCCTGGCGCTGGAAAACA
CCCTGCAAAGCCTGATGGCGGGTGCGACCCTGGTTAGCGGCAC
CTTTTGCGGTCTGGGCGAACGTGCGGGTAACGTGGCGCTGGAG
CAGGTTCTGAACGGCCTGCGTGTGCGTTTCGGTATCGAAGTTG
AGGGCATTAACTACGATGCGGTGGACGCGGTTACCAACTATAT
CGAGGAAATGGGTATTCGTCCGGCTCCGCCGTATAGCCAGACC
AGCCAACGTCACGAGAGCGGCATCCACGTGAACAGCCTGTTCC
GTGATCCGCAGAGCTACGCGATCTTTCCGCACAACAAGATTGA
CGTGGTTTTCGGTAAATGGAGCGGCGTTAGCAACTTCCAGTAC
CTGTTTGAAAAACAGCTGCAAAACCCGCAAACCCGTCAGCAAT
ATGAGAAGATGCGTAGCGTGATCAAAAGCCTGGCGACCGAAC
AAGAGTGCTACTTTACCGCGAACGAAGTTCTGAAGCTGTGGAA
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AGACGGTATTTTCGAGTAA

NshphCD

ATGAGCAGCATCAACAAGGAAGTGACCAAGAAAGTTCTGTAC
CTGGGTGACGATATTAACACCGACGATATCATTCCGGCGAACC
GTGCGACCACCTACGACCCGGATATCCTGAAGCAGTATGCGCT
GGAACACCTGATTGGTGTGGGCGAGCTGCTGAAATACAACGTG
ATCGTTGCGGGCGAAAACTTCGGTTGCGGCAGCAGCCGTGAGA
TCGCGCCGGTTGCGCTGAAGGCGGCGGGTATCGAAAAAATTCA
GGCGCGTAGCTTCGCGGAAATCTTCTACCGTAACAGCATCAAC
ATTGGCCTGAACCTGGAGATTCTGGAGGAAAAACAGGAAAAC
CCGGTGGTTGAGGCGATTGCGCAAGCGGGTGGCCTGATTCCGT
TTAACCAGATGCGTCGTCAAGGCAAGATCACCACCCCGAAAAG
CGTGACCCCGCAGCGTCCGATGACCCTGGTTGAAAAGCTGATC
GCGAAAGCGAGCGGTAACACCTACGTGCGTCCGGGCGAGGTG
GTTTTCGCGCAAGTTGACCTGGCGCTGAGCCATGATGCGGTGG
CGGGTCCGGTTGCGACCACCTTTTACAAGCACTATGGCAAGGA
AGCGAAACTGTGGGATGCGCAGCGTGTGGTTCTGGTGGCGGAT
CACTTCATCCAAGTTAACGACATTCGTAACGATCAGAAAGCGA
ACGTGATGTATCAAGAGATGATCGACTTCGCGAAGAAACAGG
GTTGCCACCTGTTTGATATCGTTAGCCCGGGTGAAGCGGCGGG
TATTTGCCACGTGCTGCTGCCGGAGAAGGGCTTCGTTCGTCCG
GGTATGATCATTGCGGGCACCGACAGCCATACCTGCACCTACG
GTGCGCTGGGTGCGTTTAGCGCGGGTGTGGGCACCACCGACAT
GGCGAACATCTATGCGATGGGTGATATGTGGATTCGTGTGCCG
AGCACCCTGGTTTTCGAACTGAGCGGCACCCTGCCGCCGCACA
TCAGCGCGAAGGACATCATTCTGTTTATCCTGGGTCAGATTGG
CTGCGCGGGTGCGACCAGCAAAGTTATGGAGTTCCGTGGTAGC
ATCCTGGAACAAATGCCGTTTGATGAGCGTCTGACCCTGGCGA
ACATGGCGATTGAATGCGGCGCGATCTGCGGTCTGATTGTGCC
GGACGAGACCACCCGTAACTACGTTCGTAGCCGTAGCGATCAG
GAGTTCGAGGAACTGATCGCGGACCCGGATGCGGAGTACGAA
AAGGTGTATAAATTTGACATCAGCAACCTGGAGCCGCAAATTG
CGCGTCCGCCGAAACCGGATCAGGTGGTTCCGATCAGCCAAAT
TGAGGAAACCCCGATCACCAAGGCGTTCATTGGCAGCTGCACC
GGTGGCAAACTGTACGACCTGGCGCAAGCGGCGGAAGTTCTGC
AAGACCGTCAAGTGGCGGATGGTGTTAACCTGTTCATCGTGCC
GGCGAGCGTTGAGATTCGTGAAAAGGCGGAGGCGCTGGGTTA
TATGGATATCTTTGCGCAAGCGGGCGCGAAGATTCTGAAAAGC
GGTTGCGGCGCGTGCATCAACAGCGGTATTGGCGTGCTGAACA
AAGAGGAAACCGGTGTTTACGCGACCAACCGTAACTTTAAGGG
CCGTAGCGGTGACCCGACCGGCAAAAACTATCTGGCGAGCCCG
CGTACCGTGGCGATCAGCGCGGTTAAGGGTAAAATCAGCCACA
TTCTGGATTAA

