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ABSTRACT

Streptomyces is a genus of Gram-positive bacteria that are found in a wide range of
environments and are capable of producing numerous specialized metabolites with diverse
bioactivities. A small group of Streptomyces species is capable of causing plant diseases on
a variety of crops. Notably, Streptomyces scabiei is one of the main causal agents of common
scab disease, which affects multiple plants but is most relevant in potato production, as it
significantly diminishes profits due to unmarketable tubers. To cause the disease, S. scabiei
and most CS-causing pathogens use a specialized metabolite called thaxtomin A as the main

pathogenicity factor.

Recently, several reports have shown the isolation of plant-pathogenic Streptomyces
strains that do not produce thaxtomin A, but instead produce other phytotoxic specialized
metabolites. One example is Streptomyces sp. 11-1-2 a strain isolated in 2011 from a
CS-symptomatic potato tuber in Newfoundland, Canada. This strain was shown to be highly
pathogenic against differerent plant hosts, but it does not produce thaxtomin A or other
reported phytotoxins. Notably, the phytotoxic activity of the strain was retained by extracts
obtained with organic solvent, suggesting that the activity was associated with one or more

specialized metabolites.

The main objective of this work was to investigate the metabolic potential of
Streptomyces sp. 11-1-2 in order to gain insights into the mechanisms used by this strain to
inflict tissue damage on living plant hosts. In Chapter 3, the aim was to identify the main
specialized metabolite(s) associated with the observed phytotoxic activity of the 11-1-2 strain
using a combined genomics and metabolomics approach. Among the metabolites produced

by the strain, nigericin and geldanamycin, which have previously been reported to exhibit



phytotoxic activity, were identified. Bioassays with the pure compounds showed pitting and
necrosis of potato tissue, while nigericin also impacted the development of radish seedlings.
In Chapter 4, the aim was to further explore the specialized metabolites that are produced by
the 11-1-2 strain and their associated bioactivities. The “One Strain, Many Compounds”
(OSMAC) approach was used together with untargeted metabolomics and genomics to
evaluate the production of predicted and novel specialized metabolites. It was determined
that the 11-1-2 strain can produce elaiophylins, echosides, and niphimycins, and elaiophylin
was found to exhibit some phytotoxic activity against potato tuber tissue. In Chapter 5, the
aim was to construct mutants of 11-1-2 that were deficient in the synthesis of nigericin and
geldanamycin in order to assess the contribution of these metabolites to the pathogenic
phenotype of 11-1-2. Different plasmids targeting specific genes in the geldanamycin and
nigericin biosynthetic gene clusters (BGC) were designed and constructed. The introduction
of DNA into 11-1-2 via intergeneric conjugation was achieved using the integrative plasmid
pSET152, but no DNA introduction was accomplished when using the plasmids targeting the
nigericin and geldanamycin BGCs. Overall, this study represents an in-depth characterization
of the novel plant pathogen Streptomyces sp. 11-1-2, which may utilize a different plant

pathogenicity mechanism compared to other Streptomyces species.



ACKNOWLEDGEMENTS

This Ph.D. journey would not have been a great experience without the support, guidance,

and love of many people.

First, thanks to my supervisor Dr. Dawn Bignell for her patience, guidance, and continuous
support. Entering the Streptomyces world was a big challenge for me, and I will be forever

thankful for teaching me so much about it and sharing so much about research and life.

To my committee members, Dr. Kapil Tahlan and Dr. Martin Mulligan, for all their
contributions, advice, and overall interest in my project. Your experience and knowledge

significantly improved my research.

To the Bignell lab members over the years: thanks to Dr. Lancy Cheng, Dr. Jingyu Liu, and
Dr. Phoebe Li for their endless mentorship, advice, and friendship. Your help made the
transition into the lab and the Streptomyces world much easier. To Hannah Perry, for being
a great labmate, Pokémon GO trading friend, and being supportive during our time in the lab.
To Corrie Vincent, thanks for the entertaining stories, rides to Costco, and help in the last
stretch of my program. To my undergrads Leah Walters, Matthew Drodge, Shelby MacNeil,

and Joshua Butt, for all their hard work and contributions to my project.

To the Tahlan lab members: special thanks to Arshad Shaikh for sharing this journey with
me, side by side, for his friendship and constant help in every aspect, and for making LB agar
that one time. To Alex Byrne and Menus Garg, for all their help with many things, especially
the bioinformatics stuff. Also to Jody-Ann Clarke, Dr. Nader AbuSara, Brandon Piercey,

Madelyn Swackhammer, and Kajal Gupta for all their contributions and shared time.



Thanks to Andrea-Darby King and Heather Fifield for their diligence whenever I needed
access to special equipment in the Biology and Biochemistry departments. To all the Biology
lab instructors from whom I learned so much in the many courses [ TA’d. And to the Biology
faculty members and staff who always had a few minutes to chat with me about research and

life.

Thanks to Dr. Stefana Egli and Dr. Ibrahim M. Abu-Reidah at C-CART for their expertise

and guidance during my time using the LC-MS to detect and quantify my metabolites.

To my friends who never stopped rooting for me from afar and had encouragement words
whenever I needed them: Alisha Poole, Maria Inés Chaves, and Stefany Redondo Romero.

Despite our physical distance, I always felt you right by my side.

To the Sehn and Quintero-Ordonez families: thanks for always caring about my well-being,

and the many snacks and meals that you provided for me over the years.

To Dr. Dennis Sanchez Mora and Andrés Beita Jiménez, for helping me adapt to the life in

St. John’s and the Ph.D. life at MUN.

A mi familia: Alex, Ana Iris, Maria Fernanda, Esteban y David, muchas gracias por siempre
estar ahi, por todo el amor y apoyo en este largo proceso. Todo lo que he logrado ha sido

porque ustedes me ensefiaron a superarme constantemente.

And thanks to Mariana. When the world was reaching a dark time, you were and continue to

be the brightest light to shine over my path.



CO-AUTHORSHIP STATEMENT

Chapter 3 is a version of an article published in Microbiology Spectrum: Diaz-Cruz, G.A.,
Liu, J., Tahlan, K., Bignell, D.R.D. 2022. Nigericin and Geldanamycin Are Phytotoxic
Specialized Metabolites Produced by the Plant Pathogen Streptomyces sp. 11-1-2. 10(2).

https://doi.org/10.1128/spectrum.02314-21. The study concept was designed by D.R.D.

Bignell, G.A. Diaz-Cruz and K. Tahlan. The work was performed by G.A. Diaz-Cruz except
for the BiG-SCAPE genomics analysis, which was conducted by J. Liu. Equipment and
materials were provided by D.R.D. Bignell and K. Tahlan. The LC-MS? analysis was
facilitated by K. Tahlan. The manuscript was drafted and prepared by G.A. Diaz-Cruz and

D.R.D. Bignell, with input from the co-authors.

Chapter 4 is a version of a manuscript in preparation for submission to Scientific Reports.
The study concept and methodology was designed by D.R.D. Bignell and G.A. Diaz-Cruz.
The experimental work was performed by G.A. Diaz-Cruz except for the LC-MS? analysis,
which was performed by the BioZone Mass Spectrometry Facility at the University of
Toronto. The manuscript was drafted and prepared by G.A. Diaz-Cruz, with editorial input

from D.R.D. Bignell.

Chapter 5 is a version of a manuscript in preparation for future submission. The study concept
and methodology was designed by D.R.D. Bignell and G.A. Diaz-Cruz. The experimental
work was performed by G.A. Diaz-Cruz, and the manuscript was drafted and prepared by

G.A. Diaz-Cruz with editorial input from D.R.D. Bignell.

Vi


https://doi.org/10.1128/spectrum.02314-21

TABLE OF CONTENTS

ABSTRACT ettt eeeeseeesenenenenesesenmnenenesenmnenmnnne 11
ACKNOWLEDGEMENTS ..ottt ettt eeeeeeeeeeeeaeeeeeeeeeeeeeeeaeeeeeeeaeeaeeneseeeaeeennnes v
CO-AUTHORSHIP STATEMENT ..ot vi
TABLE OF CONTENTS ..ot vii
LIST OF FIGURES ... X1
LIST OF TABLES ..o, XV
LIST OF SYMBOLS, ABBREVIATIONS AND NOMENCLATURE.........ccoeevuvvevee.... XVii
CHAPTER Lo, 1
INTRODUCTION ..o, 1
1.1 The Streptomyces: General characteristics ..........ceevueerieeiiierieiiiienieeieee e 1
1.2 The life cycle Of Streptomyces .........cooueevuieiiiieciieeiieciecieeceeee et 2
1.3 MetaboliSm Of SHrePIOMYCES ......cc.eoveieiieiieieeeeee e 5
1.3.1 Carbon MEtADOLISIN ....ooiiiiiiiie e 5
1.3.2 Complex carbohydrates and disaccharides............cocceevieniiiiieniiiniienieeeeee, 6
1.33 Specialized MEtaboliSM .........cceeeiieriieiiieieeie ettt 8
1.3.3.1 Pathways for specialized metaboliSm ...........ccccceeviiiiiiiniiiiiiniicieee 10
1.3.3.2 Polyketide biosynthesis.........coecieiiieiieiiieieeie e 11
1.3.3.3 Non-ribosomal peptide biosynthesis .........ccccceeveeriieiieniiiiiienieeeee 12
1.3.34 Regulation of specialized metabolism: Global regulators....................... 13
1.3.3.5 Regulation of specialized metabolism: Cluster-situated regulators........ 16
1.3.3.6 Regulation by chemical and nutritional signals ...........c.ccoecveeviiieennennne. 18
1.3.3.7 Methods to study specialized metabolism in Streptomyces .................... 19
1.4 Plant-pathOgeniC StFeplOMYCES .........cccvuieeiiieiiieeciieeeieeeteeeee et saee e 22
1.4.1 COomMMON SCAD AISEASE....ceevveieiieiiiiiiiieieeeeee e 22
1.4.2  Causal agents Of CS diSCASE .......eevvvvieriiieriieeeiie et 24
1.4.3  Pathogenicity and virulence factors of CS pathogens .........ccccocceveevercinnnnne. 24
1.4.3.1 TRAXEOIMIN A oot e e e e e e e e e e e e eeereaanaaeeeeas 25
1.43.2 Coronafacoyl phytotOXinS ........ceeveereiienieeiiienie e 28
1.43.3 CONCANAMYCINS ...vvvreeeieeeiiieeiieeeiteeeeteeeeteeesseeesseeessseeessseeensseesnsseesnseens 30
1434 PhytOROIMONES.......eoiiiiiiiniiiiecicee e 31
1.4.3.5 Borrelidin and desmethylmensacarcin ............cceeveeveeieieeinieeeciie e, 33

1.5  Characterization of a novel plant pathogenic Streptomyces sp. isolated from a
symptomatic CS-potato in Newfoundland...........ccccoecvveeiiieniiiiiiiiiie e 34
1.6 TheSiS ODJECTIVES ...uvieiieeiiieiieeiie et ettt ettt et e e et e s e esbaesnaeebeessaeenneeeaeeenne 35
CHAPTER 2, 38
MATERIALS AND METHODS ..., 38
2.1 Bacterial strains, culture conditions and general procedures............ccceeevveeennennn. 38
2.1.1 Escherichia coli strains, cultivation and maintenance ...........ooeevvvvvveeeeeernnnns 38

Vii



2.1.2  Preparation of chemically competent cellS..........ccccuverviiiniiiriniiiiiie e, 40

2.1.3  Transformation of chemically competent cells ..........ccccocveeviieniiiiienieeneennen. 40
2.1.4  Preparation of electrocompetent E. coli CellS........ccovvviriviieiiiiieniieeeieeeen. 41
2.1.5  Transformation of DNA into electrocompetent E. coli...........ccccovevuveeunennne.. 41
2.1.6  Purification of plasmid DNA from E. COi ......cooevcvvveecieeirieeeiieeeee e, 42
2.1.7  Streptomyces strains, cultivation and maintenance .............cceeeveeeveerveeneennen. 42
2.1.8  Spore StOCK Preparation ...........cceeeeveeeiieeeiiieeeiieeeieeeereeesree e e e seveeesereeeeneas 43
2.1.9  ADtIDIOHC tESTINZ c.vveevieeiiieiieeieeiie et eee et ertee et steesaeesaeeebeesaesnbeesseeenseeenes 44
2.1.10  Streptomyces growth CUTVES ........cccuieeiuieeeiiieeeiieeeiteeeieeesreeesreeeseaeesnereeeeneas 44
2.1.11  Streptomyces genomic DNA preparation ...........cecceeeeveerveevieeneeeineenveenneennnns 45

2.1.12  Introduction of DNA into Streptomyces by intergeneric conjugation with E.
coli 46

2.1.12.1  Intergeneric conjugations using Streptomyces SPOTeS........c.eevveerrveernnen. 46
2.1.12.2  Intergeneric conjugations using Streptomyces mycelia .............c.cvee..... 48
2.1.13  Electroporation of DNA into Streptomyces sp. 11-1-2......ccccoevviiiiiinnnennnnn. 49
2.1.14 Preparation and transformation of Streptomyces protoplasts ............c..cvee.... 50
2.2 DINA PrOCEAUIES .....eeiutieiiieiieeiie ettt ettt ettt ettt e snbe e seeeanens 52
22,1 PlaSmidS..c.eeeeeeeieiieieceeee et 52
N 6 4111 1<) ¢ J OO STUUR RSO 53
2.2.3  Polymerase Chain Reaction (PCR) ........cccceevuiiiiiiniiiiiiiecceeeeeee e 58
224  Gel electrophoresis and gel eXtraction...........coceevuereereeienieneniieneeneeeeeeene 60
2.2.5  Restriction enzyme digestion of DNA ........cccoooiiiiieiiiiniieiieieeeeee e, 61
2.2.6  DNA TALION ...ueiiiiiiiieiie ettt ettt e 61
2.2.7  Construction of gene deletion plasmids for Streptomyces sp. 11-1-2 ............ 62
2.3 Metabolomics analySiS.......cceeiiiiiiieniieiiesie et 65
2.3.1  Organic extraction of Streptomyces sp. 11-1-2 cultures..........cccccecvvvrrveennneen. 65
2.3.2  LC-MS? analysis for untargeted metabolomics.............c..cceveveerrevereerevereennnn. 66
2.3.3  Targeted detection of Streptomyces metabolites ...........cccecvveevciieencieeinieeennnen. 67
2.33.1 GeldanamYCIN.....coueevueriiriieieeieee et 67
2332 DA Fe0S) 4T3 | o OSSPSR 68
2333 Elaiophylin ..c...oooiiiiii e 69
2334 EChoSIde C....oeeiiiee e e 69

2.4 ChemOINfOIrMAtICS. ...cccuteriiietieiieeiie ettt et et et ee et e bt e e bt eseeeebeeseeenbeesseesnseens 70
2.4.1  Molecular NEtWOTKING.......cccueieriieeiiieeieeereeete et sree s e e 70
2.5 BIOGSSAYS teuvteiiiiiiiieeitete ettt sttt sa et nae e 71
2.5.1  Potato tuber SIICE @SSAY ....cccuvireriieeiiieeiieeeiie ettt e 71
2.5.2  Radish seedling aSSaY ......cccerieruiriiiriiiirieeeee et 72
2.5.3  Anthocyanin determination aSSAY.........ccceeeveeerueeeriureeriuieerireeesreeesreessneeesnnnens 73
2.54  Antimicrobial DIOQSSAYS .......cccueeriiiriiiiiieiieeiie ettt 73
2.6 BIOINTOTMALICS ....eiiiiiiiiiiieiiieie ettt ettt ettt st e b e saee s 74
2.6.1  Multi-loCUS SPECIES I ....cuvieiiieiieeiiieiieeie ettt ettt e 74
2.6.2  GENOMIC ANALYSES ....veeeiiieeiiieeiiieeiieeeiteeeteeette e e e e et e e sabeeesaaeeenaaeesnseesnnnens 75
2.6.3  Prediction of DasR binding Sites ...........ccecueeriirriiienieriiieieeieeee e 76
2.6.4  Restriction-methylation SyStemMS .........ccceeeeiieeiieeniiieeeiie e 76
2.6.5  Domain PrediCtion .......couieieierieeriieeieeiie ettt ettt 76
2.6.6  SequencCe aAliGNIMENT........ceeiiiieriieeiiieeiieeeiteeeieeeetreesaeeesbeeesreesneaeesaeeeennees 76
2.7 StatiStical ANALYSES .....c.eeeiieiieiiieiieee et 76



APPENDIX L. oottt et e 78
CHAPTER 3 ..ottt st e 94

NIGERICIN AND GELDANAMYCIN ARE PHYTOTOXIC SPECIALIZED
METABOLITES PRODUCED BY THE PLANT PATHOGEN STREPTOMYCES SP. 11-

L et ettt h et et h bt st h e bt et a e e bt et eh b e b e e bt eane e 94
31 ADSIACE .ttt sttt et h et et 94
3.2 INETOAUCTION ..ottt ettt ettt et sae e et e st e e e e aee e 95
3.3 Results and DISCUSSION .....cc.eeruiiiirieniiiieeiesieeiese ettt 97

3.3.1  Streptomyces sp. 11-1-2 is phylogenetically and metabolically distrinct from
other plant pathogenic StreptomyCes SPP. ....cccveeeeeeceerieeieerie ettt 97
3.3.2  The production of phytotoxic compounds by Streptomyces sp. 11-1-2 is
dependent on Medium COMPOSILION ....cuveerierieeiieriieeteenieereesreeieeseeereeseeeereesaneenne 104
3.3.3  Streptomyces sp. 11-1-2 produces the herbicidal compounds geldanamycin
AN NEZETICIN . .eeutieeiiietie et et et ett e et et e eteesteeesbeessaesbeesseeesseessseenseessseesseensseenseensseanns 108
3.3.4  Geldanamycin and nigericin exhibit phytotoxic activity against potato tissue
and 1radish SEEAIINGS ......ccveeiiiiiiiiiiiciee et 116
3.4 CONCIUSIONS...couuiiiitieiie ettt ettt et ettt eat e et e st e et e saeeenbeesnaeenseans 120

APPENDIX 2. .ottt et ettt sttt et b et e ettt enees 123

CHAPTER 4 ...ttt ettt et sb ettt be et et esaeenees 139

EXPLORING THE SPECIALIZED METABOLOME OF THE PLANT PATHOGENIC

STREPTOMYCES SP. 11-1-2 .ottt 139
4.1 ADSIIACT ..ottt st 139
4.2 INEOAUCTION ... .eiiiieiiecieeee ettt ettt et e bt e saee e e e sneeenne 140
4.3 Results and DiSCUSSION ......ccueiiuiiiiiiiiiiiiieiieeee et 142

4.3.1  Streptomyces sp. 11-1-2 encodes for several specialized metabolites of
interest 142
4.3.2  Agar cores and organic culture extracts from 11-1-2 have differential

antimicrobial and phytotOXiC aCtIVILY.....ccueeeriiieriieeiieeeiee e e e 154
43.2.1 ANtIMICTODIAL ASSAYS ...vveieivieiieeiieiie e 154
43.2.2 Plant DI10QSSAYS ....eeevreeriieeiiieeeiie ettt et s 159

4.3.3  Streptomyces sp. 11-1-2 produces a diverse array of specialized metabolites

165

4.3.4  Culture media composition affects the production of different specialized
MEtAbOIItES OF INTETEST ...c.eeeiiiiiiiiii et 180
4.4 CONCIUSIONS....utiiiiiiieiieiieieet ettt ettt sttt s be e b e 188
CHAPTER 5.ttt ettt ettt et e ettt st e s ne e s e eneeeneenees 246
CONSTRUCTION OF STREPTOMYCES SP. 11-1-2 ENGINEERED STRAINS........... 246
ST ADSIACE ..t et 246
5.2 INtrOAUCHION.c..coitiiiiiiieiieieetet ettt ettt sttt 247
5.3 Results and DISCUSSION ....cc.uiiiiiiiiiiiiiiiiieieeeie ettt 250



5.3.1  Plasmid construction for deletion of geldanamycin and nigericin biosynthetic

genes in Streptomyces SP. 11-1-2 ....ccoooiiiiiiiiiiiieie et 250
5.3.2  Plasmid construction for deletion of putative regulatory genes in the nigericin
BGC of Streptomyces Sp. 11-1-2....cccuiiiiiiiieiieeeceee et 255
5.3.3  Introduction of DNA in Streptomyces Sp. 11-1-2....ccccuvevcrviivciiieieeeieeennen. 263

5.4 CONCIUSIONS....cotiiiiiriietieieeite ettt sttt ettt et st e bt et e e saeenees 270
(0 1N o N 25 2 PSP 271
CONCLUSIONS AND FUTURE DIRECTIONS .....coooiieieiecieieeeseeie e 271
0.1 CONCIUSIONS.....coutiiiiiiieiiete ettt ettt ettt sttt s enees 271
0.2 FULUIE dITECTIONS ....eiiiiiiieiieeiie ettt ettt ettt e e e et e saeeens 273
BIBLIOGRAPHY ..ottt sttt 278



LIST OF FIGURES

Figure 1.1. The life cycle of Streptomyces. ..........coovuveeieiiieiiiiiieieceeeeee e 3
Figure 1.2. Schematic of specialized metabolite regulation in Streptomyces. ..................... 14

Figure 1.3. Schematic of omics technologies used for studying Streptomyces specialized
INETADOLISIIL. ...ttt et b ettt sa ettt sbt e bt et seee bt et 22

Figure 1.4. Potato showing symptoms of common SCab. ..........ccceecervereriienienensienieneeene 24

Figure 1.5. Phytotoxic specialized metabolites produced by plant-pathogenic Streptomyces

] 0] o USRI 26
Figure 3.1. Maximum-likelihood multilocus species tree showing the phylogenetic

relationship between Streptomyces sp. 11-1-2 and other Streptomyces species................... 98
Figure 3.2. Large-scale analysis of nigericin BGCs from Streptomyces spp. .......ccccouce... 101
Figure 3.3. Large-scale analysis of geldanamycin BGCs from Streptomyces spp. ............ 103
Figure 3.4. Phytotoxic activity of agar cores (A) and organic culture extracts (B) on excised
POLALO TUDET TISSUC. .uveieiiieeieiieeiitieeiteeeiteeertteeeiteeeeteeestaeessseeessseeessseeessseeessseeessseesssseeensseenns 106
Figure 3.5. Phytotoxic activity of organic culture extracts on radish seedlings. ................ 107
Figure 3.6. Molecular network for nigericin. .........ccceevueeriiiiienieiiieie e 111
Figure 3.7. Molecular network for geldanamycin. ..........cccoeveeniiiiiiniiiiiiecceeeeeeee, 113

Figure 3.8. Effects of NAG on the production of nigericin and the related molecule
abierixin (A), and of geldanamycin and the related molecule 15-hydroxygeldanamycin (B).