NshphB

ATGCGTAGCAGCAGCAACCAGAGCTACCGTATCGTTGCGATTC
CGGGCGAGGGCATCGGTCCGGAAGTGGTTGCGGCGAGCCTGC
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AACTGCTGCAACAAGTTGCGAAGCTGGAGGGTTTCACCCTGCA
AGTGGACTATGGTTGGCTGGGCACCACCGCGCTGGAGAAATTC
GGCACCTATTTTCCGCAAGCGACCGCGGAACTGTGCAACGGCA
GCGATGGTATTGTGTTTGGTGCGGTTACCCAGGGTGGCCTGCT
GGAACTGCGTAAGCACTACGACTTCTTTTGCAACCTGCGTCCG
ATCCGTATTGTGGATAGCCTGGTTAACAAAAGCAGCCTGCGTC
CGGAGAAGATCAAAGGTCTGGACATCCTGGTGATTCGTGAACT
GGTTAGCGGCATTTATTTCGGCAGCGCGGGTCGTGCGAGCGAT
GAGAAGGGTGCGTACGGTTATCACACCATGCTGTACTATGATC
ACGAAATCCGTCGTCTGGCGCGTCAGGCGCTGCAAAAAGCGCA
GCAACGTCGTGGCAAGCTGACCGTTGCGCACAAAGAAAACGC
GCTGCCGAACCTGCCGTGGACCCGTCTGGTGCAGGAAGAGGCG
GCGCAATTCCCGGACGTGATCGTTGAACCGATGCTGGTTGACA
ACCTGGCGATGCAGATGGTTATGAACCCGCAACGTTTCGATGT
GATTCTGGCGAGCAACCTGTTTGGCGACATCCTGAGCGATATT
GGTGGCGCGCTGGTTGGCAGCCTGGGTCTGCTGGGCAGCGCGA
GCCTGAACGCGGACGGCTTTGGTCTGTATGAGGCGATCCACGG
CACCGCGCCGGATATTGCGGGCAAGGGTATTGCGAACCCGCTG
GGCACCATTGGTGCGTGCGTGCTGATGCTGGAGCAGTGGGGCG
AAAAACGTGCGGCGCAGATCATTATGGTGGCGCAAGACCGTGT
TCTGGAGCAGGGTTATCGTACCGCGGATCTGAGCCCGCAAGGC
AGCGAGATCCTGGTTAACACCGAACAGCTGATCCAACTGCTGC
TGACCGAAATTTACAACCTGCAAAACACCGAGATTGGTGTGCT
GCACGAATTTTATAAGTAA