Figure S3.3. Representative extracted ion chromatogram for nigericin and abierixin....... 136

Figure S3.4. Representative chromatograms for geldanamycin detection using RP-HPLC.

............................................................................................................................................ 137
Figure S3.5. Geldanamycin standard curve used for quantification of organic culture
extracts Using RP-HPLC ..ot e e 138
Figure S3.6. Nigericin standard curve used for quantification of organic culture extracts
USING LIC-IMIS. oottt ettt et e st e et e st e e bt e eabeesseeenseenseeenne 138
Figure 4.1. BiG-SCAPE analysis of 11-1-2. .....ccccoiiriiiiiiiienieeeeeeeeeeeeeee 146
Figure 4.2. Genomic analysis of region 31 in the 11-1-2 genome. .........ccccecevveruernennnenne. 147
Figure 4.3. Genomic analysis of region 4 in the 11-1-2 genome. ........cccoceeveerievervennnenne. 149

Xi



Figure 4.4. Genomic analysis of region 5 in the 11-1-2 genome. ..........ccceeevvveecveeennennne. 150

Figure 4.5. Genomic analysis of region 11 in the 11-1-2 genome. .........cccceceevverieriennnnne. 152
Figure 4.6. Genomic analysis of region 28 in the 11-1-2 genome. .........cccceceevverernennnnne. 153
Figure 4.7. Antimicrobial assay with agar cores and organic culture extracts.................... 156
Figure 4.8. Antimicrobial assay with agar cores against different Streptomyces spp. ....... 158
Figure 4.9. Antimicrobial assay with agar cores and organic culture extracts.................... 159
Figure 4.10. Potato tuber slice assay with agar cores and organic culture extracts............ 161

Figure 4.11. Representative radish seedlings treated with different organic culture extracts.

Figure 4.12. Effect of different organic culture extracts on radish seedlings..................... 164

Figure 4.13. Effect of different organic culture extracts on the number of lateral roots/cm of
root length in radish SEedliNgS. .......c.cooviriieiiiiiieieee e e 165

Figure 4.14. Venn diagram showing the number of shared features detected by the IMN
analysis for the first dataset. .........cceoeuieiiiiiiee e 166

Figure 4.15. Venn diagrams showing the number of shared features detected by the [IMN
analysis for the second dataset. ...........cocceiiiiiiiiiiiiei e 167

Figure 4.16. Echosides network obtained from untargeted LC-MS? of organic culture
extracts after analysis using Ion Identity Molecular Networking............cccoocevvieniinnennnen. 169

Figure 4.17. Galbonolide B (5) networks obtained from untargeted LC-MS? of organic
culture extracts after analysis using lon Identity Molecular Networking. .........c..ccccc.ee... 170

Figure 4.18. Meridamycin (12) and meridamycin A (13) networks obtained from untargeted
LC-MS? of organic culture extracts after analysis using Ion Identity Molecular Networking.

Figure 4.19. Guanidylfungin A (14) networks obtained from untargeted LC-MS? of organic
culture extracts after analysis using lon Identity Molecular Networking. .........c..ccccc..e. 174

Figure 4.20. Elaiophylin (18) networks obtained from untargeted LC-MS? of organic
culture extracts after analysis using lon Identity Molecular Networking. ......................... 176

Figure 4.21. 12-hydroxyjasmonic acid (24) networks obtained from untargeted LC-MS? of
organic culture extracts after analysis using lon Identity Molecular Networking. ............ 177

Figure 4.22. Musacin D (25) networks obtained from untargeted LC-MS? of organic culture
extracts after analysis using Ion Identity Molecular Networking..........c.cccoocerviininnnne. 179

Figure 4.23. Molecular networks of three unknown compounds obtained from untargeted
LC-MS? of organic culture extracts after analysis using Ion Identity Molecular Networking.

Figure 4.24. Top and side view of potato tuber slice assay treated with pure compounds. 183

xii



Figure 4.25. Representative radish seedlings treated with different pure compounds. ...... 184
Figure 4.26. Effect of different pure compounds on radish seedlings............cccceeevvenneenne. 185

Figure 4.27. Effect of different compounds on the number of lateral roots/cm of root length
1N TAdISH SEEAIINES. ..eeviiiiieiieie ettt sea e et e s e e beesnaeenbeens 186

Figure 4.28. Effect of elaiophylin (ELA), geldanamycin (GDM), nigericin (NGN) and
thaxtomin A (ThxtA) on the lateral roots of radish seedlings. ...........cccooevvieviienriiniiennnne. 187

Figure S4.1. Clustal Omega alignment of the amino acid sequences of EchA homologues.

Figure S4.3. Control slices for the potato tuber slice assays using agar cores and organic
CUITUIE EXETACTS. «..eeiteeitieeiie ettt ettt ettt e sbe e et e bt st e sbeeeabeeaees 232

Figure S4.4. Molecular networks for the ethyl acetate extracts in the first dataset

(TIIMIN_6.2). ettt ettt s b e bt st b et et et et et et e sbeebeeaeas 233
Figure S4.5. Molecular networks for the ethyl acetate extracts in the second dataset
(IIMIN_ELOAC). ettt sttt et st sbe et sttt saeesbe e 234
Figure S4.6. Molecular networks for the methanol extracts in the second dataset
(IIMIN_MEOH). .ttt ettt et st sae et sttt et seeesbe e 235
Figure S4.7. Fragmentation pattern comparison plot for echosides. .........cccccceveeviennennen. 236
Figure S4.8. Fragmentation pattern comparison plot for galbobolide B. ..........cc.ccccecee. 237
Figure S4.9. Fragmentation pattern comparison plot for meridamycins. ..........cccccecveneee. 238
Figure S4.10. Fragmentation pattern comparison plot for elaiophylins. ........c..ccccceveneenne. 239
Figure S4.11. Fragmentation pattern comparison plot for musacin D. ..........cccccceviennenne. 240
Figure S4.12. Standard curves for quantification of different molecules..............c.c.......... 241

Figure S4.13. Elaiophylin detection using RP-HPLC. Shown are the chromatograms of’. 242

Figure S4.14. Top and side view of potato tuber slice treated with pure echoside C. ....... 243
Figure S4.15. Representative radish seedlings treated with different pure compounds.....243
Figure S4.16. Effect of echoside C (Ech) on radish seedlings. .........ccccoeevvveviieicieeinieenne. 244
Figure S4.17. Effect of echoside C on the number of lateral roots/cm of root length in
TAdISH SEEAIINES. ..eeeviiiiiiieee et e e s e et e et eeaaeeeenreeenreeen 245
Figure 5.1. The biosynthetic gene cluster for geldanamycin as predicted using antiSMASH
70 ettt a et h ettt et e bt e n b e eh e e bt e teente bt e teententeenteeneenneenteas 251
Figure 5.2. Map of plasmid pGDC1. ......cccuiiiiiiiiiieeeeeeeee e e e 252

Xiii



Figure 5.3. The biosynthetic gene cluster for nigericin production in Streptomyces sp. 11-1-

2 as predicted by antiSMASH 7.0. ......cooiiiiiiiiieiieeeeee e 253
Figure 5.4. Map of plasmid pGDC2. .......cccoiiiiiiiiiiiiieseeee et 254
Figure 5.5. Map of plasmid pGDCA4. .........oooiiiiiieiieeeeeee et 255
Figure 5.6 Amino acid alignment of NigR from Streptomyces sp. 11-1-2 with the top 10
most similar SARP sequences in the MIBiG database. ............ccceevierciienieeciienieeiiee, 257
Figure 5.7. Map of plasmid pGDCO. .........ccoueeiiiiiiiieiieieceeece et 258
Figure 5.8. Amino acid alignment of SigJ from Streptomyces sp. 11-1-2 with similar
proteins in the MIBiG database. ...........ccocvieiiiiiiiiiiieiieiecieee e 260
Figure 5.9. Map of plasmid pGDC3. .......ooiiiiiiiiieiieieeee s 262
Figure 5.10. Map of plasmid pGDCS. ........cccoeviiiiiiieiieieeieee et 263
Figure 5.11. Nucleotide alignment of the ¢C31 attB site........cecevvevievciienieeiienieciiee, 264

Figure 5.12. Growth curves of Streptomyces sp. 11-1-2 using different liquid culture media.

Figure 5.13. PCR verification of transfer of the apramycin resistance gene in Streptomyces
SP- L LmL2 ettt ettt st beeae s 267

Xiv



LIST OF TABLES

Table 2.1. Microbial strains used in this StUAY. .......ccceeviiriiieriiiiieieeeeeee e 39
Table 2.2. Plasmids used in this StUAY........cceeeuieriiiiiieiieeiieieeeeee e 52
Table 2.3. Primers used in thiS StUAY......c.cociieiiiiiiiiieieceee et 53

Table 2.4. PCR protocol for cloning products and colony PCR using Phusion DNA
POLYINETASE. .....evieiiieeiieeiee ettt ettt ettt e et e et e et e staeebeessbeeabeesaseenseesssesnsaessseenseensseensaens 59

Table 2.5. PCR protocol for REDIRECT and colony PCR using Tag DNA polymerase.... 59

Table S2.1. MZmine parameters used to process untargeted metabolomics files for Feature-
Based Molecular NetWOrKing. ..........cccviiiiieeiiieeciee ettt s e e e e 81

Table S2.2. Parameters for Feature-Based Molecular Networking in the GNPS platform.. 83

Table S2.3. MZmine parameters used to process untargeted metabolomics files for lon

Identity Molecular NetWOTKING. .......cc.eeiiiiiiiiiiieiieeie ettt 83
Table S2.4. Parameters for Ion Identity Molecular Networking in the GNPS platform. ..... 87
Table S2.5. Genes used in autoMLST to construct the phylogenetic tree.........c...coeeuenneee. 88
Table S2.6. Genome accessions used for phylogenetic tree and antiSMASH analysis. ...... 92

Table 3.1. Summary of compounds associated with nigericin and geldanamycin obtained
from the IIMN-FBMN QnalySis. ......ccceeriiiiiieiieiiierie ettt 112

Table 3.2. Quantification of nigericin and geldanamycin obtained from organic culture
EXETACTS. 1.ttt ettt ettt ettt et b et s b e e b et et b ettt ennes 116

Figure 3.9. Phytotoxic effects of pure geldanamycin, nigericin and thaxtomin A on potato
EUDCT LISSUC. ...ttt ettt sttt st ettt e 118

Figure 3.10. (A) Phytotoxic effect of pure nigericin (NGN), geldanamycin (GDM) and

thaxtomin A (ThxtA) on the growth of radish seedlings. ........cccccecvveviiiiniiiiniiiiieee, 119
Table S3.1. Estimated average nucleotide identity (ANI) of multiple strains to Streptomyces
sp. 11-1-2 as calculated by autoMLST.........coiiiiiieee e 123
Table S3.2. Biosynthetic gene clusters predicted in the genome of Streptomyces sp. 11-1-2
USING ANISIMASH 6.0, ....oeiiiiieie et ettt e e e e saaeesareesnreeens 125
Table S3.3. DasR binding sites predicted in the genome of Streptomyces sp. 11-1-2 as
calculated by PREDEIECIOT ........ccocuiiiiiiieciie ettt ettt et e e e e eenee e 128
Table 4.1. Biosynthetic gene clusters predicted in the genome of Streptomyces sp. 11-1-2
USING ANTISIMASH 7.0 ..ciiiiiiieeee ettt sttt et 143
Table 4.2. Nigericin, geldanamycin and elaiophylin quantification in different organic
CUITUTE EXETACTS. ...euveeutieiieieeteeit ettt ettt sttt et sbe et st b et eaeesbeenees 181
Table S4.1. Hits to the GNPS library for the first dataset (media = NAG, I[IMN 6.2)....... 192

XV



Table S4.2. Hits to the GNPS library for the ethyl acetate extracts in the second dataset

(IIMNEEOAC). ittt sttt sttt 198
Table S4.3. Hits to the GNPS library for the ethyl acetate extracts in the second dataset
(IIMN.MEOH). ..ottt 210

Table 5.1. Restriction-methylation systems of Streptomyces sp. 11-1-2 annotated in the
REBASE database. .........ccccouiriiriiniininiiieiceteseeesit ettt 269

Table 5.2. Number of restriction-methylation systems annotated in the REBASE database
for three different Streptomyces Strains. ........cccueeeveerieeciienieeieeie e 269

XVi



LIST OF SYMBOLS, ABBREVIATIONS AND NOMENCLATURE

ACP: acyl carrier protein

ACT: actinorhodin

ANI: average nucleotide identity

ANOVA: analysis of variance

antiSMASH: antibiotics and secondary metabolite analysis shell
Apra®: apramycin resistance

ARR: atypical response regulator

AS: acid scab

AT: acyltransferase

ATP: Adenosine triphosphate

BGC: Biosynthetic gene cluster

BiG-SCAPE: Biosynthetic Gene Similarity Clustering and Prospecting Engine
bp: base pair

CAGECAT: Comparative Gene Cluster Analysis Toolbox
CCR: carbon catabolite repression

c-di-GMP: cyclic diguanylate

CFA: coronafacic acid

CFA-Ile: N-coronafacoyl-L-isoleucine

CFU: colony-forming units

CMA: coronamic acid

CoA: coenzyme-A

COR: coronatine

CS: common scab

CSR: cluster-situated regulator

DMSO: dimethyl sulfoxide

DNA: deoxyribonucleic acid

dNTPs: Deoxynucleoside triphosphates

XVii



ECF: extracytoplasmic function

EFE: ethylene-forming enzyme

EMP: Embden Meyerhof-Parnas

FBMN: Feature-based molecular networking

GBL: gamma-butyrolactones

GCF: gene cluster family

GNPS: Global Natural Products Social Molecular Networking
GSY: Gause's No. 1 synthetic with yeast extract medium
HPLC: High performance liquid chromatography

Hyg®: hygromycin resistance

IAA: indole-3-acetic acid

IIMN: Ion identity molecular networking

ISP-4: International Streptomyces project medium 4

JA: jasmonic acid

JA-L-Ile: jasmonic acid-isoleucine

Kan®: kanamycin resistance

KS: ketosynthase

LB: lysogeny broth

LC-MS: liquid chromatography mass spectrometry
LC-MS?: liquid chromatography-tandem mass spectrometry
m/z: mass-to-charge ratio

Mb: megabases

MIBiG: Minimum information about a biosynthetic gene cluster
MMM: minimal medium with mannitol

mMYM: modified Maltose-Yeast Extract-Malt Extract agar
NA: nutrient agar

NADPH: Nicotinamide adenine dinucleotide phosphate
NAG: N-Acetylglucosamine

XViii



NAP: Network annotation propagation

NCBI: National Center for Biotechnology Information
NRP: Non-ribosomal peptide

NRPS: Non-ribosomal peptide synthase

OBA: oat bran agar

OSMAC: one-strain, many compounds

P buffer: Protoplast buffer

PAI: pathogenicity island

PCD: programmed cell death

PCP: peptidyl carrier protein

PCR: Polymerase chain reaction

PEG: polyethylene glycol

PI: pimaricin-inducer factor

PK: polyketide

PKS: polyketide synthase

PMA: potato mash agar

PPP: Pentose phosphate pathway

REBASE: Restriction Enzyme Database

RED: undecylprodigiosin

RM: Restriction-methylation

RNA: ribonucleic acid

RP-HPLC: reverse-phase high performance liquid chromatography
SA: starch asparagine agar

SARP: Streptomyces antibiotic regulatory proteins
SFM: soy flour mannitol agar

SLB: sucrose lysogeny broth

SM: specialized metabolites

SOB: super optimal broth

XiX



SOC: super optimal broth with catabolite repression
T1PKS: Type I Polyketide synthase

T2PKS: Type II Polyketide synthase

T3PKS: Type III Polyketide synthase

TB buffer: tris-borate buffer

TBE buffer: Tris base-boric acid-EDTA buffer
TCS: two-component system

TE buffer: Tris-EDTA buffer

TE: thioesterase

TMA: trimethylamine

tRNA: transfer RNA

TSA: tryptic soy agar

TSB: tryptic soy broth

TSB-S: tryptic soy broth with starch

v/v: volume/volume

w/v: weight/volume

wHTH: winged-Helix-turn-helix

YEME: Yeast extract-malt extract

YMS: yeast extract-malt extract broth-soluble starch agar
YPD: yeast extract-peptone-dextrose

YT: yeast extract-tryptone

XX



CHAPTER 1
INTRODUCTION

1.1 The Streptomyces: General characteristics

Streptomyces 1s a genus within the phylum Actinobacteria, which is comprised of
Gram-positive bacteria found in a wide range of environments, including many different
types of soil (Zhao et al. 2020a; Besaury et al. 2021; Duangupama et al. 2021), plants (Viaene
et al. 2016; Rey and Dumas 2017), insects (Chevrette et al. 2019), marine sediments and
organisms (Seipke et al. 2012), among others. In soils, it is estimated that Streptomyces
species can be found at concentrations of 10°-10” colony-forming units per gram (CFU/g),
and this can vary due to environmental and management conditions (Schlatter et al. 2009;
Bakker et al. 2010; Kinkel et al. 2012; Andam et al. 2016; Hamid et al. 2020). Many species
have been isolated and widely studied due to the production of metabolites utilized in plant,
animal, and human health, including many with antimicrobial or antitumor activity (Donald
et al. 2022). To date, more than 600 validated species of Streptomyces have been included in
the "List of Prokaryotic names with Standing in Nomenclature" database
(https://Ipsn.dsmz.de) (Parte et al. 2020). However, numerous strains are frequently isolated

and analyzed for new bioactive chemical compounds (Donald et al. 2022).

Streptomyces species usually contain a single linear chromosome ranging from 5-12
Mb, with one to four plasmids that can be linear or circular and, in some cases, very large
(Caicedo-Montoya et al. 2021). Furthermore, Streptomyces genomes are characterized by a
G+C content of ~60-70%, which is much higher than that of other prokaryotes (Zhou et al.
2012; Tian et al. 2016; Becher et al. 2020). A large-scale analysis of more than 700

Streptomyces genomes has shown the presence of a core of proteins (or core genome) in the
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central region of the chromosome, while the arms of the chromosome contain variable
regions characterized by presence of biosynthetic gene clusters (BGC), carbohydrate-active
enzymes, and genes with TTA codons, suggesting that the arms are more likely to evolve

rapidly and provide diversity within the genus (Nikolaidis et al. 2023).

Streptomyces species are also characterized by their ability to produce spores
(Manteca and Sanchez 2009; Bobek et al. 2017), which allows for a greater dispersal of these

non-motile organisms through different methods (Becher et al. 2020; Muok et al. 2021).
1.2 The life cycle of Streptomyces

Streptomyces are established in different environments by growing as a mycelium, a
feature that distinguishes them from most other bacteria but is shared with filamentous fungi
(Fig. 1.1). After finding favourable environmental conditions, a Streptomyces spore will
germinate and its metabolism will be activated. It has been hypothesized that spores contain
some metabolites and enzymes like trehalose and hydrolases that are readily available for
germination (Bobek et al. 2017); however, there is also evidence of many different classes
of proteins being synthesized within just a few hours after dormancy disruption, with a
predominance of energy metabolism-associated proteins (Strakova et al. 2013). Furthermore,
in Streptomyces coelicolor, spore germination activates biosynthetic gene clusters, providing
metabolites with antimicrobial activity and potential chemical signals for interaction with

other microorganisms (Cihék et al. 2017).

The active spores develop a germ tube that displays apical growth due to a complex
system of proteins named the polarisome (Flardh et al. 2012). In this system, the protein

DivIVA accumulates at the tip and guides the development of the vegetative hyphae, where



compounds such as peptidoglycan and teichoic acids are synthesized and assembled (Flardh
2003; Flardh and Buttner 2009). Internal and external factors can regulate this process, and
in both cases, the phosphorylation of DivIVA by a Serine/Threonine protein kinase called
AfsK is proposed as the primary regulatory mechanism. Interestingly, the effect of AfsK can

be reverted by the phosphoprotein phosphatase SppA (Passot et al. 2022).
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Figure 1.1. The life cycle of Streptomyces. Figure provided by Yuting (Phoebe) Li.

Similarly, hyphal branching occurs through the action of the polarisome. Here,
sections of the polarisome are split and remain latent until the apical tip is far enough away
to initiate new growth (Hempel et al. 2008, 2012). Eventually, the vegetative hyphae develop
septa that do not fully separate the cells, but they provide a level of compartmentalization
that differs from the cell segregation that occurs during spore formation (Jakimowicz and

Van Wezel 2012). The compartmentalization and apical growth depend on the protein FtsZ,



which forms a Z-ring that guides the synthesis of peptidoglycan and creates new cell walls
(Yang et al. 2017; Bisson-Filho et al. 2020). Other proteins also complement the activity of
FtsZ during cell division (collectively named the divisome); however, at the hyphal level, the
actinobacterial-specific protein SepX interacts with FtsZ and is critical for the integrity of

the Z-ring and, subsequently, of the hyphae (Bush et al. 2022).

Upon nutrient depletion, the growth of the vegetative hyphae ceases, and aerial
hyphae formation is initiated. This process requires the activity of the bld (bald) genes
(named for the smooth, shiny appearance of the colonies in their absence), which function as
global regulators of both morphological development and specialized metabolism in some
cases (Hackl and Bechthold 2015). The aerial hyphae grow upright and impart a fuzzy
appearance to the colony surface, partly due to the production of SapB, a lantibiotic-like
peptide that acts as a biological surfactant (Tillotson et al. 1998). Immature SapB is produced
in the cell and is post-translationally modified to allow its exportation from the cell to cover
the hyphal surface, thus enabling the hyphae to break surface tension and grow upwards
(Willey et al. 2006). Moreover, the presence of proteins called chaplins and rodlins is also
necessary to provide structural support and hydrophobicity to the aerial hyphae (Fldrdh and

Buttner 2009).

The formation of aerial hyphae is followed by the production of spores, which occurs
through two parallel processes. First, the tip of the hyphae becomes a sporogenic cell by
transitioning from an elongation into a cell division state. This transition occurs due to the
expression of the whi (white) genes (named for the lack of the spore-associated pigment in
their absence) (Willemse et al. 2012) and the action of FtsZ, which creates helices that turn

into rings, thus establishing a septum that physically separates each compartment (Flardh and



Buttner 2009). Then, the protein MreB finalizes the ring formation when a thick cell wall is
created around the spore (Mazza et al. 2006). At the same time, multiple copies of the
chromosome are produced in the sporogenic cell, and a single copy is correctly segregated
into each spore compartment due to the function of several proteins including FtsK, ParA,
ParB, and SMC (Wang et al. 2007; Dedrick et al. 2009). Finally, the spore cell wall is
completed by adding peptidoglycan, rodlins, chaplins, and hydrolases targeting the hyphal
cell wall to facilitate the dispersal of the spores (Claessen et al. 2004; Dedrick et al. 2009).
The Streptomyces spores are mainly composed of sugars and proteins that confer basic

protection against osmotic changes and other stress sources (Bobek et al. 2017).

Recently, it was determined that ~10% of Streptomyces species could undergo an
exploratory behaviour instead of the typical sporulation life cycle. This behaviour is
prompted by glucose depletion, pH changes, and volatile compounds like trimethylamine
(TMA) that signal the necessity of exploring the substrate for better resources to engage in
sporulation (Jones et al. 2017). Furthermore, Streptomyces venezuelae in exploratory mode
produces alternative siderophores to take up iron from the environment, thus limiting the

element’s availability to other microorganisms (Shepherdson and Elliot 2022).

1.3 Metabolism of Streptomyces

1.3.1 Carbon metabolism

The life cycle of Streptomyces requires the activation of different metabolic pathways
to process the resources needed to obtain full development. Primary metabolism in
Streptomyces refers to the processes of anabolic and catabolic reactions to obtain energy,

polysaccharides, nucleic acids, proteins, lipids, and biomass (Hodgson 2000).



Carbon is a significant nutritional resource present in multiple environments. To take
advantage of this element, Streptomyces have evolved different pathways that convert
carbohydrates into glucose, which is then metabolized into energy using the Embden-
Meyerhof-Parnas (EMP) pathway and the pentose phosphate pathway (PPP) (Hodgson
2000). The EMP or glycolysis pathway converts glucose from the environment into pyruvate
and results in an energy gain in the form of ATP, whereas the pentose phosphate pathway
provides pentoses for nucleotides and produces NADPH, which provides energy in multiple
reactions (Cohen 2011). Both processes require a concerted effort of multiple enzymes

working sequentially; more importantly, these pathways interconnect at different steps.

1.3.2 Complex carbohydrates and disaccharides

In natural settings, glucose and simple carbohydrates are limited. Instead, the
presence of complex carbohydrates of different origins (i.e., arthropods, fungi, plant litter) is
more prominent, but Streptomyces cannot immediately use them. Instead, they have evolved
to employ enzymes that can catabolize complex polysaccharides into monomers (Hodgson

2000; Chater et al. 2010).

Streptomyces genomes encode a diverse array of extracellular and intracellular
enzymes. For example, there are a-amylases present across Streptomyces species that target
the glycosidic linkage between glucose units in starch, a plant carbohydrate, resulting in the
production of disaccharides that can be more easily imported into the cells (Lakshmi et al.
2020; Visvanathan et al. 2020). Species like Streptomyces gulbargensis (Syed et al. 2009),

Streptomyces sp. D-1 (Chakraborty et al. 2009) and S. avermitilis (Hwang et al. 2013), among



others, have been reported as a-amylase producers with good activity over starch from pure

and mixed sources.

Streptomyces also use cellulases, which catabolize cellulose, a structural component
of plant tissues. The enzymatic activity is carried out by cleaving the -1,4 linkages, resulting
in glucose units (Hodgson 2000). However, cellulose also occurs as more complex matrices
like hemicellulose, xylan, and lignin, which require separate enzymes that target other
specific sugar linkages (Houfani et al. 2020). The enzymatic activity of cellulases can yield
different products, such as glucose or cellobiose, which induce more cellulolytic activity
upon accumulation (Hodgson 2000). Streptomyces species with cellulolytic capabilities are
often associated with plants or herbivorous organisms. For example, Streptomyces sp.
DpondAA-B6 and Streptomyces sp. SirexAA-E were isolated from herbivorous insects, and
both showed high cellulolytic activity in proteomic and transcriptomic analyses (Book et al.
2014). Similarly, soil-isolated Streptomyces sp. F1 and F7 show good catabolic activity

against different complex polysaccharides, including cellulose (de Melo et al. 2018).

Streptomyces can also produce chitin-degrading enzymes. Chitin is mainly found in
fungi and the exoskeleton of arthropods, and it is sequentially broken down into N-
acetylglucosamine (NAG) units that act as carbon and nitrogen sources (Chater et al. 2010;
Lacombe-Harvey et al. 2018). Furthermore, NAG is highly relevant as it is a structural
component of the bacterial cell wall, and it functions as a regulator of specialized metabolism

in bacteria, particularly in Streptomyces (see Section 1.3.3.4 ) (van der Aart et al. 2018).

Many of the complex carbohydrates are not immediately degraded into monomers.
Instead, some stable disaccharides remain at the end of the enzymatic activity. For example,

maltose follows the degradation of starch (Hwang et al. 2013), or cellobiose remains after
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cellulose catabolism (Book et al. 2014). Therefore, other enzymes are needed to further
facilitate the degradation of compounds into monomers that can be absorbed by bacterial
cells. For example, Streptomyces hygroscopicus 9628 shows good cellulolytic activity
parallel to intracellular B-glucosidase activity, which degrades cellobiose into glucose (Spear

etal. 1993).

1.3.3 Specialized metabolism

The products of primary metabolism, like nucleic acids, lipids, amino acids, etc., act
as building blocks utilized by different organisms to produce a plethora of chemical
compounds named specialized metabolites (Romero-Rodriguez et al. 2018). For some time,
these metabolites were known as "secondary metabolites" based on the notion that they had
a less significant role in the success of the organism. However, there is a better understanding
regarding their biosynthesis and role in nature, and although this term is no longer used, older
literature retains the term instead of specialized metabolites (Davies 2013; Fernandez-

Martinez and Hoskisson 2019).

The specialized metabolites include peptides, polyketides, terpenoids, and alkaloids
(O’Connor 2015), many of which are produced by Streptomyces species and are used in
medicine and agriculture to treat different types of human, animal, and plant diseases (Donald
etal. 2022). However, from an ecological point of view, these compounds are part of intricate
interactions between microbes, plants and animals, with great value for the ecosystem

(O’Brien and Wright 2011).



Streptomyces specialized metabolites are proposed to have roles as mediators of
mutualistic interactions or as part of predatory/competitive interactions (O’Brien and Wright
2011). Within those main categories, more specific roles have been postulated according to
the ecological niches from which the bacteria are isolated and the confirmed biological

activity of their specialized metabolites (Tyc et al. 2017).

Mutualistic interactions between Streptomyces and eukaryotes have been widely
studied. Streptomyces can colonize and live within plant tissue (endophytes) or be part of the
root microbial communities (Viaene et al. 2016; Rey and Dumas 2017). For example, the
strain S. hygroscopicus OsiSh-2 confers protection against the rice fungal pathogen
Magnaporthe oryzae by boosting the plant immunity systems and helping in carbon and
nitrogen fixation while also producing antimicrobial compounds (Gao et al. 2021). There are
also mutualistic interactions with animals. Streptomyces sp. SPB74, a southern pine beetle
(Dendroctonus frontalis) symbiont, produces the polyene peroxide mycangimycin, which
protects the beetle from an antagonist fungus, Ophiostoma minus (Scott et al. 2008; Oh et al.
2009). Another strain, Streptomyces globisporus SP6C4, isolated from strawberry pollen and
flowers, 1s dispersed by pollinator bees. Interestingly, S. globisporus SP6C4 protects the
plants against the causal agent of gray mold, Botrytis cinerea, and the bees against the

entomopathogenic bacteria Paenibacillus larvae and Serratia marcescens (Kim et al. 2019).

On the other hand, antimicrobial and phytotoxic compounds represent the
competition and predatory roles of specialized metabolites, respectively. It has been proposed
that bacteria perform exploitative competition, in which there is indirect competition for
nutritional resources, and interference competition, in which one organism harms another

directly (Traxler and Kolter 2015). The role of antimicrobial compounds may be more



suitable for exploitative competition since the natural settings usually harbour many different
microbial species attempting to access the same resources (Cornforth and Foster 2013;
Traxler and Kolter 2015). Moreover, antimicrobials at low concentrations act as signaling
molecules for inter- and intra-species communication; the outcome of these communications
is diverse and dependent on the strains involved, as some Streptomyces seem to increase the
production of antimicrobials to inhibit competitors, while others remain unaffected (Vaz

Jauri and Kinkel 2014).

Some specialized metabolites are detrimental to plants due to their phytotoxic
activity. A vast number of them are produced by Streptomyces strains, as previously reviewed
(Shi et al. 2020). For example, Streptomyces scabiei and other closely related species produce
thaxtomin A, a highly phytotoxic compound that causes necrosis and damage to different
plant tissues (Li et al. 2019¢). The herbicide bialaphos, produced by Streptomyces
hygroscopicus, inhibits the glutamine synthetase enzyme, leading to the accumulation of
ammonia and cell death (Tachibana and Kaneko 1986). Another strain, Streptomyces sp.
KRA18-249, produces the compound 249-Y1, also known as rubiginone D2, which showed
high herbicidal activity and reduced chlorophyll content in different plants (Umurzokov et

al. 2022).

1.3.3.1 Pathways for specialized metabolism

Most specialized metabolites are small molecules assembled from a few precursors.
In order to obtain more elaborate structures, it is necessary to utilize multiple genes encoding
proteins with specific functions. A group of genes working together towards a particular end
product is called a biosynthetic gene cluster (BGC) (Osbourn 2010). BGCs are not limited to

bacteria, as they can also be found in fungi and plants. However, given the vast array of
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specialized metabolites for human applications that are derived from bacteria, especially
Streptomyces and other closely related Actinobacteria, there has been great interest in
understanding how BGCs are composed and regulated in this group for potential industrial

use (Donald et al. 2022).

In Streptomyces, there are usually more than thirty BGCs responsible for producing
different specialized metabolites in each strain (Nett et al. 2009; Lee et al. 2020a). The BGCs
can be categorized based on the core biosynthetic enzymes and the resulting metabolite.
Thus, there are macrolide polyketides, aromatic polyketides, non-ribosomal peptides, hybrid
peptide-polyketides, terpenoids, etc. (Nett et al. 2009; Hwang et al. 2014). For this work, I
will focus on polyketides (PKs) and non-ribosomal peptides (NRPs), given their significance

for the Streptomyces genus.

1.3.3.2 Polyketide biosynthesis

The PK metabolites are built from precursors such as acetyl-coenzyme A (CoA) or
malonyl-CoA. The presence of multifunctional enzymes called polyketide synthases (PKSs)
is required for the biosynthesis of PKs. However, the architecture of the PKSs can vary and
occurs in three types, namely, type I, II, and III, which can all be found in Streptomyces

(Hwang et al. 2014).

The type I PKS (T1PKS) is characterized by large modules containing multiple
enzyme domains that work like an assembly line (Nivina et al. 2019). The first module is the
loading module, and it contains two main domains, an acyltransferase (AT) and an acyl
carrier protein (ACP). A starter unit is selected by the AT which transfers the acyl group and
attaches it to the ACP domain via a thioester linkage. Then, the extension or elongation

modules, comprised of a ketosynthase (KS), AT, ACP, and other accessory domains,
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assemble the compound backbone by adding extension units such as methylmalonyl-CoA or
ethylmalonyl-CoA. Finally, a termination module consisting of a thioesterase domain (TE)
performs hydrolysis for linear compounds or cyclization for macrocyclic compounds (Hwang

et al. 2014, 2020; Nivina et al. 2019; Risdian et al. 2019).

The type 11 PKS (T2PKS) assembles the metabolites using discrete polypeptides with
a specific function, as opposed to the modular system used in TIPKSs (Wang et al. 2020).
Moreover, iterative reactions are required for compound elongation with T2PKSs. The first
step, or priming, involves two ketosynthases, KS, and KSg, which process the precursor unit
and determine the chain length, respectively. Next, an ACP starts the chain's elongation, and
other enzymatic reactions result in the extended compound. The product is finished by a
cyclization or aromatization of the elongated chain, followed by post-PKS tailoring

modifications (Hwang et al. 2014, 2020; Risdian et al. 2019; Wang et al. 2020).

The type III PKS (T3PKS) uses homodimeric ketosynthases that catalyze the
condensation of a starter unit, an acyl-CoA, within their active sites. Then, the ketosynthases
work iteratively to perform the extension using more acyl-CoA units. The final cyclization
step is then carried out by different condensation enzymes (Katsuyama and Ohnishi 2012;

Palmer and Alper 2019).

1.3.3.3 Non-ribosomal peptide biosynthesis

The biosynthesis of NRPs is performed by three multidomain modules: initiation,
elongation, and termination. The initiation module contains an adenylation (A) domain,
which selects the starter unit and loads it onto a thiolation (T) or peptidyl carrier protein
(PCP) domain. The starter units for NRPs are proteinogenic and non-proteinogenic amino

acids obtained from the primary metabolism (Siissmuth and Mainz 2017).

12



Then, the amino acid is transported to the elongation module, where condensation (C)
and other secondary domains are present. The elongation module also contains an A and
T/PCP domain, which allows for extension of the new peptide. Finally, a thioesterase (T)
domain comprises the termination module, where hydrolysis or macrocyclization is
performed, and the newly synthesized compound is released (Siissmuth and Mainz 2017;

Hwang et al. 2020; Duban et al. 2022).

The non-ribosomal peptide synthetases (NRPS) can be further divided into types
based on the arrangement of the modules. In a linear NRPS, each module works once, while
in a non-linear NRPS, at least one domain is used multiple times during biosynthesis. There
are also iterative NRPSs, in which the modules are utilized multiple times in a cycle-like way
until the end product is obtained. Lastly, stand-alone NRPSs are multidomain modules or
single domains that supply other biosynthetic processes with specific compounds required to

finish a metabolite biosynthesis (Stissmuth and Mainz 2017).

1.3.3.4 Regulation of specialized metabolism: Global regulators

When resources are depleted by either competition or the transition from vegetative
to developmental stages, there are significant changes in spore development and the
production of specialized metabolites in Streptomyces. These processes must be tightly
coordinated across the organism. Streptomyces have genes encoding regulatory mechanisms
that intervene with morphological differentiation and specialized metabolite production
simultaneously (Fig. 1.2). These are commonly referred to as global regulators (Hoskisson

and Fernandez-Martinez 2018).

In Streptomyces, several of the bld genes encode global regulators. The best-studied

bld gene, bldA, encodes the only tRNA recognizing the leucine-specific TTA codon, which
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is rare in Streptomyces genomes (Lawlor et al. 1987; Leskiw et al. 1991). Many genes contain
TTA codons, especially regulatory genes within BGCs, but they are absent from essential
genes; thus, it is likely that bldA4 plays a regulatory role at a global level in Streptomyces
(Chandra and Chater 2008). Mutant strains of bld4 generally display reduced production of
specialized metabolites and no aerial hyphae development (Koshla et al. 2017; Hou et al.
2018), although a Streptomyces clavuligerus bldA-mutant strain still expressed proteins with
TTA codons, suggesting that an alternative mechanism for translation is in place (Ferguson

et al. 2016).

Chemical/nutritional signals

4 R

Morphological
Global regulators [y Lo P Sl

bld, TCS, DasR
Feedback
regulation
Dcc——i{\-D} Spedalized
Biosyntheticgenes  CSR metabolite
SARPs, ECFs

Figure 1.2. Schematic of specialized metabolite regulation in Streptomyces.

Another well-studied bld gene considered a global regulator is bldD. This gene is
involved in aerial hyphae formation and differentiation into spores, and it also regulates the
transcription of multiple genes associated with antibiotic production in different
Streptomyces species (Elliot et al. 2001; Schumacher et al. 2017; Li et al. 2019a; Yan et al.

2020). The BldD protein binds to the messenger molecule cyclic diguanylate (c-di-GMP),
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resulting in a complex called BldD2-(c-di-GMP)4, which is required for binding to DNA and

acts as a regulator of expression (Schumacher et al. 2017).

Global regulation also occurs due to the activity of two-component systems (TCS),
such as the MtrAB system. MtrA is a response regulator protein associated with the sensor
kinase MtrB. The deletion of mtr4 in S. coelicolor results in a bald phenotype, upregulation
of actinorhodin, streptorubin B, undecylprodigiosin, and downregulation of desferrioxamines
and germicidin A production (Zhang et al. 2017; Som et al. 2017). Moreover, bldD is a target
of MtrA, representing another level of regulation in Streptomyces (Zhang et al. 2017). Other
TCSs in Streptomyces have been previously reviewed (Rodriguez et al. 2013; Hoskisson and

Fernandez-Martinez 2018).

The transition from the vegetative to sporulation stage in Streptomyces involves the
programmed cell death (PCD) of mycelial cells. The peptidoglycan from the cell wall is
broken down into monomers due to proteolytic activity, making NAG available for the
organism (Manteca et al. 2006). NAG acts as a carbon and nitrogen source and a signal
recognized by active cells. A phosphotransferase system imports NAG into the cell and
modifies it to NAG-6-phosphate, and this is followed by deacetylation performed by NagA.
The resulting glucosamine-6-phosphate binds to the protein DasR, a GntR-like global
transcriptional regulator, thus impeding it from binding to specific elements called dasR-
responsive elements (dre), which are located throughout the Streptomyces genome and
associated with a variety of genes, including transcriptional activators in antibiotic gene
clusters (Colson et al. 2006; Rigali et al. 2006, 2008). However, the addition of NAG and
subsequent DasR regulation is dependent on the nutritional conditions in which Streptomyces

is growing. In S. coelicolor grown under “feast” conditions (i.e., nutrient-rich media), NAG

15



blocks morphological development and production of undecylprodigiosin and actinorhodin,
whereas when S. coelicolor is grown under “famine” conditions (i.e., minimal media), the
addition of NAG resulted in increased antibiotic production (Rigali et al. 2008). This has
been proposed as evidence that Streptomyces cells can differentiate between NAG
originating from external sources (chitin degradation) and the NAG obtained from the PCD
process (cell wall lysis), which represent nutrient-rich and nutrient-poor conditions,
respectively (Rigali et al. 2008). In Streptomyces cinnamonensis, DasR acts as an activator
by binding to the promoter region of a CSR and three biosynthetic genes in the ionophore
monensin BGC, resulting in upregulation of the metabolite biosynthesis under nutrient rich
conditions (Zhang et al. 2016¢). The addition of NAG to culture media suppressed the
production of monensin, likely due to NAG binding to DasR, thus limiting its activity in the

transcription of the genes (Zhang et al. 2016c¢).

1.3.3.5 Regulation of specialized metabolism: Cluster-situated regulators

As opposed to global regulators, BGCs usually contain one or more genes encoding
cluster-situated regulators (CSRs), which modulate the production of the corresponding
metabolite rather than controlling the production of multiple metabolites. The CSR-encoding
genes are often regulated by global regulators or environmental conditions (Fig. 1.2) (Van

Wezel and McDowall 2011; Hoskisson and Fernandez-Martinez 2018).

CSRs can belong to several different protein families. For example, the production of
actinorhodin (ACT) in S. coelicolor is controlled by the CSR ActII-ORF4 (Arias et al. 1999),
which is a member of the Streptomyces antibiotic regulatory proteins (SARP) family
(Wietzorrek and Bibb 1997). The SARP family is characterized by a winged-Helix-Turn-

Helix (WHTH) architecture with the presence of an N-terminal motif that binds to DNA and
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a C-terminal B-strand hairpin unit that conforms the “wing” (Aravind et al. 2005; Bibb 2005;
Romero-Rodriguez et al. 2015). The SARP family is widely distributed among Streptomyces

species as regulators of different metabolites, as previously reviewed (Romero-Rodriguez et

al. 2015).

Recently, the extracytoplasmic function (ECF) sigma factors have been described as
regulators in Streptomyces. Sigma factors are part of the RNA polymerase complex,
providing promoter recognition and specificity during transcription (Romero-Rodriguez et
al. 2015). Based on their function, sigma factors have been categorized into four groups, as
previously reviewed (Heimann 2002; Sun et al. 2017). In this work, I will only focus on

ECFs, which belong to group 4.

ECFs are a subgroup of sigma factors that contain only two of the four domains
present in primary sigma factors, namely, domains 6 and 6*. ECF domains bind at the -10
and -35 positions within the promoter, thus acting as transcription activators (Sineva et al.
2017; Hoskisson and Fernandez-Martinez 2018). ECFs are usually associated with an anti-
sigma factor that negatively regulates their activity. The ECF interacts with an anti-sigma
factor, which prevents the ECF from being recruited by the RNA polymerase, thus blocking
gene expression. Upon induction of a triggering signal, the anti-sigma factor bound to the
ECEF is released, and the RNA polymerase can recruit it, allowing for the recognition of the

promoter sequence and its activation (Hoskisson and Fernandez-Martinez 2018).

In Streptomyces, ECFs are typically associated with morphological development and
stress signaling (Lopez-Garcia et al. 2018). However, one ECF has been identified as a CSR

in this genus. In Streptomyces albus, the gene antA, located in the antimycin BGC, encodes

AntA

the ECF sigma factor ™", which regulates the expression of antG and antH, two genes that
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are located in separate operons within the same cluster (Seipke et al. 2014). Interestingly,
o”"A is an orphan ECF, as no anti-sigma is associated with it (Seipke et al. 2014). Instead,

the ECF is controlled by the ClpXP protease, which also represents a novel mechanism of

ECF regulation (Bilyk et al. 2020).

1.3.3.6 Regulation by chemical and nutritional signals

The presence of small molecules also regulates specialized metabolite biosynthesis
in Streptomyces. The chitin monomer NAG is known for acting as a regulator of specialized
metabolites thanks to its interaction with the DNA-binding protein DasR (see Section
1.3.3.4). Hormone-like signaling molecules can alter specialized metabolite production by
interacting with proteins that regulate gene expression. The first small molecule identified as
a regulator was the autoregulatory factor, or A-factor, a y-butyrolactone (GBL) that is
required for streptomycin production in S. griseus (Takano 2006). Since then, other GBLs
and other small molecules (e.g., furans, y-butenolides) have been characterized as regulators
of specialized metabolism that are distributed across various Streptomyces species (Takano
2006; Niu et al. 2016). In addition, species-specific autoregulatory factors have been
described, including the PI factor in Streptomyces natalensis and N-methylphenylalanyl-

dehydrobutyrine diketopiperazine in Streptomyces globisporus (Niu et al. 2016).