PahphA

ATGCAAACTCTGCCGATTAAAATTTCTGATACCACCCTGCGTG
ATGGTGAGCAACAGGCTGGTCTGTTCTTCCCGTATGAAATGAA
ACAAGAATTTGCTCATCTGATTGCCCAAACCGGTGTGTCTGAG
ATCGAAATCATGCCGTGTGTTTGTGATGACGAAACCAAACTGG
TTAAAACCCTGGTAGCGCAAGGTCTGAAGCATCAAATTGTGGC
TGCCACCCCGATCAAAAAGGACTTTATCAACATCGCTAAAGAC
TGTGATCTGGGTCAGATCGTACTGTTTAAAGGTCTGTCTGATCG
CCTGCTGTTTCTGCGCGATCGTGAAATCTCTCAGATGAAAGAG
TTTCAAGGTAAGACCATTGATGATCATATTCCGGACCACATTA
TTAACCGTATCCGTCAAAACGCCATTGATGAAATTGTTAACCA
TCTGCGCTATGCAACTCAGGAAGCAGGTCTGCGTGTAAAATTT
GCGATCGAGGATGCCTCTCGTGCCGATTTTGACTTTCTGGTTGA
GTGCCTGCGTACCTTCTCTCCGTATGTTGAAGACTTTTACCTGT
CTGATACCGTTGGTGTTCTGACTCCGGAAAAATCTTATATTTGG
GTTAACGATCTGCTGCAAAGCACTACCGAGGTTAACCTGGGTG
TACACTACCATAACGATCTGGGCCTGGCTCTGGAAAACACCCT
GCAATCTGTTATGGCAGGCGCGACCATCGTTTCTGGTACTTTTG
GCGGCATTGGTGAGCGTTCTGGTAACGTTGCCATTGAGCAGGT
ACTGAACGGCCTGAAAATTCGCTTTGGCATTGAAGTTGAAGGC
ATTAACTATGAAGCGATCGCCCCAGTTCTGGATTATATGGAAC
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AAAAAGGCATTCGTCCGGCCGCTCCGTACTCCCAACAAGCACA
ACGCCATGAATCTGGCATTCACGTTAACTCTCTGCTGGTAGATC
CGAAATCTTATGCCGTTCTGCCGCACAACACCATTGAAATTCT
GTTTGGTAAATGGTCTGGTGCCAGCAACTTCCGTTATCTGTTTG
AAAAAGAACTGAACCATCCGCAACCGAAGGAACAATATGAGA
AAATGCGCTCTGTGATCAAAACCCTGGCTGTAGAACAAGAACG
TTATTTTACCGCCGAGGAGGTGGTGGAGCTGTGGAAGAATGGC
ATCTTCGAATAa

PahphCD

ATGACTGATGCCAACAAAATCCTGAACCTGGGTAACGATATTA
ACACTGACGATATTATTCCGGCTAAACGTGGTACTAACGATGA
TCCAGACCACCTGAAACAATATGCTCTGGAACACATCATTGGC
GTGGGTGAACTGCTGCAATATGATGAGATCGAAGCAGGTAAC
AACTTTGGCTGTGGTTCTTCTCGTGAAATTGCCCCGATTGCCCT
GAAAGCGGCTGGCATCAAAAAAGTTAAAGCGCGTTCTTTCGCC
GAAATTTTCTATCGCAACTCTATTAACATTGGTCTGCCGCTGGA
AATTATTGGTGAGACCGAACAAAACCCGGTGGTAGAAGCGAT
CGCCACTGCTGGTGGGCTCATGGCCTTCAACCAAAAGAGACGT
CAAGGCAAGGTTAAAATTCCGCCGTCTGTTACCCCGGCCCGTC
CGATGACCCGTGTGGAAAAGATGCTGGCAAAAGCTAGTGGCA
ACGATTATGTGAAACCAGGTGAAGGTGTGTTTGCCAAGATTGA
TCTGGCTCTGTCCCATGACGCGGTGGCTTCTAGTGTTGCGAAG
GTATTCTACGACAACTATGGTAAAACCGCCCAACTGTGGGACC
CACAACGTGTGGTACTGGTTGCTGATCACTTCATCCAAATCAA
CGACATTCGCCTGGATAACAAAGCCCCGGTTATGTATGAGCAG
ATGGTTAAATTTGCCCAAGCTCAAGGCTGTCATCTGTTTGATCT
GGTTTCCCCAGGTGAAGCGGCTGGTATCTGTCATGTTCTGCTGC
CAGAAAAAGGTTTTATTCGCCCGGGTATGATCATTGCTGGTAC
TGACTCCCATACCTGTACCTACGGCGCTCTCGGCGCCTTCTCGA
CCGGTGTTGGTACTACCGATATGGCCAACATTTTTGCAATGGG
TGATATGTGGATCAGGGTTCCGCCCACTCTGGTGTTCGAGCTG
AGCGGTACTCTCCCACCGCAGATAAGCGCCAAGGACATAATCC
TGTTCATCCTGGGCAAACTGGGCTGTGGTGGTGCCACCTCTAA
AGTTATGGAATTTCGTGGCTCTATCATTGAACAACTGCCGCTG
GATGAACGCCTGACCCTGGCTAACATGGCCATTGAATGTGGTG
CTATGTGTGGTCTGATTGCGGCGGATGAGGTGACCAACCATTA
TGTTACCTCTCGCACCCCAATTGGTTTTGAAGACGCGATCGCTG
ACCCGGATGCCGAGTATGAGGCTGTTTATAAGTTTGACCTGAG
CCATCTGGAACCGCAGGTTGCCCGTCCGCCGAAACCAGATCAG
GTAGTTAACATTTCTCAACTGGAAGATGTTCCGATCACCAAAG
CCTTCATCGGCTCTTGTACTGGCGGTAAACTGTACGATCTGGCC
CAAGCGGCGGCTGTTCTGAAAGATCGTCAGGTTGCCCAGGGTG
TAGATTTATTTGTAGTGCCAGCTTCTATGGAGGTACGTCAAAA
AGCCGAAGAACTGGGCTATCTGGCTATTTTTGAAGAATCTGGT
GCGCAACTGCTGAAATCTGGTTGTGGTGCTTGTATTAACTCTGG
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TAAGGGTGTACTGGACAAGGAAGAAACCGGTGTTTATGCCACC
AACCGTAACTTTAAAGGTCGTTCTGGCGACCCGACCGCTAAAA