Metabolite biosynthesis can also be autoregulated via feedback mechanisms. For
example, in S. venezuelae, the metabolite jadomycin B (JadB) is detected by the atypical
response regulator (ARR) JadR1. In the presence of low concentrations of JadB and the
intermediate JadA, JadR1 binds to a region upstream of jadJ, the first gene in the BGC, thus
increasing the BGC expression. When concentrations of JadB or JadA are high, they act as

ligands to JadR1, causing the dissociation of the protein from the promoter regions of jadR1
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and jadJ, and the BGC is inactivated (Wang et al. 2009). The same study reported similar
results with undecylprodigiosin (RED) and the NarL-type ARR RedZ in S. coelicolor (Wang
et al. 2009). Specialized metabolites auricin (Kutas et al. 2013), sansanmycin (Li et al. 2013),
and simocyclinone (Horbal et al. 2012) also show autoregulation by a feedback mechanism

of intermediates and/or end products (Fig. 1.2).

In natural and artificial settings, Streptomyces may be presented with multiple carbon
sources simultaneously, either by the action of their extracellular enzymes or by other
organisms in the same space. The order of carbon source utilization is determined by the
enzymatic machinery of the cell, which favours some carbon sources over others by
regulating or repressing specific pathways. In S. coelicolor, it was demonstrated that glucose
uptake inhibits the utilization of other carbon sources like galactose and fructose (Hodgson
1982). This process, called carbon catabolite repression (CCR), affects morphological

development in different Streptomyces (Hodgson 2000; Romero-Rodriguez et al. 2017).

In Streptomyces noursei, the yield of nystatin and biomass was differentially affected
by the carbon source utilized during fermentation (Jonsbu et al. 2002). Furthermore, glucose
negatively affects the biosynthesis of ACT by repressing the transcription of the regulator
afsR2 in S. lividans. When supplied with glycerol as the carbon source, afsR2 is activated,
and ACT is produced (Kim et al. 2001). Multiple examples of similar mechanisms have been

previously reviewed (Romero-Rodriguez et al. 2017).

1.3.3.7 Methods to study specialized metabolism in Streptomyces
The metabolite diversity of Streptomyces has generated tremendous interest in these
organisms as sources of novel metabolites for different applications. One strategy that is

routinely used for exploring the metabolic diversity of Streptomyces is the One Strain-Many
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Compounds (OSMAC) approach, which involves changing the culture conditions of the
organism in order to promote or enhance the production of different or novel compounds

(Bode et al. 2002; Romano et al. 2018).

The access to specialized databases and the development of data analysis tools have
accelerated and expanded the goal of the OSMAC approach (Romano et al. 2018). The
increasing accessibility to high-quality genome sequencing has provided vast information
that otherwise would be difficult to elucidate (Palazzotto and Weber 2018). Furthermore, the
organization of genomes into BGCs and the modular architecture of most BGCs have
facilitated the development of tools like the Minimum Information about a Biosynthetic Gene
cluster (MIBiG) database and antiSMASH. The MiBiG database is a collaborative effort that
established the guidelines for curated BGCs associated with metabolite biosynthesis
(Terlouw et al. 2022). The database serves as a reference for genomic analyses using tools
like antiSMASH (Blin et al. 2021), which performs genome mining to compare and predict

the presence of BGCs in microbial genomes.

However, the presence of BGCs determined bioinformatically is insufficient evidence
of metabolite production. The use of untargeted liquid chromatography-tandem mass
spectrometry (LC-MS?) has proven especially useful in characterizing the metabolic profile
of Streptomyces strains and other microbes subject to the OSMAC approach (Wu et al. 2015;
van Bergeijk et al. 2020; Bayona et al. 2022). The use of LC-MS? allows for the detection of
low molecular weight (<2000 Da) metabolites in biological samples based on physical
separation in a column, while the identification is made by the ionization of the compounds

and the resulting fragmentation pattern and mass-to-charge ratio or m/z (Kind et al. 2018).
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There have been significant advances in the methods, instruments, and data analysis
capabilities used to perform untargeted metabolomics studies. The establishment of
specialized databases has facilitated and improved the compound annotation following
untargeted metabolomics (Chaleckis et al. 2019). In particular, the development of the Global
Natural Products Social Molecular Networking (GNPS) platform has gained significant value
in recent years. This platform compares and correlates compound spectra, which are then
visualized as a network of related metabolites (e.g., intermediates or analogues), even if the
compounds do not match known compounds (Wang et al. 2016). Further updates to the
platform have made available tools to enhance the identification of compounds, like Network
Annotation Propagation (NAP) (da Silva et al. 2018), MolNetEnhancer (Ernst et al. 2019b),
Feature-Based Molecular Networking (FBMN) (Nothias et al. 2020) and Ion Identity

Molecular Networking (Schmid et al. 2021).

Similar to genomics and metabolomics, there have been significant advances in
analyzing global gene expression. The use of polymerase chain reaction (PCR)-based
methods was limited to some genes and required previous knowledge of the sequence to
study. Hybridization-based microarrays permitted a more extensive study of gene expression,
but it also required significant knowledge of the sequences to be analyzed (Wilhelm and
Landry 2009; Kukurba and Montgomery 2015). The development of massive parallel
sequencing has facilitated the implementation of RNA sequencing (RNA-Seq) studies. This
method does not require previous knowledge of the sequences (de novo transcriptomics),
although using the genome sequence as a reference is also used (reference-based
transcriptomics) (McGettigan 2013). The use of transcriptomics for global gene expression

in Streptomyces has been reviewed elsewhere (Palazzotto and Weber 2018; Lee et al. 2020b).
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Overall, the OSMAC approach is now expanded through multi-omics technologies,
which provide a more comprehensive analysis of microbial metabolism, providing a

framework for the characterization of microorganisms of interest (Fig. 1.3).

Genomics
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OSMAC
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Metabolomics
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Figure 1.3. Schematic of omics technologies used for studying Streptomyces specialized
metabolism.

14 Plant-pathogenic Streptomyces

1.4.1 Common scab disease

Streptomyces species are widely distributed across different ecological settings, and
they closely interact with a great variety of organisms. In agricultural settings, Streptomyces
are commonly considered beneficial bacteria thanks to the production of diverse

antimicrobial compounds that exert control over plant pathogenic organisms (Kinkel et al.
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2012). However, some Streptomyces are capable of parasitic interactions with plants, which

results in these species acting as plant pathogens with the ability to cause plant disease.

Common scab (CS) is a plant disease caused by Streptomyces spp. and it affects
several crops such as carrots (Daucus carota), beets (Beta vulgaris), radishes (Raphanus
raphanistrum subsp. sativus), and potatoes (Solanum tuberosum L.) (Clarke et al. 2022). On
potatoes, the disease is characterized by superficial, raised, and/or deep pitted scab-like
lesions on the tuber surface (Fig. 1.4) (Dees and Wanner 2012). These lesions result from
alterations of the tuber tissue that become more apparent as the tuber expands during
development, and their size can vary from small lesions to ones covering most of the tuber
surface (Loria et al. 2006). The variability in the severity of CS symptoms is thought to be
dependent on multiple factors, including the environment, aggressiveness of the strain, and
plant susceptibility (Lerat et al. 2009; Khatri et al. 2011; Thangavel et al. 2016; Braun et al.
2017). Moreover, CS can be so severe that the potato tubers are no longer marketable for
fresh or industrial consumption, resulting in a loss of profits for farmers. Significant
economic losses due to CS have been documented in Canada (Hill and Lazarovits 2005),

although the disease has been reported to occur worldwide (Dees and Wanner 2012).
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Figure 1.4. Potato showing symptoms of common scab. Image provided by Dawn Bignell.

Other related Streptomyces-associated plant diseases include acid scab (AS), which
is caused by Streptomyces acidiscabies and has very similar disease symptomology as CS,
except that it occurs in acidic soils where CS is suppressed (Loria et al. 1997; Tashiro et al.
2012). Netted scab is caused by Streptomyces reticuliscabiei and is characterized by brown
superficial lesions with a netted pattern (Loria et al. 1997; Bouchek-Mechiche et al. 2000;
Pasco et al. 2005). Recently, a disease called fissure scab was described, and it is associated

with Streptomyces solaniscabiei and other species in South Africa (Cruywagen et al. 2021).

1.4.2 Causal agents of CS disease

Streptomyces scabiei (syn. Streptomyces scabies) was the first species to be described
as a causal agent of the CS disease (Loria et al. 1997), and the genome of the strain 87-22
was the first to be sequenced and made available. Other Streptomyces species have been
described as causal agents of CS besides S. scabiei, including Streptomyces europaeiscabiei,
Streptomyces bottropensis, Streptomyces caviscabies, Streptomyces turgidiscabies, and
Streptomyces stelliscabiei, among others (Jiang et al. 2012; Gong et al. 2017; Sarwar et al.

2017, 2018, 2019a; Lin et al. 2018; Chalupowicz et al. 2022).

1.4.3 Pathogenicity and virulence factors of CS pathogens

The pathogenicity is the capacity of an organism to damage a host, while the virulence
is the relative capacity to cause damage to the host (Casadevall and Pirofski 1999). In order

to cause disease, plant pathogens use different pathogenicity and virulence factors to facilitate
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the colonization and infection of living plant tissues. Thus, a pathogenicity factor can be
defined as an essential factor for the establishment of the disease, whereas a virulence factor
is not essential but it enhances the severity of the symptoms. CS-causing Streptomyces
species have the potential to produce different virulence factors that are known or suspected
to contribute to the pathogenicity of these organisms, and these have been described in detail
elsewhere (Li et al. 2019; Perry and Bignell 2022). In the following sections, I will discuss
the specialized metabolites that are known or predicted to function as pathogenicity and
virulence factors in plant pathogenic Streptomyces spp., and the mechanism of regulation of

these factors.

1.4.3.1 Thaxtomin A

Early studies showed that S. scabiei can produce chemical compounds with
phytotoxic activity (Lawrence et al. 1990). Further characterization determined that S. scabiei
secretes two members of the thaxtomin family, which consists of cyclic dipeptides (2,5
diketopiperazines) derived from 4-nitro-L-tryptophan and L-phenylalanine (reviewed by
King and Calhoun 2009). Thaxtomin production was shown to be highly correlated with the
phytotoxicity of S. scabiei and the development of scab-like lesions on potato tubers
(Lawrence et al. 1990). The main thaxtomin produced by S. scabiei is thaxtomin A (Fig. 1.5),
and it is considered the main pathogenicity factor contributing to CS disease development by
this species on potato tubers and other root crops (Clarke et al. 2022). Thaxtomin A is also
produced by other Streptomyces species, including S. turgidiscabies, S. acidiscabies and

S. europaeiscabiei (Li et al. 2019c¢).
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Figure 1.5. Phytotoxic specialized metabolites produced by plant-pathogenic Streptomyces
spp.
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To date, thaxtomin A is considered a cellulose biosynthesis inhibitor, although the
target at the cellular level remains elusive. Treatment with a range of thaxtomin A
concentrations reduces the total length of radish and onion seedlings, and increases cell
hypertrophy and necrosis in a dose-dependent manner (Leiner et al. 1996; Fry and Loria
2002). Moreover, tobacco cell elongation and onion cell cycle were shown to be affected by
thaxtomin A, suggesting that the cell wall is the target of the molecule (Fry and Loria 2002).
Plant assays with thaxtomin A as a herbicide revealed similar effects as those seen by
cellulose biosynthesis inhibitors like dichlobenil and isoxaben, thus suggesting it has the
same mode of action (King et al. 2001). Furthermore, it was determined that increasing
amounts of thaxtomin A disrupt the incorporation of '*C-labeled glucose into the cellulosic
cell wall fraction of Arabidopsis thaliana seedlings (Scheible et al. 2003). Also, thaxtomin
A and isoxaben, separately, caused an atypical programmed cell death process in A. thaliana
cells, in which no reactive oxygen species or hypersensitive response were detected (Duval
etal. 2005). Thaxtomin A seems to interfere with the defence response and physical assembly
of the cell wall, allowing the Streptomyces to infect the potato tissue. When the infection is
recognized, the expanding tissue starts the formation of suberized cells to prevent the spread

of the pathogen, thus leading to the formation of scab lesions (Thangavel et al. 2016).

The biosynthesis of thaxtomin A is controlled by a BGC that is located on a
pathogenicity island (PAI) along with other known and virulence factors in S. scabiei and
other scab-causing species (Kers et al. 2005; Zhang et al. 2016b). The BGC is comprised of
seven genes that are highly conserved among scab-causing species. Six genes in the cluster
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(txtACBDEH) are involved in molecular assembly (Healy et al. 2000, 2002; Johnson et al.
2009; Barry et al. 2012; Li et al. 2019b), while the remaining gene (zxtR) encodes a CSR of
thaxtomin biosynthesis (Joshi et al. 2007). TxtR activates the expression of the thaxtomin
biosynthetic genes in the presence of the cellooligosaccharides cellobiose and cellotriose,
which are subunits of cellulose (Johnson et al. 2007; Joshi et al. 2007). Further studies
determined that this regulation occurs due to the interaction of cellooligosaccharides with
CebR, a DNA-binding protein that is conserved across diverse Streptomyces species (Francis
et al. 2015). The binding of cellooligosaccharides to CebR prevents the protein from binding
to the cellobiose-binding sites (cbs) located both upstream of #xtR and within #x¢B, thus
allowing for expression of the BGC and the production of the phytotoxin (Johnson et al.

2007; Francis et al. 2015; Planckaert et al. 2018).

Thaxtomin A production in S. scabiei is also induced by suberin, a lipidic biopolymer
that represents a major component of the potato periderm. The presence of suberin in culture
media induces the production of cellulases and other enzymes for the degradation of complex
carbohydrates while upregulating other proteins involved in the development and specialized

metabolites (Padilla-Reynaud et al. 2015).

The biosynthesis of thaxtomin A is additionally controlled by several bld gene global
regulators in S. scabiei. Deleting bldA leads to a complete loss of thaxtomin production, likely
due to the loss of translation of the #xfR gene, which contains a TTA codon (Bignell et al.
2014). Deletion of bldC also abolishes the accumulation of thaxtomin A, while deletion of

bldD, bldH and bldG reduces but does not abolish thaxtomin production (Bignell et al. 2014).

1.4.3.2 Coronafacoyl phytotoxins
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The genome of S. scabiei contains a BGC that is closely related to the BGC for the
biosynthesis of coronatine (COR), a phytotoxin produced by different pathovars of the plant
pathogen Pseudomonas syringae (Ichinose et al. 2013). COR consists of a bicyclic
hydrindane ring-based polyketide named coronafacic acid (CFA), which is attached to
coronamic acid (CMA), an ethylcyclopropyl amino acid derived from L-isoleucine (Bignell
et al. 2018). COR induces chlorosis, reduces seedling length, and affects different
phytohormone production in tomato leaves (Uppalapati et al. 2005). Furthermore, COR
affects callose deposition, a well-established defence mechanism against pathogen infections
in plants (Geng et al. 2012). Due to the structural similarity, COR is recognized by the same
receptor in plants as jasmonoyl-L-isoleucine (JA-Ile), a signaling molecule derived from
jasmonic acid (JA) and involved in the regulation of the plant defence response. Thus, the
competition for the receptor is considered a key element in the pathogenicity of P. syringae
(Katsir et al. 2008). Although S. scabiei does not produce COR, it does produce another
member of the coronafacoyl family of phytotoxins, N-coronafacoyl-L-isoleucine (CFA-Ile;
Fig. 1.5), as the main product along with other minor related compounds (Fyans et al. 2015).
Pure CFA-Ile induces potato tuber tissue hypertrophy and stunting of radish seedlings in a
similar manner as pure COR, though CFA-Ile is less toxic (Fyans et al. 2015). Moreover,
potato tissue treated with pure CFA-Ile + thaxtomin A (100:1 ratio) did not show increased
tissue damage; however, the overexpression of the CFA-Ile BGC in S. scabiei did cause an
increase in tissue pitting and necrosis when the strain was inoculated directly over potato
tissue (Cheng et al. 2019). These results suggest that a high concentration of CFA-Ile and
potentially other intrinsic factors associated with the pathogen development are required for
enhanced phytotoxicity. The production of CFA-Ile is regulated by two different CSRs

encoded in the BGC. The first one is CfaR, a PAS-LuxR transcriptional activator that binds
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upstream of cfal to induce the expression of the metabolite biosynthetic genes (Cheng et al.
2015). CfaR is essential for CFA-Ile production, and expression of the cfaR gene is controlled
by the products of bldA, bldD, and bldG (Bignell et al. 2014). The other CSR is ORF1, a
ThiF-family protein of unknown function. The orf1 gene is located downstream of and is co-
transcribed with cfaR (Cheng et al. 2015), suggesting that the protein products work together
to control metabolite biosynthesis. Notably, the overexpression of both CfaR and ORF1
greatly enhances the production of CFA-Ile compared to the overexpression of either CfaR
or ORF1 alone, suggesting that ORF1 may function as a helper protein for CfaR, though the

mechanism of how this occurs remains unknown (Cheng et al. 2019).

Other CS-causing pathogens do not produce CFA-Ile or other coronafacoyl
phytotoxins; however, other plant pathogenic bacteria such as Pseudomonas amygdali,
Pectobacterium cacticidium, and Xanthomonas campestris pv. phomiicola produce at least
one coronafacoyl phytotoxin, and several more species have the genes that would enable the
production of these phytotoxins (Bown et al. 2017; Bignell et al. 2018). Interestingly, a
number of bacterial strains harbouring coronafacoyl phytotoxin biosynthetic genes are not
known to be plant pathogenic. This suggests that coronafacoyl phytotoxins may have a role
for the producing organism that extends beyond host-pathogen interactions (Bown et al.

2017; Bignell et al. 2018).

1.4.3.3 Concanamycins

Another potential virulence factor contributing to CS disease is a family of
compounds called the concanamycins, which are 18-membered macrocyclic lactones with a
B-hydroxyhemiacetal side chain (Kinashi et al. 1984; Haydock et al. 2005). These

compounds are not exclusively produced by plant-pathogenic Streptomyces as they were first
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described from Streptomyces diastastochromogenes, but later it was found that
concanamycin A (Fig. 1.5) and B are also produced by S. scabiei (Kinashi et al. 1984;
Natsume et al. 1996). The concanamycins are inhibitors of the eukaryotic vacuolar-type
ATPase (V-ATPase) activity, and they have been shown to exhibit antifungal activity and
also inhibition of root development in seedlings of different plants (Kinashi et al. 1984;
Natsume et al. 2005). The presence of concanamycins has been associated with the
development of deep-pitted scab lesions on potato tubers but not with raised lesions,
suggesting that concanamycin production by S. scabiei may contribute to the type of scab
lesion that forms on tubers during disease development (Natsume et al. 2017). The
concanamycin BGC contains a CSR, scab84101, which encodes an SARP-family regulator,
and deletion of these gene abolishes concanamycin production in S. scabiei (C. Vincent,
personal communication). The scab84101 coding sequence contains a TTA codon,
suggesting that the expression of the cluster is also subject to regulation by the bld4 tRNA
(Haydock et al. 2005). Indeed, the deletion of several different bld genes, including bldA,
reduced the expression of multiple genes in the concanamycin BGC, thus confirming the
importance of the bld gene global regulators for expression of this cluster (Bignell et al.

2014).

1.4.3.4 Phytohormones

The genome of the CS pathogen S. turgidiscabies Car8, which was originally isolated
from an erumpent scab lesion (Miyajima et al. 1998), contains a plant fasciation (fas) operon
located on the PAI The S. turgidiscabies fas operon is homologous to the Rhodococcus
fascians fas operon, which induces leafy galls on plants due to cytokinin biosynthesis

(Huguet-Tapia et al. 2011). S. turgidiscabies expresses the operon under conditions that
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support thaxtomin A production, and it was capable of inducing leafy galls in tobacco and
Arabidopsis (Joshi and Loria 2007). It has been proposed that cytokinin production directed
by the fas operon in S. turgidiscabies Car8 is responsible for the development of erumpent
lesions on infected tubers, in contrast to the pitted scab lesions caused by S. scabiei, which

lacks the fas operon (Joshi and Loria 2007).

The auxin indole-3-acetic acid (IAA) is an auxin that promotes plant growth and acts
as a signal in plant defence responses, but it has also been associated with enhancing
virulence in different phytopathogenic bacteria (Kunkel and Harper 2018). In S. scabiei, the
presence of two biosynthetic genes, iaaH and iaaM is responsible for the production of this
plant hormone. When these genes were deleted from the chromosome, radish seedlings
treated with spores from the mutant strains were less necrotic than those treated with the
wild-type strain, suggesting that IAA is a virulence factor for S. scabiei (Hsu 2010). The
production of [AA and thaxtomin A is differentially affected by the addition of L-tryptophan
to culture media, as the production of thaxtomin A is reduced while IAA production
increases; consequently, radish seedlings treated with S. scabiei inoculum from media with
higher amounts of L-tryptophan were less affected than seedlings treated with inoculum from
media with lower amounts of the amino acid (Legault et al. 2011). Thus, the role of IAA as

a virulence factor remains unclear.

Another phytohormone of interest is ethylene. This compound acts as a signal for
senescence, ripening and in reactions against biotic and abiotic stress, but it is also used by
plant pathogens like P. syringae to establish infections (van Loon et al. 2006). The genome

of S. scabiei contains a homologue of the microbial ethylene-forming enzyme (EFE),
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however, it remains unclear how this compound would participate in the establishment of the

CS disease (Li et al. 2019¢).

1.4.3.5 Borrelidin and desmethylmensacarcin

A study published in 2012 (Cao et al. 2012) describes the isolation of a strain of
Streptomyces (GK18) from deep pitted lesions on potatoes harvested in Iran. It was
determined that GK18 does not produce thaxtomin A, but instead it produces the 18-
membered macrolide borrelidin (Fig. 1.5). Plant bioassays showed that pure borrelidin
induces necrosis of potato tuber tissue and causes root and shoot stunting of radish seedlings,
though it is less phytotoxic than thaxtomin A (Cao et al. 2012). Borrelidin has been
previously described as an antimicrobial compound that acts as a threonyl-tRNA synthetase
inhibitor (Maglangit et al. 2021), though its target in plants remains uncharacterized. Overall,
the results of this study suggest the possible involvement of borrelidin in plant disease
development, though further work is required to confirm that this compound serves as a bona

fide virulence factor during plant-pathogen interactions.

Several strains of Streptomyces niveascabiei 1solated from CS-infected potatoes in
Uruguay were recently shown to produce the metabolite desmethylmensacarcin (Fig. 1.5),
which causes more severe damage than thaxtomin A in plant bioassays (Lapaz et al. 2018;
Croce et al. 2021). The desmethylmensacarcin mode of action appears to be similar to that
of the closely related molecules mensacarcin and cervicarcin, which target the mitochondria
and energy production in the cell (Plitzko et al. 2017). Mutational studies on the
desmethylmensacarcin-producing strains have not been described, and so it is currently

unclear how the production of this metabolite contributes to the pathogenicity of the strains.
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1.5 Characterization of a novel plant pathogenic Streptomyces sp. isolated from a

symptomatic CS-potato in Newfoundland

A study published from the Bignell lab in 2016 (Fyans et al. 2016) describes the
isolation and characterization of plant pathogenic Streptomyces strains from CS-infected
potato tubers harvested on the island of Newfoundland, Canada. Most of the isolates were
determined to be strains of S. europaeiscabiei and were shown to produce thaxtomin A.
However, several strains appeared to be novel pathogenic species that do not produce
thaxtomin A. One strain in particular, 11-1-2, was found to be highly pathogenic in bioassays
using different plant hosts (potato, radish, Nicotiana benthamiana). This strain was not
phylogenetically related to the known plant pathogenic Streptomyces species and was
negative for the presence of genes txtA4, txtD, necl and tomA, which are associated with the
Streptomyces PAIL The 11-1-2 strain was shown to produce one or more phytotoxic
compounds that were soluble with organic solvent, but the extracts did not contain thaxtomin
A, concanamycin A or borrelidin. To further investigate the potential phytotoxins produced
by 11-1-2, the genome of the strain was sequenced and made available (Bown and Bignell
2017). An initial screening for specialized metabolite BGCs confirmed that the strain does
not harbour the genes for biosynthesizing thaxtomin A, nor does it harbour genes for
producing other known or suspected virulence factors such as CFA-Ile, concanamycin A or
borrelidin (Bown and Bignell 2017). Thus, the compound(s) associated with the observed

phytotoxicity remain to be determined.

34



1.6 Thesis objectives

Plant-pathogenic Streptomyces species have been described as the causal agents of
CS, an economically significant disease that affects potatoes and other crops worldwide.
S. scabiei and closely related species have been widely studied, and thaxtomin A has been
shown to serve key pathogenicity factor for these strains (Loria et al. 2006; Bignell et al.
2010; Li et al. 2019¢). Due to the strong correlation between thaxtomin A production and CS
severity, the identification of plant pathogenic Streptomyces has primarily been conducted
using PCR-based detection of the biosynthetic genes for thaxtomin A (eg txtAB) (Wanner
2004, 2009; Qu et al. 2008). However, in recent years there have been multiple reports of
CS-inducing Streptomyces that do not produce thaxtomin A, but instead they produce other

phytotoxic compounds that are suspected to contribute to disease symptom development.

Streptomyces sp. 11-1-2 represents a novel plant pathogenic strain that does not
produce the known phytotoxins thaxtomin A, concanamycin A, CFA-Ile or borrelidin.
Instead, there is evidence that the strain secretes one or more compounds that may represent
novel virulence factors that mediate plant-pathogen interactions. The overall objective of this
thesis, therefore, was to characterize the metabolic potential of Strepfomyces sp. 11-1-2 in
order to gain insights into the mechanisms used by this strain to inflict tissue damage on

living plant hosts.

This thesis is organized into three research chapters. In Chapter 3, the potential
phytotoxins responsible for the plant pathogenic phenotype of strain 11-1-2 were
investigated. The genome sequence of the strain was analyzed using antiSMASH to predict
the presence of BGCs encoding for potential phytotoxins. The specialized metabolite elicitor
NAG was added to different culture media to determine whether it stimulates or supresses
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the production of the phytotoxic compound(s). Radish seedling and potato tuber bioassays
were conducted to identify the culture conditions that promote phytotoxin production, and
bioactive culture extracts were subjected to targeted and untargeted metabolomics to identify
the compound(s) associated with the phytotoxic activity. Two compounds, nigericin and
geldanamycin, were shown to be present in the bioactive culture extracts, and the pure
compounds were further tested in plant bioassays to confirm their ability to exhibit phytotoxic

effects against radish seedlings and potato tuber tissue.

In Chapter 4, the metabolic profile of 11-1-2 was further explored to determine what
other types of metabolites are produced by the strain and what bioactivities are associated
with these metabolites. The strain was grown on different solid culture media, and culture
extracts were prepared using two different organic solvents. The bioactivity of the extracts
was assessed using antimicrobial and plant bioassays, and metabolic profile of each extract
was determined using untargeted metabolomics. Differences were observed in the
bioactivities and metabolic profiles of the extracts prepared from the different culture media
and using either ethyl acetate or methanol as the organic solvent. In addition to nigericin and
geldanamycin, other known compounds were detected in several of the extracts, including
echoside C and elaiophylin. Pure samples of these metabolite were tested in plant bioassays
to investigate their potential function as phytotoxins. Furthermore, the metabolomics analysis
revealed the presence of many other compounds that do not match known compounds in the

spectral libraries, suggesting that they may represent novel metabolites.

In Chapter 5, the creation of mutant strains of 11-1-2 that are deficient in production
of nigericin and geldanamycin was attempted in order to elucidate the role of these

metabolites as pathogenicity or virulence factors. The first polyketide synthase gene in the
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nigericin and geldanamycin BGCs, and two putative regulatory genes in the nigericin BGC
were targeted for gene replacement using an antibiotic resistance cassette. As genetic
manipulation of the 11-1-2 strain had not been done before, a protocol for the introduction
of DNA into the strain needed to first be developed. Several methods for DNA introduction—
intergeneric  conjugation with Escherichia coli, protoplast transformation, and
electroporation — were tested using the Streptomyces integrative plasmid pSET152. Several
factors for each method were manipulated in order to find the conditions that promoted
efficient DNA transfer into the 11-1-2 strain, and ultimately conditions for successful
introduction of pSET152 via intergeneric conjugation were identified. Attempts were also
made to introduce the plasmids that would enable targeted gene replacement, but mutant

strains could not be isolated within the timespan of the project.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Bacterial strains, culture conditions and general procedures

2.1.1 Escherichia coli strains, cultivation and maintenance

E. coli strains used in this study are listed in Table 2.1. Strains were routinely grown
at 37°C with shaking (200 rpm) in Lysogeny Broth (LB) Miller medium (Fisher Scientific,
Canada) or on LB agar plates for 16-20 hours (herein referred to as overnight culture). When
required, the antibiotics apramycin (50 pg/mL final concentration; Goldbio, USA),
kanamycin (50 pg/mL final concentration; Sigma-Aldrich, Canada), hygromycin B (100
pg/mL; Thermo Fisher Scientific, Canada) and/or chloramphenicol (25 pg/mL final
concentration; Sigma-Aldrich, Canada) were included in the culture medium. For strains
requiring hygromycin B for selection, a low sodium version of LB was used for culturing.

Recipes for all culture media used are provided in Appendix 1.

38



Table 2.1. Microbial strains used in this study.

Strain

Description

Resistance

Reference or

Source
Escherichia coli strains
DH5a derivative, high New England
NEBSa efficiency competent cells None Biolabs
DH5a General cloning host None Gibco-BRL
Host for Redirect PCR . (Gust et al.
BW25113/plJ790 targeting system Chloramphenicol 2003a)
i\;‘;‘;_“zfggfgﬁ;tgf .| Chloramphenicol | (MacNeil et al.
ET12567/pUZ8002 SV, CAtIYIS | K anamycin 1992; Paget et
helper plasmid pUZ8002 for .
. . . . Tetracycline al. 1999)
intergeneric conjugation
Streptomyces strains
Streptomyces sp. . . (Fyans et al.
11-1.0 Wild type strain None 2016)
Streptomyces . . (Loria et al.
scabiei 87-22 Wild type strain None 1995)
Streptomyces . . (Lambert and
acidiscabies 84-104 | *11d type strain None Loria 1989)
Streptomyces . . (Miyajima et
turgidiscabies Carg | " 14 type strain None al. 1998)
Streptomyces S. coelicolor A3(2) None (Bentley et al.
coelicolor M145 derivative, SCP1™ and SCP2" 2002)
Streptomyces .
clavuligerus ATCC | Wild type strain None (Higgens and
Kastner 1971)
27064
Indicator strains
K. Tahlan,
. e Indicator strain for Memorial
Bacillus subtilis antimicrobial bioassays None University of
Newfoundland
Memorial
. . University of
Staphylococcus Indicator strain for
: s . e None Newtfoundland
epidermidis antimicrobial bioassays .
Biology
Department
K. Tahlan,
Saccharomyces Indicator strain for Memorial
.. .. - - None . .
cerevisiae antimicrobial bioassays University of
Newtfoundland
fsreizdzzwzaioma ‘0 Indicator strain for Rifambicin (Buell et al.
g 3 gOO pv- antimicrobial bioassays P 2003)
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For short-term storage (less than one month), E. coli strains were maintained on LB
agar at 4°C. For long-term storage, 20% v/v glycerol stocks were prepared by mixing 500 puL
of an overnight culture with an equal volume of sterile 40% v/v glycerol, and the stocks were

kept at -80°C.
2.1.2 Preparation of chemically competent cells

Competent cells of E. coli DH5a and ET12567/pUZ8002 were prepared using a
protocol modified from a previously published method (Inoue et al. 1990). The E. coli cells
were cultured overnight in 3 mL of LB broth with the proper antibiotics when required. Then,
the entire culture was added into 50 mL of SOB™" broth (Appendix 1), and the cells were
incubated with shaking at 37°C until the optical density at 600 nm was between 0.4 and 0.6.
Next, the cells were chilled on ice for approximately 10 minutes, and were then pelleted at
2328 x g for 10 minutes at 4°C. The pellet was resuspended in 10 mL of freshly prepared
ice-cold TB buffer (Appendix 1), and the suspension was placed on ice for 10 minutes. The
cells were pelleted again at 2328 x g for 10 minutes at 4°C, and the pellet was resuspended
in 1.25 mL of TB buffer containing 7% v/v DMSO. The suspension was placed on ice for 10
minutes. Finally, the cell mixture was aliquoted into 50 or 100 pL. volumes in 1.5 mL
microcentrifuge tubes, and the tubes were flash-frozen in a dry ice/ethanol bath and were

stored at -80°C.

2.1.3 Transformation of chemically competent cells

The transformation protocol was adapted from the NEB website

(dx.doi.org/10.17504/protocols.io.bddti2én). A tube of E. coli competent cells was

removed from the -80°C freezer and thawed on ice for 10 minutes. Then, 1-5 pL of plasmid

DNA or ligation mixture (see Section 2.2.6) was added to the suspension, followed by mixing
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by gently tapping the tube five times. The mixture was placed on ice for 30 minutes, and then
the cells were heat shocked at 42°C for 45 seconds. Following the heat shock, the cells were
placed on ice for 5 minutes. Then, 950 puL of room temperature SOC medium (Appendix 1)
was added to the mixture and incubated at 37°C with shaking for 60 minutes. Finally, the

cells were plated onto LB agar with the appropriate antibiotics and were incubated overnight.

2.1.4 Preparation of electrocompetent E. coli cells

Electrocompetent cells of E. coli BW25113/plJ790 were prepared following a
modified version of a previously described protocol (Gust et al. 2004). LB broth (5 mL) with
appropriate antibiotics was inoculated with E. coli cells, and the culture was incubated
overnight at 30°C with shaking. Then, 500 pL of the overnight culture was subcultured into
50 mL of SOB broth containing 20 mM of MgSO4 and the appropriate antibiotics. The culture
was incubated with shaking at 30°C until an ODgoo of 0.4 was reached. Next, the cells were
pelleted by centrifugation at 2328 x g for 5 minutes at 4°C, and after decanting the
supernatant, the cells were resuspended in 10 mL of ice-cold sterile 10% v/v glycerol. The
cells were pelleted again and resuspended in 5 mL of ice-cold sterile 10% v/v glycerol.
Finally, the cells were pelleted as above, and the pellet was resuspended in the remaining
~100 pL of 10% v/v glycerol. The cell suspension was then used immediately for

electroporation.

2.1.5 Transformation of DNA into electrocompetent E. coli

The cell suspension (100 pL) of freshly prepared electrocompetent E. coli cells was
mixed with 100 ng (1-2 puL) of DNA in a pre-chilled electroporation cuvette (1 mm gap,
VWR International, Canada). The electroporation was carried out using a Gene Pulser Xcell

(Bio-Rad, Canada) with the following settings: 200 Q, 25 puF, and 1.8 kV. Afterward, 1 mL
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of'ice-cold SOC was added to the cells, which were then transferred to a new microcentrifuge
tube and incubated with shaking at 30°C for one hour. The cell suspension was plated onto
two LB agar plates containing the appropriate antibiotics, and the plates were incubated
overnight at 28°C if the plJ790 plasmid was still required for downstream manipulations, or

at 37°C to induce the loss of the plJ790 plasmid.

2.1.6 Purification of plasmid DNA from E. coli

Plasmid DNA was extracted and purified from overnight E. coli cultures using the
Alkaline Lysis miniprep protocol (Russell and Sambrook 2001) for preliminary assessments.
For cloning and sequencing, purified plasmid DNA was prepared using the Geneaid Presto™

Mini Plasmid Kit (Froggabio, Canada), following the manufacturer’s protocol.

2.1.7 Streptomyces strains, cultivation and maintenance

Streptomyces strains used in this study are listed in Table 2.1. Strains were routinely
cultured at 28°C with or without shaking (125-200 rpm) in liquid or on solid media,
respectively. The recipes for the different culture media used are provided in Appendix 1.

For spore stock preparation, Streptomyces strains were cultured for 7-12 days on
potato mash agar (PMA) (Fyans et al. 2016), International Streptomyces Project Medium 4
(ISP-4; BD Difco™, USA) or YMS agar (Ikeda et al. 1988) (Appendix 1). For extraction of
genomic DNA, Streptomyces sp. 11-1-2 was cultured for 4-5 days in 10 mL of tryptic soy
broth (TSB; BD Biosciences, Canada) in a 50 mL spring flask. For metabolomics analyses,
strain 11-1-2 was cultured on plates of M4 (Zhu et al. 2014), MMM (Kieser et al. 2000),
mMYM (Liu et al. 2021b), OBA (Johnson et al. 2007), PMA (Fyans et al. 2016), SA
(Paradkar and Jensen 1995), SFM (Kieser et al. 2000) and YMS (Ikeda et al. 1988) solid

media for 14 days. To evaluate the effect of NAG on phytotoxicity, strain 11-1-2 was cultured
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on MMM, YMS, mMYM and OBA supplemented with 50 mM of NAG for 14 days (Rigali
et al. 2008). To evaluate the effect of NAG on geldanamycin and nigericin production, strain
11-1-2 was cultured for 14 days on YMS and mMYM agar supplemented with 0, 10, 20, 50,

and 100 mM of NAG. The plates were kept at 4°C for short term (< 2 weeks) storage.

2.1.8 Spore stock preparation

Spore stocks of Streptomyces strains were prepared as follows. Three millilitres of a
sterile Tween-20 solution (0.01% v/v in water) were added to a 7-12 day Streptomyces plate
culture, and the spores were gently scraped using a sterile loop. The resulting suspension was
transferred to a sterile conical tube (15 mL), and then another 3 mL of the Tween-20 solution
was used to rinse the plate surface and was combined with the previous suspension. Next,
the spore suspension was placed into a sonication bath for 5 minutes, after which it was
filtered through sterile cotton in a 10 mL syringe, forcing the liquid through if the filter
became clogged. The filter was rinsed with sterile water until the filtrate was clear. The spores
were pelleted by centrifugation at 2328 x g for 10 minutes at room temperature. The
supernatant was decanted into a beaker, and 10 mL of sterile water was added to resuspend
the spore pellet by vortexing. The suspension was centrifuged as above, and the supernatant
was discarded. Finally, the spore pellet was resuspended in 1000 pL. of 20% v/v sterile
glycerol, aliquoted in 100 pL volumes and stored at -20°C (short term) or -80°C (long term).
To quantify the stock, the spores were serially diluted in sterile water and plated onto nutrient
agar (NA; Appendix 1) or YMS plates in duplicate. The plates were then incubated until
colonies were visible (~96-120 hours after inoculation), after which the colonies were
counted on plates containing 20-200 colonies, and the CFU/mL was determined from the

averaged count.
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To prepare non-quantified Streptomyces spore stocks, 1 mL of sterile 0.01% v/v
Tween-20 solution (in water) was added to a well-sporulated plate culture, after which the
spores were gently scraped and the suspension was transferred to a sterile 1.5 mL
microcentrifuge tube. After vortexing the suspension vigorously, the suspension was divided
into two new tubes, and an equal volume of sterile 40% v/v glycerol was added to each. The

tubes were then stored at -20°C.

2.1.9 Antibiotic testing

To test the susceptibility of Streptomyces sp. 11-1-2 to different antibiotics,
apramycin, kanamycin, nalidixic acid, hygromycin and thiostrepton were added at 0, 10, 25,
50, 100 and 200 pg/mL to PMA, YMS and ISP-4 plates. Then, the plates were inoculated
with 30 pL of a diluted spore stock and were incubated for 7 days, after which the

presence/absence of growth was recorded.

2.1.10 Streptomyces growth curves

To evaluate the growth of Streptomyces sp. 11-1-2 in liquid media, a modified
methylene blue adsorption assay was performed (Fischer and Sawers 2013; Gutierrez et al.
2022). In 6-well plates, 5 mL of SLB, SM, TSB, and TSB-S (Appendix 1) were inoculated
with 11-1-2 spores from a stock to a final concentration of ~1x10® spores/ml, in triplicate.
The plates were sealed with parafilm and incubated with shaking (125 rpm) at 30°C for 5
days. The media were sampled every 12 hours by obtaining 100 uL of culture with a cut
pipette tip and transferring into a sterile 1.5 mL tube. The culture was centrifuged at 16873
x g for 7 minutes in a bench centrifuge, the supernatant was removed, and an equal volume

of filter-sterilized aqueous methylene blue solution (2.5 mM) was added to the cell material.
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The mixture was vortexed, briefly centrifuged and incubated for 10 minutes at 80°C and at
850 rpm in a thermomixer (Eppendorf, Germany). The tubes were then rapidly cooled to
25°C using ice for 3 minutes, and after a brief centrifugation step (3.5 minutes at 16873 x g),
the supernatant was transferred to a fresh tube for storage at 4°C until ready for

quantification.

The samples were diluted by adding 1.5 pL of sample to 148.5 uL of sterile distilled
water per well in a 96-well plate, to a final volume of 150 puL. A methylene blue solution
blank was prepared to the same dilution and included in the plate. The absorbance was
measured at 660 nm using a plate reader Synergy H1 Hybrid Reader (BIOTEK, Winooski,

Vermont, USA). The assay was performed twice.

2.1.11 Streptomyces genomic DNA preparation

Streptomyces sp. 11-1-2 was cultured in 10 mL of tryptic soy broth (TSB; BD
Biosciences, Canada) using a 50 mL flask with a spring for 4-5 days at 28°C. One millilitre
of culture was added to a 3 mL screw cap bead-beater tube containing sterile silica beads
(400 pm; OPS Diagnostics, USA) to cover the bottom of the tube. The tube was then
centrifuged at 5510 x g for 10 minutes, after which the supernatant was discarded. This
process was repeated until the mycelia from the entire 10 mL culture was collected. Then,
200 pL of buffer AL and 200 pL of buffer ATL from the QIAamp DNA Mini Kit (Qiagen
Inc., Canada) were each added to the tube, and the tube was placed in a SpeedMill PLUS
tissue homogenizer (Analytik Jena, USA) set to the “Bacteria” preset. Following lysis of the
mycelia, the tube was centrifuged at 8609 x g for 5 minutes, and the supernatant was

transferred to a clean 1.5 mL microcentrifuge tube containing 200 uL of 95% v/v ethanol.
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The mixture was vortexed and then added to a spin column from the QIAamp DNA Mini

Kit, and the DNA was purified as per the manufacturer’s protocol.

2.1.12 Introduction of DNA into Streptomyces by intergeneric conjugation with E. coli

2.1.12.1 Intergeneric conjugations using Streptomyces spores

Intergeneric conjugations were performed using spores of Streptomyces sp. 11-1-2 as
described previously (Kieser et al. 2000) with some modifications. Competent cells of E. coli
ET12567/pUZ8002 (Table 2.1) were transformed with the plasmids to be conjugated into 11-
1-2. A seed culture of the plasmid-containing E. coli ET12567/pUZ8002 strain was prepared
by inoculating a single colony into 5 mL of LB broth containing chloramphenicol and the
plasmid-specific antibiotic(s), after which the culture was incubated overnight with shaking.
Then, 1 mL of the seed culture was sub-cultured into 50 mL of fresh LB broth plus antibiotics
in a 250 mL flask, and the flask was incubated with shaking until the ODgoo reached 0.4-0.6,
as determined using an Implen P300 nanophotometer (Implen, Inc., USA). The cells were
pelleted by centrifugation at 2328 x g for 10 minutes and were washed twice with 50 mL of
fresh LB broth to remove the residual antibiotics. Finally, the E. coli cells were resuspended
in 500 pL of LB broth.

Streptomyces 11-1-2 spores were collected from a 10-day PMA plate culture using
10 mL 2xYT broth (Appendix 1) and were transferred to a 50 mL sterile conical tube. The
spores were pelleted by centrifugation at 2328 x g for 10 minutes and were washed twice
with 5 mL of LB broth. The spores were then resuspended in 500 pL. of LB broth and were
mixed with an equal volume of the plasmid-containing E. coli ET12567/pUZ8002 cell
suspension. The E. coli-Streptomyces mixture was centrifuged at 2328 x g for 10 minutes,

and the supernatant was discarded. The pellet was resuspended in 1 mL of LB broth, and the
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suspension (500 uL per plate) was spread-plated onto two SFM + 10 mM MgCl, plates
(Appendix 1). The plates were incubated for 16-20 h, after which they were overlaid with 1
mL of sterile water containing nalidixic acid (final concentration in the medium 20 pg/mL)
and the appropriate antibiotic to select for the incoming plasmid (final concentration in the
medium 25-50 pg/mL).

A second version of the protocol included a modification to the spore suspension
preparation. The spores from a 10-12 day-old PMA plate culture were collected using 10 mL
of 2xYT broth and were pelleted by centrifugation at 2328 x g for 10 minutes. Then, the
spores were resuspended in 500 pL of 2xYT broth, heat shocked at 50°C for 10 min, and
were cooled to room temperature for 10-15 minutes. The remaining steps of the conjugation
protocol were as described above, except that the E. coli-Streptomyces mixture was also
plated onto YMS and AS-1 (Appendix 1) agar media supplemented with 10 mM MgCl,
(Baltz 1999).