ACTATCTGGCTTCCCCGCGTACTGTTGCAATTTCTGCTATTAAA

GGTAAAATTACTGCCAACCTGGATTAA

PahphB

ATGGCGAGCCTGAACAAGAGCAGCTACCGTATCGTGGCGATTC
CGGGCGAGGGCATCGGTCCGGAAGTGGTTCAGGCGAGCCTGA
CCATTCTGCGTCAGGTTGCGCAACTGGAGGGTTTCGCGCTGAC
CATCGACTATGGCCTGCTGGGTGGCATGGCGCTGGAAAAACTG
GGTAGCACCTTTCCGCCGGAAACCAGCCAGCAATGCGAAGGC
AGCGACGGTATTGTTTTTGGTGCGGTGAGCCAGGGTGGCCTGC
TGGAGCTGCGTCGTCACTTTGATTTCTTTATCAACCTGCGTCCG
ATTCGTAGCTGCCCGAGCCTGCTGCACACCAGCAGCCTGCGTC
CGGAGAAGGTGCAAGCGCTGGATATCCTGATTGTTCGTGAACT
GGTGAGCGGTATCTATTTTGGTCCGGCGGGTCGTAGCACCGAC
GAGAAAGGCGCGTACGGTTATCACACCATGTGCTACTATGATC
GTGAAATCCGTCGTATTGCGAAGGTGGCGCTGCAGAAAGCGCA
AGAGCGTCGTGGTCTGCTGACCGTTGCGCACAAGGAAAACGCG
CTGCCGCAGATCCCGTGGACCCGTCTGGTTCAAGAGGAAGCGA
CCAACTTTCCGGACGTGGTTGTGAGCCCGATGCTGGTTGATAA
CCTGGCGATGCAGCTGGTGCTGAACCCGCAGCAATTCGACGTT
ATTCTGGCGGGTAACATGTTTGGCGACATCCTGAGCGATATCG
GTGGTGCGCTGGTTGGTAGCATCGGTCTGCTGGGCAGCGCGAG
CCTGAACGACCAAGGCCTGGGCATGTATGAGGCGATCCACGGC
ACCGCGCCGGATATTGCGGGCAAGGGTATTGCGAACCCGCTGG
GCACCCTGGCGGGTTGCGTTCTGATGCTGCAGCAATGGGGCGA
GATCAAGGCGGCGCAGCGTATTCTGAAAGCGCAAGAACGTCT
GCTGGGCAAAGGTTATCGTACCGCGGACCTGTTCCCGCAGAAC
CACGAAACCCTGGTTAACACCGCGACCCTGGTGGACCTGTTCC
TGGAGGAAATCAGCCTGGAGCAACCGACCGAATAA
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Fig. S1: SDS-PAGE of the soluble cellular proteins extracted from strains E. coli
BW25113 (control), BWH14, BWH15 and BWH16 at 12 h cultivation. The predicted
bands of the target proteins NpHphA, NsHphCD and NsHphB are arrow-pointed.
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Fig. S2: HPLC analysis of fermentation broth of strain BWHO1 (expression of L-Hph

BGC from N. punctiforme PCC73102).
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Fig. S3: LC-MS analysis for identification of 2-BMA and L-Hph. (A) LC-MS
analysis of the standard 2-BMA. (B) LC-MS analysis of 2-BMA from the
fermentation broth of strain BWHO1. The mass of major product ([M - H]- =223.1) is
identical to the theoretical mass of 2-BMA ([M - H]- = 223.1). (C) LC-MS analysis of
the standard L-Hph. (D) LC-MS analysis of L-Hph from the fermentation broth of
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strain BWH12. The mass of major product ((M + HJ]" =180.1) is identical to the

theoretical mass of L-Hph ([M + H]" = 180.1).
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