A third version of the protocol included further modifications to the spore suspension
preparation. The spores from a 10-12 day old PMA plate cultured were collected using 5 mL
of pregermination broth medium (Kieser et al. 2000) (Appendix 1) and were pelleted by
centrifugation at 2328 x g for 10 minutes. Then, the spores were resuspended in 10 mL of
pregermination medium and were incubated at 28-30°C with shaking for 4 hours to enable
spore germination. Next, the germinated spores were pelleted by centrifugation at 2328 x g
for 10 minutes, and the pellet was resuspended in 1 mL of LB broth. The remaining steps
were as described above, except that the E. coli-Streptomyces mixture was plated onto GSY

(Wang and Jin 2014) and AS-1 media (Appendix 1).
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A fourth version of the protocol included modifications to the E. coli and spore
suspension preparation. The spores from a 15-18 day old ISP-4 plate were collected using 5
mL of 2xYT broth and pelleted by centrifugation at 2328 X g for 10 minutes. Then, the spores
were resuspended in 500 pL of 2XYT broth. The plasmid-containing E. coli
ET12567/pUZ8002 strain was prepared from a seed culture as previously described but it
was grown until the ODsoo reached 0.6. The cells were pelleted by centrifugation at 2328 x
g for 10 minutes and were washed twice with a total of 30 mL of fresh LB broth to remove
the residual antibiotics. Finally, the E. coli cells were resuspended in 500 puL of LB broth.
The spores and E. coli cells were mixed together by pipetting up and down until

homogeneous, and the mixture was plated onto SFM containing 20 mM of MgCl..

When potential exconjugants were obtained, the colonies were transferred into a fresh
ISP-4 containing nalidixic acid and the selection antibiotic, and the plates were incubated at

28-30°C for 5-7 days.

2.1.12.2 Intergeneric conjugations using Streptomyces mycelia

The E.coli-Streptomyces sp. 11-1-2 intergeneric conjugations were also attempted
using mycelia of 11-1-2 instead of spores, and the protocol used was adapted from a
previously published method (Du et al. 2012). The 11-1-2 mycelia were prepared by
inoculating 5 mL of SM liquid medium (Appendix 1) with 100 uL of a glycerol spore stock
and incubating the culture for 2, 3, and four days at 28-30°C with shaking in a 25 mL spring
flask. The mycelia were collected by centrifugation at 2328 x g for 10 minutes and were
washed once with an equal volume of sterile 10% v/v glycerol and twice with 2xYT broth,
vortexing strongly each time. Finally, the mycelia were resuspended in 500 puL of 2xYT

broth.
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The E. coli ET12567/pUZ8002 strain cells were prepared as described in Section
2.1.11.1, except that 10 mM MgCl, was added to the LB broth at all steps.

The prepared E. coli cells were mixed with the 11-1-2 mycelia, and the mixture was
centrifuged at 2328 x g for 10 minutes. Most of the supernatant (400—600 puL) was removed,
and the cells and mycelia were resuspended in the remaining liquid. The suspension was
spread-plated onto a single SFM + 20 mM MgCl, agar plate, and the plate was incubated at
28°C for 20-24 hours. Following incubation, the plate was overlaid with 1 mL of sterile water
containing nalidixic acid (final concentration in medium was 20 pg/mL) and the appropriate
antibiotic to select for the incoming plasmid (final concentration in medium 25-50 pg/mL).

A second version of the protocol included two modifications. First, the amount of
E. coli used for the conjugation was adjusted based on the ODsoo of the culture. Thus, the
mycelia were mixed with 1x10% E. coli cells per plate (Du et al. 2012). The second
modification involved using GSY + 60 mM MgCl, + 60 mM CaCl, agar medium for plating
the E. coli-Streptomyces mixture. The remaining steps of the conjugation protocol remained

unchanged.
2.1.13 Electroporation of DNA into Streptomyces sp. 11-1-2

Introduction of DNA into Streptomyces sp. 11-1-2 was attempted using mycelial
electroporation. The protocol used was adapted from a previously published method
(Hamano et al. 2006). The mycelia were prepared by inoculating 500 uL of a 1x10'° CFU/mL
glycerol spore stock into 50 mL of SLB or SM medium (Appendix 1) and then incubating
overnight with shaking. The mycelia were collected by centrifugation at 2328 x g for 10
minutes and washed twice with 10 mL of ice-cold sterile water, after which they were

resuspended in 1 mL of'ice-cold 10% v/v glycerol. Then, 100 puL of the suspension was mixed
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with 1 pg of plasmid DNA obtained from E. coli ET12567-transformed cells, and the mixture
was transferred to a cold electroporation cuvette (inter-electrode distance = 0.1 cm, Bio-Rad,
USA). The mixture was subjected to a single voltage shock using a Gene Pulser Xcell (Bio-
Rad, Canada) with the following settings: 100 €, 25 uF, and 1.8 kV. Immediately after the
shock, 250 puL of SLB medium was added, and the suspension was transferred to a fresh 1.5
mL tube. The suspension was incubated at 30°C with shaking for 8 hours, and then it was
plated onto a YMS plate with the appropriate antibiotic and was incubated for a week at

30°C.

2.1.14 Preparation and transformation of Streptomyces protoplasts

Streptomyces sp. 11-1-2 protoplasts were prepared and transformed following a
previously published method (Kieser et al. 2000). The protoplasts were prepared by adding
0.1 mL of a spore suspension to a 125-mL spring flask containing 25 mL of YEME medium
(Appendix 1) and incubating with shaking at 30°C for three days. The culture was then
transferred to a sterile 14-mL round bottom tube and the mycelia were pelleted by two rounds
of centrifugation at 1000 x g for 10 minutes. The supernatant was discarded, and the pellet
was resuspended in 14 mL of 10.3% w/v sucrose by tapping the tube on the side, followed
by centrifugation as described above. The wash with 10.3% w/v sucrose was repeated once
more, and then the mycelia were resuspended in 4 mL of lysozyme solution (I mg/mL)
prepared in P buffer (Appendix 1). The mixture was incubated at 30°C for 1 hour, with gentle
mixing every 15 minutes. After the incubation, the mycelia were drawn in and out three times
using a sterile 5 mL pipette with a cotton plug, and the mixture was incubated for another 15
minutes. Then, 5 mL of P buffer were added, and the mycelia were drawn in and out three

times as before and incubated further for 15 minutes. The protoplast solution was filtered
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through a sterile syringe and cotton plug into a new sterile 14-mL round bottom tube. The
protoplasts were sedimented by centrifugation at 1000 x g for 7 minutes, the supernatant was
decanted, and the protoplasts were resuspended in the remaining drop of liquid by gently
tapping on the side of the tube. Once the pellet was dispersed, 5-10 mL of P buffer was added,
and the protoplasts were ready for storage. To store them, 1 mL of the suspension was
transferred to sterile 1.5 mL tubes, and then the tubes were placed on ice in a beaker, and the
beaker was placed at -80°C overnight. The next day, the tubes were removed from the ice
and kept at -80°C.

To transform the protoplasts, ~1-2 pg of the plasmid DNA, previously extracted from
E. coli ET12567, was added to TE buffer for a final volume of 10 pL. Then, 2 pL of 1M
NaOH were added to the solution and incubated at 37°C for 10 minutes. Finally, the DNA
was placed on ice, and 2 pL of 1M HCI were added to the solution. Additionally, non-
denatured plasmid DNA was used to attempt protoplast transformation. The DNA was added
to a final volume of 10 pL in TE buffer in this case.

If required, the protoplast tubes were thawed quickly under running tap water until
no ice was visible. The protoplasts were then pelleted by centrifugation at 700 x g for 7
minutes at room temperature. At the same time, 3 mL of P buffer were added to 1.2 g of
sterile PEG 1000 in a screw-cap tube. After centrifugation, the supernatant was removed, and
the protoplasts were resuspended in the remaining drop of liquid by tapping on the side of
the tube. The DNA was added to the protoplast tube, and then 0.5 mL of the PEG 1000/P
Buffer solution was immediately added, and the contents were mixed by pipetting up and
down once. Less than 3 minutes later, 5 mL of P buffer were added to the tube, and the

protoplasts were pelleted by centrifugation as described above. The supernatant was
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discarded, and the pellet was resuspended in the remaining drop of liquid. Finally, 400 pL of
P buffer was added to the protoplast suspension, and 100 pL of this was spread-plated per
R2YE plate (Appendix 1). The plates were incubated for 16-20 hours at 28°C. Then, the
plates were overlaid with 1 mL of an antibiotic solution to select for the incoming plasmid,

and the plates were further incubated for 2 weeks until Streptomyces colonies were visible.
2.2 DNA Procedures
2.2.1 Plasmids

Plasmids used in this study are listed in Table 2.2.

Table 2.2. Plasmids used in this study.

Plasmid Description* Resistance Reference
or Source
pCR™.
Blunt II- Cloning vector for PCR products Kanamycin Invitrogen
TOPO®
Template for amplification of the . (Gust et al.
plI773 [ApraR+oriT] cassette Apramycin 2003a)
1110700 Template for amplification of the Hygromycin, | (Gust et al.
P [HygR+oriT] cassette Ampicillin 2003a)
pGEM- Template for amplification of the Kan® Kanamvein (Cheng
neo 5 cassette Y 2018)
. . . (Bierman
pSET152 Integrative Streptomyces cloning vector Apramycin et al. 1992)
pCR™.Blunt II-TOPO® containing the 11- Kanamvein
pGDC1 | 1-2 gdmAI flanking regions + [Apra®+oriT] yern, This study
Apramycin
cassette
pCR™.Blunt II-TOPO® containing the 11- Kanamvein
pGDC2 1-2 nigAI flanking regions + [Hyg"+oriT] yem, This study
Hygromycin
cassette
pCR™.Blunt II-TOPO® containing the 11- Kanamvein
pGDC3 1-2 sigJ flanking regions + [HygR+oriT] yen, This study
Hygromycin
cassette
pCR™.-Blunt II-TOPO® in which the Kan®
was replaced by [Apra®+oriT] and also Apramycin, .
pGDC4 contains the 11-1-2 nigAI flanking regions + Kanamycin This study
Kan® cassette
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pCR™.Blunt I[I-TOPO® containing the 11- Kanamvein
pGDC5 1-2 sigJ flanking regions + [Apra®+oriT] yem, This study
Apramycin

cassette
pCR™.Blunt I[I-TOPO® containing the 11- Kanamvein
pGDC6 1-2 nigR flanking regions + [Apra®+oriT] yeu, This study
cassette Apramycin

* Aprak= Apramycin resistance; Hyg? = Hygromycin resistance; Kan® = Kanamycin resistance

2.2.2 Primers

The primers used for this study are listed in Table 2.3. Primers were purchased from
Integrated DNA Technologies (IDT; USA) and were purified by standard desalting. The

annealing  temperatures were estimated using the NEB Tm calculator

(https://tmcalculator.neb.com/).

Table 2.3. Primers used in this study.

Orientation .
Primer and Annealing
Sequence (5' 2 3")* Use . . temperature
code restriction C)
site*
ApraR | TCGATGGGCAGGTAC | Detection of the
For TTCTC apramycin Forward
resistance gene 64
Detection of the
ApraR | ACCGACTGGACCTTC .
Rev CTTCT apramycin Reverse
resistance gene
Amplification of
[Apra®+oriT] and
R .
GDCo3 | GCGCAATATTATTCC c[iz,égt e Of'ﬂ Forward with 6
GGGGATCCGTCGACC Sspl
plJ773 and
plJ10700,
respectively
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Amplification of
[ApraR+oriT] and

R .
GDCo4 | GCGCAATATTTGTAG c[izegt t;"ti;’ O?n Reverse with
GCTGGAGCTGCTTC Sspl
plJ773 and
plJ10700,
respectively
Amplification of
CTCTAGGGCGTCCAC | the 11-1-2 nigdl
GDC25 ATCG downstreari Forward
flanking region
Amplification of 38
ATATAATATTCCTCA the 11-1-2 nigdl | Reverse with
GDC26 | TGGCGAACGAAGAG
A downstream Sspl
flanking region
Amplification of
GDC27 ATATAATATTGCTCC | the 11-1-2 nigdl | Forward with
GGATTGATGATCGGT | upstream flanking Sspl
region 62
Amplification of
TGGTGATTCAGGGCT | the 11-1-2 nigdl
GDC28 TGTGG upstream flanking Reverse
region
Sequencing of
nigAl
downstream
GDC29 GCTGATGCCGAAGA flanking region Forward
ACGC SO
and screening in
E. coli colony
PCR 60
Sequencing of
nigAI upstream
CGTTCGATCAGCAGA | flanking region
GDC30 TCCGT and screening in Reverse
E. coli colony
PCR
Amplification of
the 11-1-2 gdmAI
CGATGTTGGACTTGA downstream
GDC33 TGGAG flanking region Forward
and E. coli colony 62
PCR
ATATAATATTAGATG tﬁén lpllifli-c2a tl(;r;a?élf] Reverse with
GDC34 | GCGAATGACGAAAA &
G downstream Sspl

flanking region
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Amplification of

GDC35 ATATAATATTCGGG | the 11-1-2 gdmAI | Forward with
AGAGAAAGCTCGAA | upstream flanking Sspl
region 62
Amplification of
GCGGAATTCCCAGTC | the 11-1-2 gdmAIl
GDC36 GTAAG upstream flanking Reverse
region
Sequencing of
gdmAI upstream
GDC38 GOCCGAAGACCCCTT flanking region Reverse 62
GTT .
and E. coli colony
PCR
Sequencing of
gdmAl
GAGGTTCTCCAGGTT downstream
GDC4l CCAGC flanking region Forward 62
and E. coli colony
PCR
Amplification of
ATGTCCTGGGCATCA | the 11-1-2 nigR
GDC42 CGATC upstream flanking Forward
region 65
Amplification of
GDC43 ATATAATATTGAAGT | the 11-1-2 nigR | Reverse with
GCCCGTGGTGTTTTC | upstream flanking Sspl
region
AIATAATATTTGTIC ?}?;13111{110_312'[12? ;)Qf Forward with
GDC44 | CCGCATGAGGAAGA &
C downstream Sspl
flanking region 63
Amplification of
GTCGTCAGATAGGA | the 11-1-2 nigR
GDC45 GGCGAA downstreanﬁr Reverse
flanking region
Sequencing of
GDC46 COTCCGATCTTGTCC nigCIR upstrgam Forward 62
GTTCT . :
flanking region
Sequencing of
GDC47 GTGAGCATACGGAC ni gquownsﬁeam Reverse 62
CTCCTG . .
flanking region
Amplification of
CCTGTGTGGGAGAGC | the 11-1-2 sigJ
GDCSI AGATC upstream ﬂankging Forward 65

region
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Amplification of

ATATGCTAGCCAGC the 11-1-2 sigJ | Reverse with
GDC52 | TCTGCCATGTCCTGA S8 verse W
T upstream flanking Nhel
region
ATATGCTAGCATCA ‘?lﬁplhlfi“ﬁ‘gor? f}f Forward with
GDC53 | CCGTCACATCTGGAG 518 orware wi
C downstream Nhel
flanking region 65
Amplification of
GDC54 AGCATGCTGACCGTG | the 11-1-2 sigJ Reverse
GAG downstream
flanking region
Sequencing of
GDC55 AGACCAGGGCCAGA sigJ upstream Forward 63
GTGATC . .
flanking region
Sequencing of
GDC56 AGCCTCTTGTGCAGT sigJ downstream Reverse 63
TCAGC . .
flanking region
Amplification of
[ApraR+oriT] and
R .
ATATGCTAGCATTCC | WY& roriTl g ard with
GDC59 cassettes from
GGGGATCCGTCGACC Nhel
plJ773 and
plJ10700,
respectively 69
Amplification of
[ApraR+oriT] and
R .
apcso | ATATGCTAGCTGTA C[gzegt oo Ofr]n Reverse with
GGCTGGAGCTGCTTC Nhel
plJ773 and
plJ10700,
respectively
Sequencing of
GCTGGAACCTGGAG gdmAl
GDC61 AACCTC downstream Reverse 62
flanking region
Sequencing into
GDC62 AACAAGGGGTCTTCG gdmAI upstream Forward 62
GCC . .
flanking region
Sequencing of
GDC63 GCGTTCTTCGGCATC nigAl Reverse 61
AGC downstream
flanking region
Sequencing of
ACGGATCTGCTGATC .
GDCo64 GAACG nigAIl upstream Forward 62

flanking region
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Sequencing of

GDC65 AGAACGGACAAGAT nigR upstream Reverse 62
CGGACG . :
flanking region
Sequencing of
GDC66 CAGGAGGTCCGTATG nigR downstream Forward 62
CTCAC . .
flanking region
Sequencing of
GDC67 GATCACTCTGGCCCT si;J upstreim Reverse 63
GGTCT . .
flanking region
Sequencing of
GDC68 GCTGAACTGCACAA sigJ downstream Forward 63
GAGGCT . .
flanking region
Amplification of
CACCACACCCAGATG | the 11-1-2 nigdl
GDC69 AGACA downstreari Forward
flanking region 64
Amplification of
GDC71 ATATAATATTGTCGA | the 11-1-2 nigdl | Reverse with
GTACCTCAAGCGTGT downstream Sspl
flanking region
Sequencing of
CGATGTGGACGCCCT nigAl
GDC72 AGAG down§ tream Reverse 61
flanking region
Amplification of
the [Hyg®+oriT]
GTGCGATATGAGATC cassette for
ATGGGACCTCTCCGG | replacement of
GDCT5 | GTGGTAGAAATTCCG | the 11.1.2 nigk | Forward
GGGATCCGTCGACC gene via
REDIRECT PCR
targeting 55
Amplification of
the [Hyg®+oriT]
TCATGCGGGAACATG cassette for
CAGTTCCAGCCGGTC | replacement of
GDCT6 | T CCGAGGTTGTAGG | the 1112 nigk |  REVETse
CTGGAGCTGCTTC gene via
REDIRECT PCR

targeting
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Amplification of
the [Apra®+oriT]
ATGATTGAACAAGAT re‘;‘zzzgfefffo ]
GGATTGCACGCAGGT :
GDC92 | TeTCCcGGCCATTCCG ;hgé‘fﬁf;%jgfﬁ‘f Forward
GGGATCCGTCGACC TOPO® via
REDIRECT PCR
targeting 55
Amplification of
the [Apra®+oriT]
TCAGAAGAACTCGTC re;?:izgfeg‘fo ]
AAGAAGGCGATAGA :
GDE3 | AGGCGATGCGTGTA ;hgé‘fﬁﬁﬁjgfﬁ? Reverse
GGCTGGAGCTGCTTC TOPO® via
REDIRECT PCR
targeting
Amplification of
GDC94 GCGCAATATTCCGCC | the KanR gene | Forward with
TCGGCCTCTGAGCTA | from pGEM-neo Sspl
> 69
GCGCAATATTATCCC | Amplification of .
GDC95 | CGCGCTGGAGGATC the Kan™ gene Reverse with
A from pGEM-neo Sspl
5
*Restriction sites are in bold and non-homologous sequences are underlined

2.2.3 Polymerase Chain Reaction (PCR)

PCR was routinely performed using a C1000™ Thermal Cycler (Bio-Rad, Canada).
Tables 2.4 and 2.5 provide the reaction conditions used with Phusion® High-Fidelity DNA
Polymerase and Standard Taq DNA Polymerase (New England Biolabs, Canada),

respectively. The cycling conditions were performed as per manufacturer’s protocol.
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Table 2.4. PCR protocol for cloning products and colony PCR using Phusion DNA
polymerase.

Component 50 pl Reaction  Final Concentration
5% Phusion GC Buffer 10 1x
10 mM dNTPs 1 200 uM
10 uM Forward Primer 2.5 0.5 uM
10 uM Reverse Primer 2.5 0.5 uM
Template DNA 50-100 ng 50-100 ng
DMSO (100% v/v) 2.5 5%
Phusion DNA Polymerase 0.5 1.0 units/50 L. PCR
Nuclease-free water To 50 uL

Thermal cycling conditions:
Initial denaturation step: 98°C, 30 s (3 min for genomic DNA)
Then 30-35 cycles of:
Denaturation: 98°C, 10 s
Annealing: 60-68°C, 30 s
Extension: 72°C, X s (30 s/kb)
Final extension: 72°C, 5 min
Hold: 4°C

Table 2.5. PCR protocol for REDIRECT and colony PCR using Taq DNA polymerase.

Component 50 pl Reaction  Final Concentration
10x Standard Taq Buffer 5 1x
10 mM dNTPs 1 200 uM
10 uM Forward Primer 1 0.2 uM
10 uM Reverse Primer 1 0.2 uM
Template DNA 50-100 ng 50-100 ng
DMSO (100% v/v) 1 2%
Taq DNA Polymerase 0.25 1.25 units/50 uL PCR
Nuclease-free water To 50 uL

Thermal cycling conditions:
Initial denaturation step: 95°C, 30 s (3 min for genomic DNA)
Then 30-35 cycles of:
Denaturation: 95°C, 30 s
Annealing: 55°C, 30 s
Extension: 68°C, X s (1 min/kb)
Final extension: 68°C, 5 min
Hold: 4°C
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Colony PCR was performed to confirm the presence of newly ligated genes in
plasmids that were transformed into E. coli. Single colonies were transferred to a PCR tube
containing 10 uL of HPLC-grade water and mixed by pipetting up and down. Two microliters
were transferred to a new LB plate with the appropriate antibiotic and incubated overnight at
37°C, while the remaining 8 uL were used as a template for PCR under the conditions
described in Table 2.5. The PCR products were visualized using agarose gel electrophoresis

as described below.

Colony PCR for Streptomyces was performed by streaking colonies with a sterile
wooden toothpick onto a SLB plate with antibiotics as required. The plate was incubated for
two days at 28°C, after which one to three colonies were transferred to a sterile 1.5 mL tube
containing 20 pL of sterile water. The colonies were crushed with a sterile pipette tip and
then incubated at 100°C for 10 minutes. After incubation, the samples were centrifuged at
16873 x g for 5 minutes. The supernatant was transferred to a fresh tube and 2.5 pL were
used as a template for PCR under the conditions described in Table 2.4. The PCR products

were visualized using agarose gel electrophoresis as described below.

2.2.4 Gel electrophoresis and gel extraction

Gel electrophoresis was performed using 0.8-1% w/v agarose gels prepared with 1x
Tris Base-Boric Acid-EDTA (TBE) buffer when required. The gels were run at 8-10 V/cm,
depending on the length of the gel, from 50-80 minutes using a VWR 300V power source
(VWR International, Canada). The gel was then stained in an ethidium bromide solution (2.0
pg/mL in 1x TBE buffer) for 20-25 min, followed by a destaining step in 1x TBE buffer for
15-20 min. For visualization, the gel was exposed to UV light and photographed using a
GelDoc38It® TS2 310 Imager (UVP Analytik Jena, USA).
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The electrophoresis and staining/destaining steps were the same for gel extraction.
After the destaining, gels were placed on a UV transilluminator, and the bands of interest
were excised using a scalpel, transferred to a new 2 mL microcentrifuge tube, and stored at -
20°C until ready for purification.

DNA purification was done using the Monarch® DNA Gel Extraction Kit (New

England Biolabs, Canada), following the manufacturer’s protocol.

2.2.5 Restriction enzyme digestion of DNA

Plasmids and PCR-amplified DNA (500-1000 ng) were digested as required using
various restriction enzymes (New England Biolabs, Canada) in a total reaction volume of 25
or 50 pL. Digests were conducted following the manufacturer’s protocol, except that the
incubation time varied from 1 hour to overnight.

Digestion of plasmids for ligation of PCR products included dephosphorylation with
Quick CIP (New England Biolabs, Canada) to prevent re-ligation. The Quick CIP was added
near the end of the plasmid digestion, incubated, and heat-inactivated as per the

manufacturer’s guidelines.

2.2.6 DNA ligation

Digested PCR products were ligated together using the T4 DNA Ligase system (New
England Biolabs, Canada) following the manufacturer’s protocol. In some instances, the
addition of 10 mM ATP was required. The mixture was incubated at room temperature
overnight and then heat-inactivated at 65°C for 10 minutes. The entire reaction mixture was
subjected to gel electrophoresis, and the DNA band with the expected size was excised and
purified as described above (Section 2.2.4). The purified ligated PCR products were then

ligated into the pCR™-Blunt II-TOPO® plasmid (Table 2.2) using the Zero Blunt® TOPO®
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PCR Cloning Kit (Invitrogen, USA) following the manufacturer’s instructions, except that
the incubation time was increased from 5 minutes to 30 minutes. The ligation reactions were
used to transform chemically competent E. coli DH5a cells, as described in Section 2.1.5.
The ligation of antibiotic cassettes into plasmids with a single restriction enzyme was
performed by digestion and dephosphorylation of the plasmid as described in Section 2.2.5,
followed by ligation of the plasmid and antibiotic cassette using the T4 DNA Ligase system
(New England Biolabs, Canada) with 1:2 or 1:3 vector:insert ratios. The ligation reaction
was used to transform chemically competent E£. coli DH5a cells, as described before (Section

2.1.5).

2.2.7 Construction of gene deletion plasmids for Streptomyces sp. 11-1-2

To delete the gdmAI, nigAl, and sigJ genes from the 11-1-2 genome, 1-1.5 kb regions
upstream and downstream of each target gene were amplified by PCR using primers
containing engineered restriction sites (Table 2.3). The products for each amplification were
gel-extracted, digested with the desired restriction enzyme, and then ligated together. Next,
the newly ligated products were cloned into the pCR™-Blunt II-TOPO® plasmid, and clones
obtained were screened for the presence of the correct insert by restriction digestion. Colonies
were screened for the correct insert using colony PCR and plasmid DNA digestion as
previously described; colonies showing the expected results were then prepared and sent for
Sanger sequencing at The Center for Applied Genomics (TCAG) at the University of
Toronto. Plasmids without mutations were digested with the appropriate restriction
enzyme(s), dephosphorylated, and gel-extracted, then ligated to the desired antibiotic
resistance cassette previously digested with the same restriction enzyme. The new ligated

plasmid was then transformed into chemically competent E. coli DH5a cells. Colonies were
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screened for the correct insert using colony PCR and plasmid DNA digestion; colonies
showing the expected results were then prepared and sent for Sanger sequencing to confirm
the integrity of the sequence and directionality of the insert. Finally, glycerol stocks of the
sequenced colonies were prepared as described above (Section 2.1.1, Table 2.2).

For construction of plasmids for the deletion of nigR and nigAl, the Redirect PCR
targeting method was used (Gust et al. 2004). For nigR, the gene of interest and
approximately 1 kb upstream and downstream were PCR-amplified and ligated into the
pCR™.Blunt II-TOPO® plasmid using the Zero Blunt® TOPO® PCR Cloning Kit
(Invitrogen, USA), and was then transformed into E. coli DH5a cells as previously described.
The presence of the insert was verified by DNA digestion, and the sequence integrity was
confirmed by Sanger sequencing at the TCAG facility. The selected plasmid was then
transformed by electroporation into competent E. coli BW25113/plJ790 cells, prepared as
described in Section 2.1.4. The [Apra®+oriT] cassette was amplified using plJ773 as template
and the primers GDC75 and GDC76, which contain a 39-nucleotide extension that is
homologous to the target gene. The cassette was amplified, gel-extracted, and purified as
described in Sections 2.2.3 and 2.2.4.

The Redirect PCR targeting protocol was followed with some modifications. The
volume of SOB used for the culture was 50 mL instead of 10 mL. L-arabinose was added to
the medium to promote the expression of the red genes (final concentration: 10 mM) at the
time of inoculation and again after 2 hours of incubation. Following the electroporation, the
cells were mixed with 1 mL of ice-cold SOC medium instead of LB. The cells were then
plated onto LB agar + kanamycin + apramycin and incubated for 16-20 hours at 37°C to

promote the loss of the plasmid plJ790.
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Following the incubation period, colonies with a relatively larger size were diluted in
10 pL of sterile distilled water, from which 8 pL were used for colony PCR using primers
ApraR For and ApraR Rev, and the remaining 2 pL. were transferred to a new LB agar +
kanamycin + apramycin and incubated overnight at 37°C. Colonies showing the expected
PCR product after gel electrophoresis were grown overnight at 37°C in liquid culture for
plasmid extraction. The plasmids with the desired insert were used to transform E. coli DH5a
cells and then prepared and sent for Sanger sequencing. Plasmids with the expected insert
were kept for further work (Table 2.2).

The Redirect process was also used to change the kanamycin resistance gene in the
plasmid pGDC2 backbone for the [Apra®+oriT] cassette from plJ773. The sequenced
plasmid containing the flanking regions to the 11-1-2 nigAl and lacking [HygR+oriT] was
used to transform E. coli BW25113/plJ790 by electroporation, as described above. Primers
GDC92 and GDC93, which contain a 39-nucleotide section homologous to the kanamycin
resistance gene, were used to amplify the [Apra®+oriT] cassette from plJ773.

The E. coli BW25113/plJ790 + pGDC2 cells were prepared for a second
electroporation with the same modification described above in this section, and the cells were
plated on LB + apramycin and were incubated for 16-20 hours at 37°C, which promotes the
loss of the plasmid plJ790. Following the incubation period, colonies with a relatively larger
size were diluted in 10 pL of sterile distilled water, from which 8 pL. were used for colony
PCR using primers ApraR For and ApraR Rev, and the remaining 2 pL. were transferred to a
new LB agar + apramycin and incubated overnight at 37°C. Colonies showing the expected
PCR product after gel electrophoresis were grown overnight at 37°C in liquid culture for
plasmid extraction. The plasmids with the desired insert were used to transform E. coli DH5a

cells and then extracted again. Plasmids with the expected insert were then used to ligate the
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kanamycin resistance gene (which was amplified from pGEM-neo 5 using primers GDC94
and GDC95; see Table 2.3) into the Sspl restriction site located in between the nigA/ flanking
regions. The plasmid was then transformed into E. coli DH5a, and cells presenting resistance
to kanamycin were then prepared for plasmid extraction and glycerol stocks. To confirm the
directionality of the cassette, the plasmid was digested with the appropriate restriction
enzymes. Plasmids with the desired fragmentation pattern were kept for further work (Table

2.2).
23 Metabolomics analysis
2.3.1 Organic extraction of Streptomyces sp. 11-1-2 cultures

Culture extracts were prepared from whole or half plate cultures of 11-1-2 grown on
various agar media as described in Section 2.1.7. Following incubation, the agar was cut into
small pieces using a sterile pipettor tip, and the pieces were transferred to a clean 250 mL
glass flask or a 50 mL plastic conical tube. If not immediately processed, the agar pieces
were stored at -80°C in glass test tubes or 50 mL conical tubes. ACS grade ethyl acetate or
methanol (20 mL) was added to each vessel, and the contents were mixed and left to incubate
at room temperature overnight. If the agar pieces had previously been stored at -80°C, they
were first thawed at room temperature before addition of the organic solvent. Following
incubation, the extracts were filtered using Whatman® #1 filter paper (GE Healthcare Life
Sciences) and transferred into clean flasks or conical tubes. The remaining agar pieces were
rinsed with 10 mL of fresh solvent, which was subsequently filtered and combined with the
corresponding extract. The solvent was evaporated using a rotary evaporator IKA® RV 10
(IKA Works, USA) or by leaving the flasks uncovered in a fume hood overnight. Methanol
extracts were also subjected to freeze-drying for 3 days using a Labconco Freezone 12 Freeze
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Dryer (Labconco Corp., MO, USA) to remove the remaining aqueous liquid following rotary
evaporation. The dried extracts were resuspended in 1 mL of 50%, 70% or 100% v/v
LC-grade methanol and were stored at -80 °C. Non-inoculated plates of each media were
used as controls in all cases. The control plates were prepared, incubated and used for organic

extraction in identical conditions as the inoculated media.

2.3.2 LC-MS$? analysis for untargeted metabolomics

For untargeted metabolomics, two different methods were used. The first method was
performed at the University of California San Diego using a Thermo Fisher Scientific
Vanquish Ultra High Performance LC System coupled to a Thermo Q Exactive Hybrid
Quadrupole-Orbitrap Mass Spectrometer. Metabolite separation was carried out using a
Scherzo SM-C18 column (2 x 250 mm, 3 pm, 130 A; Imtakt, United States) maintained at
40 °C, and utilizing a mobile phase gradient of water/acetonitrile with 0.1% v/v formic acid.
Mass spectra were recorded in mixed mode following the MS settings. Then, the raw LC-MS?
data files were converted into mzXML format using MSConvert (Chambers et al. 2012) for
further analysis. Both the raw and the converted files are available in the Mass Spectrometry
Interactive Virtual Environment (MassIVE) data repository (massive.ucsd.edu) under the
accession number MSV000086628.

The second method was done at the BioZone Mass Spectrometry Facility in the
University of Toronto using the Thermo Scientific Ultimate 3000 UHPLC coupled to Thermo
Scientific Q-Exactive equipped with a HESI-II probe. Metabolite separation was carried out
using a Thermo Scientific Hypersil Gold C18 column (2.1 x 50 mm, 1.9 pum, 175 A,
equipped with guard column) maintained at 40 °C and utilizing a mobile phase gradient of

water/acetonitrile with 0.1% v/v formic acid. Mass spectra were recorded using fast polarity
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switching. Then, the raw LC-MS? data files were converted into mzXML format and
separated based on their polarity using MSConvert for further analysis. Both the raw and the
converted files are available in the Mass Spectrometry Interactive Virtual Environment

(MassIVE) data repository (massive.ucsd.edu) under the accession number MSV000091858.

2.3.3 Targeted detection of Streptomyces metabolites

2.3.3.1 Geldanamycin

Detection of geldanamycin in culture extracts was performed by reverse-phase high
performance liquid chromatography (RP-HPLC) using an Agilent 1260 Infinity Quaternary
LC system (Agilent Technologies Canada Inc., Mississauga, ON). Extracts (5 pl) prepared
from triplicate cultures were loaded onto a Poroshell 120 EC-C18 column (4.6 x 50 mm, 2.7
um particle size; Agilent Technologies Canada Inc.) held at 40 °C. Metabolites were eluted
using a linear gradient of acetonitrile and water, each containing 0.1% v/v formic acid. The
initial mobile phase consisted of 90% water/10% acetonitrile, and this was held constant for
0.2 min before changing to 0% water/100% acetonitrile over a period of 5.8 min. The mobile
phase was maintained at this concentration for 0.4 min, and was then returned to 90%
water/10% acetonitrile over 0.6 min. The flow rate was held constant at 1 ml/min.
Geldanamycin was monitored using a detection wavelength of 308 nm, and the ChemStation
software version B.04.03 (Agilent Technologies Canada Inc.) was used for data acquisition.
A standard curve was generated using known amounts of a pure geldanamycin standard
dissolved in DMSO (Cayman Chemicals, USA) and was used for metabolite quantification.
To confirm the presence of geldanamycin, LC-MS analysis of mMYM and YMS (£ 50 mM
NAGQG) culture extracts was performed using an Agilent 1260 Infinity LC-6230 TOF LC-MS

system (Agilent Technologies Canada Inc.) with the same column and separation method
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described above. Mass spectra were recorded in negative mode between 100 and 3200 m/z.
Data acquisition was perfomed using Agilent MassHunter version B.08.00 (Agilent
Technologies Canada Inc.) and MestReNova version 14.1.2 (Mestrelab Research S.L.) was

used for data analysis.

2.3.3.2 Nigericin

Nigericin was detected using a modified version of a previously published protocol
(Harvey et al. 2007). Culture extracts were analyzed using an Agilent 1260 Infinity LC-6230
TOF LC-MS system. Extracts (5 pL) from triplicate cultures were loaded onto a Poroshell
120 EC-C18 column (4.6 x 50 mm, 2.7 pm particle size) held at 22°C. The column was
equilibrated in 12% ammonium acetate buffer (20 mM)/88% methanol, and compounds were
eluted using a linear gradient to 100% methanol over 17 minutes at a constant flow rate of 1
mL/min. Mass spectra were recorded in positive mode between 100 and 3200 m/z. Data
acquisition was performed using Agilent MassHunter version B.08.00 (Agilent Technologies
Canada Inc.) and MestReNova version 14.1.2 (Mestrelab Research S.L.) was used for data
analyses. Quantification of nigericin was achieved by generating a standard curve using
known amounts of a pure nigericin sodium salt standard dissolved in methanol (Cayman
Chemicals, USA).

Another protocol for LC-MS detection of nigericin was as described above, except
that a Zorbax SB C-18 column (4.6 x 150 mm, 5 um particle size) was used for the analysis.
The column was equilibrated in 20% ammonium acetate buffer (20 mM)/80% methanol, and
compounds were eluted using a linear gradient to 100% methanol over 22.5 minutes at a

constant flow rate of 1 mL/min.
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2.3.3.3 Elaiophylin

Detection of elaiophylin in culture extracts was performed by RP-HPLC using an
Agilent 1260 Infinity Quaternary LC system. Extracts (5 pL) prepared from triplicate
cultures were loaded onto a Poroshell 120 EC-C18 column (4.6 x 50 mm, 2.7 um particle
size) held at 40 °C. Metabolites were eluted using a linear gradient of methanol and water.
The initial mobile phase consisted of 70% water/30% methanol, and this was held constant
for 0.5 min before changing to 0% water/100% methanol over a period of 15 min. The mobile
phase was maintained at this concentration for 1 min, and was then returned to 70%
water/30% acetonitrile over 1 min. The flow rate was held constant at 1 ml/min. Elaiophylin
was monitored using a detection wavelength of 254 nm, and the ChemStation software
version B.04.03 was used for data acquisition. A standard curve was generated using known
amounts of a pure elaiophylin standard dissolved in DMSO (Cayman Chemicals, USA) and

was used for metabolite quantification.

2.3.3.4 Echoside C

Detection of echoside C in culture extracts was performed by RP-HPLC using an
Agilent 1260 Infinity Quaternary LC system. Extracts (5 pL) prepared from triplicate
cultures were loaded onto a Poroshell 120 EC-C18 column (4.6 x 50 mm, 2.7 pm particle
size) held at 40 °C. Metabolites were eluted using a linear gradient of acetonitrile and water
with 0.1% v/v formic acid in both phases. The initial mobile phase consisted of 95%
water/5% acetonitrile, and this was held constant for 0.5 min before changing to 5%
water/95% acetonitrile over a period of 10 minutes. The mobile phase was maintained at this
concentration for 1 min, and was then returned to 95% water/5% acetonitrile over 1 min. The

flow rate was held constant at 1 mL/min. Echoside C was monitored using a detection
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wavelength of 260 nm, and the ChemStation software version B.04.03 was used for data
acquisition. A known amount of a pure echoside C standard dissolved in DMSO (Chemspace

LLC, USA) was used as a reference.

2.4 Chemoinformatics

2.4.1 Molecular networking

To perform molecular networking, the raw data files were pre-processed using
MSConvert (Chambers et al. 2012) with the recommended parameters (https://ccms-

ucsd.github.io/GNPSDocumentation/fileconversion/). The files were converted into mzXML

files with a 32-bit binary encoding precision and no zlib compression. The Peak Picking filter
was selected with the vendor algorithm for MS-Levels 1-2.

The spectral data obtained were analyzed using Feature-Based Molecular Networking
(FBMN) (Wang et al. 2016; Nothias et al. 2020). The mzXML files were imported and
analyzed using MZmine (version 2.53) (Pluskal et al. 2010; Myers et al. 2017). The
parameters used for the analysis are detailed in Table S2.1. The peak area of each ion in the
feature quantification table was adjusted by subtracting the area from the corresponding
control extract. The spectral summary files (.mgf files) and edited feature quantification
tables (.csv files) were then processed using the FBMN workflow within the GNPS web
platform (https://gnps.ucsd.edu). The parameters of the FBMN analysis are detailed in Table
S2.2. The files were further analyzed using the MolNetEnhancer workflow, which requires
the pre-processing of the molecular networks using the Network Annotation Propagation
(NAP) and the DEREPLICATOR+ workflows, also available in the GNPS web platform (da
Silva et al. 2018; Mohimani et al. 2018; Ernst et al. 2019a). The networks generated were
visualized using Cytoscape (Shannon et al. 2003). To further characterize the results in each
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network, the spectra of compounds without matches to the GNPS reference libraries were
analyzed using MetFrag (Ruttkies et al. 2016), SIRIUS including the CSI:fingerID option
(Diihrkop et al. 2015, 2019a), and BUDDY with no chemical database restriction (Xing et
al. 2023).

The IIMN complement of FBMN was also utilized to analyze untargeted
metabolomics data (Schmid et al. 2021). For this, the mzXML files were imported and
analyzed using MZmine (version 2.37.corrl7.7) (Pluskal et al. 2010). The parameters used
for the analysis are detailed in Table S2.3. The peak area of each ion in the feature
quantification table was adjusted by subtracting the area from the corresponding control
extract. The spectral summary files (.mgf files), edited feature quantification tables (.csv
files) and supplementary edge files (.csv files) were then processed using the FBMN
workflow (Nothias et al. 2020) within the GNPS web platform (https://gnps.ucsd.edu). The
parameters of the FBMN analysis are detailed in Table S2.4. The networks generated were
visualized using Cytoscape (Shannon et al. 2003). To further characterize the results in each
network, the spectra of compounds without matches to the GNPS reference libraries were
analyzed using MetFrag (Ruttkies et al. 2016), SIRIUS, including the CSI:fingerID option
(Diihrkop et al. 2015, 2019a) and BUDDY with no chemical database restriction (Xing et al.
2023). High confidence predictions were determined as those with an estimated FDR value

<0.05 from BUDDY, or matching the formula prediction from both BUDDY and SIRIUS.

2.5 Bioassays

2.5.1 Potato tuber slice assay

To evaluate the production of phytotoxic compounds, a potato tuber slice bioassay
was performed as described before with some modifications (Loria et al. 1995). Whole potato
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tubers were peeled, disinfected in a 15% v/v bleach (Clorox) solution for 10 min, and then
rinsed twice using sterile distilled water. The tubers were then cut into 1-2 cm thick slices,
and four slices were placed into each of three sterile glass Petri dishes (150 mm diameter)
containing sterile filter paper pre-wetted with sterile distilled water. Agar cores (8 mm
diameter) from 14-day old plate cultures of 11-1-2 were placed on top of each slice, and cores
from non-inoculated media were used as controls. When testing organic culture extracts or
pure compounds, sterile 6 mm Whatman® filter disks (GE Healthcare Life Sciences) were
placed onto the tuber slices, and 20 pL of each extract (or 50%, 70%, or 100% v/v methanol)
was added to the center of the disk. For pure compounds, the solutions were prepared to
provide the desired concentrations in a final volume of 20 pL, which was then added to the
centre of the paper disk. The glass plates were sealed with parafilm and incubated in the dark
at room temperature (~22-25°C) for 7-10 days. Following incubation, the tuber slices were

photographed. Each assay was performed twice.

2.5.2 Radish seedling assay

Radish seeds (cv. Cherry Belle; McKenzie Seeds, Canada) were disinfected with 70%
v/v ethanol for 5 min and then with 15% v/v of bleach (Chlorox) for 10 min, after which the
seeds were rinsed 10 times with sterile distilled water. The seeds were then placed into a
sterile deep Petri dish (90 mm diameter) containing pre-wetted sterile filter paper, and they
were incubated in the dark at room temperature (~22-25°C) for 24 hours. Germinated seeds
showing good development were selected and placed into wells of a 6-well tissue culture
plate (two seeds per well). Each well contained 5 mL of sterile water, and 5 uL of each culture
extract or pure compound to the desired concentration was added to three separate wells,

while control wells were treated with 5 pL. of 50%, 70% or 100% v/v methanol or sterile
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water. The tissue culture plates were wrapped with parafilm and were incubated with shaking
(100 rpm) at room temperature (~21-23 °C) under a 16-h photoperiod for five days. The root,
shoot and total seedling length were determined for each treatment, and the outliers (namely,
highest and lowest recorded length per treatment) were removed, resulting in four data points
per treatment. Where indicated, the number of lateral roots was also determined. Each assay

was performed three times in total.

2.5.3 Anthocyanin determination assay

The anthocyanin content of radish seedlings treated with culture extracts or pure
compounds (Section 2.5.2) was evaluated as described by Uppalapati and collaborators
(Uppalapati et al. 2005) with some modifications. Briefly, two representative seedlings per
replicate were dried using a paper towel, weighted, and then transferred to a 2-mL tube. Then,
1 mL of 3M HCI:H2O:methanol (1:3:16) was added to each tube, and the tubes were sealed
with parafilm and covered with foil. The tubes were incubated at 15°C and 110 rpm for 24
hours, after which the solutions were transferred into fresh tubes. An aliquot of 200 puL of
each replicate was transferred into a well of a 96-well plate, and absorbances at 530 and 653
nm (As3o and Ass3) were measured using a Synergy H1 Hybrid Reader (BIOTEK, Winooski,

Vermont, USA). The anthocyanin content was calculated for each extract using the formula

(As30— 0.24A653) '
——— . The assay was performed twice.
fresh weight (g) € assay S perio ed twice

2.5.4 Antimicrobial bioassays

The antimicrobial activity of 11-1-2 agar cores and culture extracts were determined
using different microbial indicator organisms (Table 2.1). Cultures of B. subtilis,

S. epidermidis and P. syringae pv. tomato DC3000 were prepared by inoculating a single
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colony into 10 mL of TSB (Appendix 1), while Saccharomyces cerevisiae cultures were
prepared by inoculating a single colony into 10 mL of YPD broth (Appendix 1). The cultures
were incubated overnight at 28°C (B. subtilis, P. syringae pv. tomato, S. cerevisiae) and 37
°C (8. epidermidis), and then 2 mL of each was added to 200 mL of molten TSA (for bacterial
cultures) or YPD agar (for yeast cultures). The cells were mixed with the melted agar by
swirling, and the agar was then poured into sterile Corning® Square BioAssay dishes (245
mm x 245 mm) and allowed to solidify. Agar cores from 11-1-2 cultures plates, or 6 mm
Whatman® filter disks (GE Healthcare Life Sciences) with 20 pL of 11-1-2 culture extract,
were placed equidistantly onto the bioassay plates, after which the plates were incubated at
the appropriate temperature for 24 hours. The diameter of the zone of inhibition around the
agar core or paper disk was recorded after the incubation period.

When testing for antimicrobial activity against Streptomyces indicator organisms
(Table 2.1), the indicator species were inoculated onto PMA or ISP-4 and were incubated for
10-15 days. The spores and mycelia were then collected using 1.5 mL of sterile water, and
500 pL of the resulting suspension was added to 200 mL of molten TSA. The assay then

proceeded as described above.

2.6 Bioinformatics
2.6.1 Multi-locus species tree

The genome of 11-1-2 was previously sequenced (Bown and Bignell 2017). To
characterize its phylogenetic placement, an Automated Multi-locus Species Tree was created
by submitting the genome sequence to the autoMLST website (Alanjary et al. 2019).
Following the de novo workflow, a concatenated alignment was built using the Fast
alignment mode (MAFFT FFT-NS-2) with 100 genes (Table S2.5), followed by an IQ-TREE
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Ultrafast Bootstrap analysis (1000 replicates). The alignment was manually edited to include
the most relevant plant-pathogenic Streptomyces species and visualized using the R package

ggtree v2.2.4 (Yu et al. 2017).

2.6.2 Genomic analyses

To identify specialized metabolite biosynthetic gene clusters in 11-1-2 and other
Streptomyces species included in the phylogenetic analysis, the genome sequences of these
strains (Table S2.6) were analyzed using antiSMASH 6.0 (Blin et al. 2021) with the default
parameters, or antiSMASH 7.0 (Blin et al. 2023) with all the extra features available.

The 11-1-2 genome was analyzed and compared using the Biosynthetic Gene
Similarity Clustering and Prospecting Engine (BiG-SCAPE) workflow against the MIBiG
database with the default parameters (https://git.wur.nl/medema-group/BiG-SCAPE)
(Navarro-Mufioz et al. 2020). For the large-scale network and phylogenetic analysis of
specific BGCs, 2,136 Streptomycetales genomes (as of November 2022) were downloaded
from the National Center for Biotechnology Information (NCBI) and were processed using
the command-line version of antiSMASH 5.1.2 with the bacterial setting and otherwise
default parameters. Sequence similarity networks and phylogenetic relationships for the
nigericin and geldanamycin BGCs were generated using the BiG-SCAPE workflow with the
default parameters (https://git.wur.nl/medema-group/BiG-SCAPE) (Navarro-Mufioz et al.
2020). Network files were visualized using Cytoscape version 3.8.2 (Shannon et al. 2003),
and the BGCs present within each network were retrieved and compared using Clinker with
default parameters and Clustermap.js. was used to visualize the BGC alignment results
(Gilchrist and Chooi 2021). Further visualization of selected BGCs was performed using the

CAGECAT suite (van den Belt et al. 2023) and Gene Graphics (Harrison et al. 2018).
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2.6.3 Prediction of DasR binding sites

The 11-1-2 genome was uploaded to the PREDetector online tool
(http://predetector.hedera22.com/) and analyzed to predict the presence of DasR binding sites

using the DasR matrix available in the site with the default parameters.

2.6.4 Restriction-methylation systems

Information about the restriction-methylation systems present in the Streptomyces sp.
11-1-2, S. scabiei 87-22 and S. hygroscopicus XM201 genomes was retrieved from the
REBASE database (Roberts et al. 2023). When required, amino acid sequences were aligned
and compared wusing the blastp tool available in the NCBI Blast site

(https://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.6.5 Domain prediction

The identification of domains present in protein sequences of interest was performed
by uploading the amino acid sequences in FASTA format to the InterPro webtool

(https://www.ebi.ac.uk/interpro/search/sequence/).

2.6.6 Sequence alignment

Sequence alignments were performed and visualized using the ClustalW alignment
within the Geneious version 6.1.2 software (Biomatters Inc., Newark, NJ, USA).

2.7 Statistical analyses

The results of the radish seedling bioassays (seedling length and anthocyanin
accumulation) were analyzed using the Student’s t-test function in Microsoft Excel 365, or
an analysis of variance and Tukey’s test using the R package “agricolae”, and visualized

using “ggplot2” and “ggsignif” (Wickham 2016; Ahlmann-Eltze 2019; de Mendiburu 2020).
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The peak areas obtained from RP-HPLC and LC-MS analyses were transformed using the
log1o function and analyzed using an ANOVA paired with Dunnett’s test in Minitab® version
20.4, or ANOVA paired with Tukey’s test as described above. The results were visualized

using R packages “ggplot2”, “ggsignif” and “patchwork™ (Pedersen 2020).
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APPENDIX 1.

Media and buffer recipes

2x YT broth: Tryptone 16 g/L, yeast extract 10 g/L, NaCl 5 g/L.

5X Tris Base-Boric Acid-EDTA buffer (TBE): Tris-base 54 g/L, Boric acid 27.5 g/L,
EDTA-sodium 4.65 g/L.

AS-1: Yeast extract 1 g/L, L-alanine 0.2 g/L, L-arginine 0.2 g/L, L-asparagine 0.5 g/L,
soluble starch 5 g/L, NaCl 2.5 g/L, Na;SO4 10 g/L, agar 20 g/L. Final pH 7.5.

GSY: soluble starch 20 g/L, KNO3 1 g/L, NaCl 0.5 g/L., MgSO04 * 7 H>O 0.2 g/L., KoHPO4
0.5 g/L, FeSO4 * 7 H0 0.01 g/L, yeast extract 1 g/L, agar 15 g/L. Final pH 7.4. Different
CaCl, and MgCl, concentrations were added after autoclaving as required.

International Streptomyces Project Medium 4: ISP-4 powder (BD Difco) 8 g/L.

LB agar: LB Miller (Fisher Scientific) 25 g/L, agar 15 g/L.

LB broth: LB Miller (Fisher Scientific) 25 g/L.

Low salt LB: 1% w/v tryptone, 0.5% w/v yeast extract, 0.25% sodium chloride.

M4: soybean flour 15 g/L, soluble starch 25 g/L, yeast extract 2g/L, agar 20 g/L. Final pH
7.2.

MMM: NH4(SO4) 1g/L, KoHPO4 0.5 g/L, MgSO4 * 7 H20 0.2 g/L, FeSO4 * 7 H20 0.01 g/L,
agar 10 g/L. Final pH 7-7.2. 50 mL of 10% mannitol are added after autoclaving.

mMYM: Maltose 4 g/L, yeast extract 4 g/L, malt extract broth 10 g/L, agar 20 g/L.

NA: nutrient broth (BD Difco™) 8g/L, agar 15 g/L.

Nutrient agar (NA): nutrient broth (Difco) 8 g/L, agar 15 g/L.

OBA: Oat bran 20 g/L, Trace Element Solution 2 mL/L, 15 g/L. Final pH 7.2. The oat bran

is taken to boiling point in water (half of the desired volume), simmered for 20 minutes in a
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microwave, and then let to cool down with stirring for 1 hour. Then, the trace elements are
added, followed by pH adjustment and then the agar is incorporated.

P buffer: sucrose 103 g/L, K2S04 0.25 g/L, MgCl, * 6 H>O 2.02 g/L, trace element solution
2 ml/L in 800 mL of water. Before use, add 10 ml of 0.5% w/v KH2PO4, 100 ml of 3.68%
w/v CaCl * 2 H20 and 100 ml of 5.73% w/v TES buffer (pH 7.2) to complete 1 liter.
PMA: Instant mashed potato flakes 50g/L, agar 20 g/L.

Pregermination broth: yeast extract 10 g/L, Difco casaminoacids 10 g/L, 10 mM CaCl..
R2YE: sucrose 103 g/L, K2SO4 0.25 g/L, MgClz * 6 H2O 10.12 g/L, glucose 10 g/L, Difco
casaminoacids 0.1 g/L in 800 mL of water. Before use, add 10 ml of 0.5% w/v KH2POs, 80
ml of 3.68% w/v CaCl, * 2 H,0, 15 mL of 20% L-proline, 100 ml of 5.73% w/v TES buffer
(pH 7.2), trace element solution 2 ml/L, 50 mL of 10% w/v of yeast extract and 5 mL of 1M
NaOH to complete 1 liter.

SA: soluble starch 10 g/L, L-asparagine 2 g/L, MOPS 21 g/L, MgSO4 * 7 H20 0.6 g/L,
K>HPO4 4.4 g/L, trace element solution 1mL/L, agar 15 g/L Final pH 6.8

SFM agar: soybean flour 20 g/L, mannitol 20 g/L, 1mL/L. Final pH 6.8

SLB media: sucrose 103 g/L, tryptone 10 g/L, yeast extract 5 g/L, NaCl 5 g/L. Final pH 7.0.
SM liquid media: glucose 10 g/L, yeast extract 4 g/L, peptone 4 g/L, KxHPO4 4 g/L, KH2PO4
2 g/, MgSO4 * 7 H20 0.5 g/L, sucrose 103 g/L.

SOB: 2% w/v bacto-tryptone, 0.5% w/v yeast extract, 0.05% w/v NaCl.

SOB*: 2% w/v bacto-tryptone, 0.5% w/v yeast extract, 0.05% w/v NaCl, 2.5 mM KClI
supplemented with 10 mM of MgCl; and 10 mM MgSOy after sterilization.

SOC: 2% w/v bacto-tryptone, 0.5% w/v yeast extract, and 0.05% w/v NaCl supplemented
25 mM KCI with 10 mM of MgClz, 10 mM MgSO4 and 20 mM of glucose after sterilization.

TB Buffer: 10 mM HEPES pH 6.7, 15 mM CacCl,, 55 mM MnCl, 250 mM KCl.
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Trace element solution for SA: FeSO4 * 7H>O 1 g/L, MnCl, * 4H,0 1 mg/L CaCl * 2H,0
1.3 g/L, ZnSO4 * TH,O 1 g/L. The solution is mixed, filter sterilized and stored at 4°C.
Trace element solution for OBA: ZnCl» 40 mg/L, FeCl; * 6H,0 200 mg/L, CuCl, * 2H,0
10 mg/L, MnCl, * 4H>O 10 mg/L, Na;B4O7 * 10H20 10 mg/L, (NH4)sM07024 * 4H,0 10
mg/L.

Trace element solution for P buffer and R2YE: ZnCl; 40 mg/L, FeCls * 6H,0 200 mg/L,
CuCl; * 2H20 10 mg/L, MnCl, * 4H>0 10 mg/L, NaxB4O7 * 10H20 10 mg/L, (NH4)sM07024
*4H,0 10 mg/L.

Tryptic soy agar (TSA): tryptic soy broth (BD Biosciences) 30 g/L, agar 15 g/L.

Tryptic soy broth - starch (TSB-S): tryptic soy broth (BD Biosciences) 30 g/L, soluble
starch 10 g/L.

Tryptic soy broth (TSB): tryptic soy broth (BD Biosciences) 30 g/L.

YEME: yeast extract 3 g/L, bacto-peptone 5 g/L, malt extract 3 g/L, glucose 10 g/L, sucrose
340 g/L. After autoclaving, add MgClz, 5 mM final concentration.

YMS: 0.4% w/v Yeast extract, 0.4% w/v soluble starch (Fisher Scientific, Canada), 1% m/v
malt extract, 10 mM CoCl: * 6H>O (final concentration = 0.021 mM), 2% agar. Final pH 7.2.

YPD: yeast extract 10 g/L, peptone 20 g/L, dextrose 20 g/L. For solid medium, agar 20 g/L.
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Supplementary Tables

Table S2.1. MZmine parameters used to process untargeted metabolomics files for Feature-

Based Molecular Networking.

Parameter FBMN
ID=da29129c08da44719af6cf811a12ec28
Job ID in GNPS ID=cfc2b152c8cb444e80c3a5a21eaf2107

ID=3939fbbf8b9c4e82a8865baa2647dc68
ID=55298dfedf86472496a3cdb88¢098a59

Mass detection

MS1

Scans 1
Mass detector Centroid; 15000
Mass list name masses

Mass detection

MS2

Scans 2
Mass detector Centroid; 1000
Mass list name masses

Chromatogram

builder - ADAP
Scans 5
Mass list masses
Group intensity
threshold 500000
Min height 100000
m/z tolerance 0.02; 10 ppm
Suffix chromatograms

Chromatogram

deconvolution
Suffix deconvoluted

Local Minimum Search: Chromatographic
threshold 10%; Search minimum in RT range
Algorithm (min) 0.1 ; Minimum relative height 30%;
& Minimum absolute height 100000; Min ratio of
peak top/edge 1.0; Peak duration range (min) 0.0-
3.0

m/z center calculation Median
m/z range for MS2 scan
pairing (Da) 0.025
RT range for MS2 scan
pairing (min) 0.15

Isotopic peaks

grouper

Suffix deisotoped
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m/z tolerance 0.01 ; 10 ppm
Retention time

tolerance 0.2
Monotonic shape Checked
Maximum charge 2

Representative isotope

Most intense

Join Aligner

Peak list name Aligned peak lists
m/z tolerance 0.02; 10 ppm
Weight for m/z 80
Retention time
tolerance 0.2
Weight for RT 20
Require same charge
state No
Peak finder
(multithreaded)
Suffix gap-filled
Intensity Tolerance 5%
m/z tolerance 0.02; 10 ppm
Retention time
tolerance 0.2
Peak list rows
filter
Suffix filtered
Minimum peaks in a
row 3
Minimum peaks in an
isotope pattern 2
Peak duration range
(min) 0-3

Keep Or 1r€move rows

Keep all that match criteria

Keep only peaks with

MS2 scan Checked
Reset the peak number

ID Checked
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Table S2.2. Parameters for Feature-Based Molecular Networking in the GNPS platform.

Parameter
Basic options
Precursor lon Mass Tolerance 0.02
Fragment lon Mass Tolerance 0.02
Advanced Network Options
Min pairs Cos 0.7
Min matched fragment ions 6

Any other parameter not included here was used as the default value from the
workflow. The spectra was then compared against the GNPS spectral libraries
and only results with a cosine value equal or higher than 0.7 and at least 6
fragment ions were kept.

Table S2.3. MZmine parameters used to process untargeted metabolomics files for Ion
Identity Molecular Networking.

Parameter TING.2 (2020) I&“ﬁ%ﬁgﬁg;&‘;)
ID=0d9c1a422b544d9ca
. ID=edd7891711114ce6 702919498701dd5
Job ID in GNPS 874f0697fc57883 | TD=1c940e€0450246829
e8d503bee711285
Mass detection
MS1
Scans 1 1
Mass detector 15000 100000
Mass list name masses masses
Mass detection
MS2
Scans 2 2
Mass detector 1000 1000
Mass list name masses masses
Chromatogram
builder - ADAP
Scans 4 4
Mass list masses masses
Group intensity
threshold 500000 500000
Min height 50000 100000
m/z tolerance 0.01; 10 ppm 0.01; 10 ppm
Suffix chromatograms chromatograms
Chromatogram
deconvolution
Suffix deconvoluted deconvoluted
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S/N threshold = 10; min

Local Minimum Search:
Chromatographic
threshold 10%; Search

feature height 50000; minimum in RT range
coefficient/area (min) 0.2 ; Minimum
Algorithm threshold = 60; peak relative height 10%;
duration range = 0.01- Minimum absolute
0.5 min, RT wavelet height 500000.0; Min
range = 0.01-0.1 ratio of peak top/edge
1.0; Peak duration range
(min) 0.0-3.0
m/z center
calculation Median Median
m/z range for MS2
scan pairing (Da) 0.02 0.02
RT range for MS2
scan pairing (min) 0.2 0.2
Isotopic peaks
grouper
Suffix deisotoped deisotoped
m/z tolerance 0.01 ; 10 ppm 0.01 ; 5 ppm
Retention time
tolerance 0.5 0.15
Monotonic shape Checked Checked
Maximum charge 4 4
Representative
isotope Most intense Most intense

Join Aligner

Peak list name Aligned peak lists Aligned peak lists
m/z tolerance 0.01; 10 ppm 0.01; 5 ppm
Weight for m/z 75 75
Retention time
tolerance 0.5 0.25
Weight for RT 25 25
Require same charge
state No No
Peak finder
(multithreaded)
Suffix gap-filled gap-filled
Intensity Tolerance 5% 5%
m/z tolerance 0.01; 5 ppm 0.01; 5 ppm
Retention time
tolerance 0.15 0.2
Peak filter
Suffix N/A filtered
Duration (min) N/A 0-3
# data points N/A 3-10000
Duplicate Peak
filter
Suffix N/A filtered
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Filter mode N/A New average
m/z tolerance N/A 0.001 or 5 ppm
RT tolerance N/A 0.15
Peak list rows
filter
Suffix filtered filtered
Minimum peaks in a
row 2 3
Minimum peaks in
an isotope pattern 2 1
Peak duration range - -
Keep or remove Keep all that match Keep all that match
rows criteria criteria
Keep only peaks
with MS2 scan Checked Checked
Reset the peak
number ID Checked Checked
Metacorrelate
RT tolerance 0.1 0.2
Min height 10000 100000
Noise level 1000 10000
Ch.ecked; min data Checked; min data points
points 3, Min dat‘a 5, Min data points on
Correlation grouping points on edge 2; edge 2; measure
measure PEARSON; PEARSON; min feature
min feature shape shape correlation 85%
correlation 85%
. Chgcked; min data Checked; min data points
Feature height points 3, measure .
correlation PEARSON; min 3, measure PE.ARSON’
) min correlation 70%
correlation 70%
Ion identity
networking
m/z tolerance 0.001; 10 ppm 0.001; 10 ppm
Check ONE FEATURE ONE FEATURE
Min height 100000 100000
Annotation
refinement No No
Positive; max charge 2; Positive; max charge 2;
lon identity library max mol/cluster 2 max mol/cluster 2

Adducts: [M+H]+;
[M+Na]+; [M+NH4]+;
[M+2H]2+;
[M+H+Na]2+

Adducts: [M+H]+;
[M+Nal+; [M+K]+;
[M+NH4]+; [M+2H]2+;
[M+H+Na]2+

Modifications: [M-
H20]; [M-2H20]

Modifications: [M-H2O];
[M-2H20]
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Ion identity library

Negative; max charge 2;
max mol/cluster 2

Negative; max charge 2;
max mol/cluster 2

Adducts: [M-H]-;
[M+CI]-

Adducts: [M-H]-;
[M+CI]-; [M+FA]-

Modifications: [M-

Modifications: [M-H20O];

H20]; [M-2H20] [M-2H20]
Adcl(}zr; ;\iir;i[{ltles m/z tolerance 0.001; 10 ppm 0.001; 10 ppm
Min height 100000 100000
Ion identity library Adducts: [M+H]+; Adducts: [M+H]+;
[M+Na]+; [M+K]+; [M+Na]+; [M+K]+;
[M+NHA4]+; [M+2H]2+; [M+NHA4]+; [M+2H]2+;
[M+Ca]2+; [M+Fe]2+; [M+Ca]2+; [M+Fe]2+;
[M+H+Na]2+; [M+H+Na]2+;
[M+H+NH4]2+; [M- [M+H+NH4]2+; [M-
H+2Na]; [M+Ca-H]J+; H+2Na]; [M+Ca-H]+;
[M+Fe-H]+ [M+Fe-H]+; [M+HFA]-
Add Ion identities
to network m/z tolerance 0.001; 10 ppm 0.001; 10 ppm
Min height 100000 100000
lon identity library | Adducts: [M-H]-; [M- Adducts: [M-H]-; [M-

2H+Na]-; [M+Cl]-;
[M+FA]-

2H+Na]-; [M+Cl]-;
[M+FA]-

Modifications: [M-
H20]; [M-2H20]; [M-
NH3]

Modifications: [M-H2O];
[M-2H20]; [M-NH3];
[M+FA]-
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Table S2.4. Parameters for Ion Identity Molecular Networking in the GNPS platform.

Parameter

Basic options

Precursor Ion Mass Tolerance 0.02

Fragment lon Mass Tolerance 0.02
Advanced Network Options

Min pairs Cos 0.7

Min matched fragment ions 5

Any other parameter not included here was used as the default value from the workflow. The
spectra was then compared against the GNPS spectral libraries and only results with a cosine
value equal or higher than 0.7 and at least 5 fragment ions were kept.
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Table S2.5. Genes used in autoMLST to construct the phylogenetic tree.

Accession

Gene Function Description
number
TIGR00133 gatB Protein synthesis aspartyl/glutarnyl-tRNA(Asn/Gln)
amidotransferase, B subunit
. . aspartyl/glutamyl-tRNA(Asn/Gln)
TIGR00132 gatA Protein synthesis amidotransferase, A subunit
TIGR03953 | rplD_bact Protein synthesis 50S ribosomal protein uL4
TIGRO1959 | nuoF fam Energy metabolism NADH ox1doreductgse (quinone),
- F subunit
. . . 16S rRNA (guanine(527)-N(7))-
TIGR00138 | rsmG_gidB Protein synthesis methyltransferase RsmG
TIGRO1816 sdhA forw Energy metabolism succinate dehydrogengse,
ard flavoprotein subunit
TIGRO1520 FruBisAldo Energy metabolism fructose-bisphosphate aldolase,
I A class II
TIGR00036 dapB Amino acid biosynthesis 4-hydroxy-tetrahydrodipicolinate
reductase
TIGRO1529 argnghol Regulatory functions arginine repressor
TIGR00763 lon Protein fate endopeptidase La
TIGR00447 pth Protein synthesis aminoacyl-tRNA hydrolase
TIGR02692 tiN;tﬁgg Protein synthesis CCA tRNA nucleotidyltransferase
TIGR00331 hrcA Regulatory functions heat-inducible transcription
repressor HrcA
TIGR01049 rpsJ]_bact Protein synthesis ribosomal protein uS10
TIGR01044 | rplV_bact Protein synthesis ribosomal protein ulL.22
TIGRO00338 serB Amino acid biosynthesis phosphoserine phosphatase SerB
TIGR00962 atpA Energy metabolism ATP synthase F1, alpha subunit
TIGRO1127 11VA;n1 Cter Amino acid biosynthesis threonine ammonia-lyase
TIGR01966 | RNasePH Transcription ribonuclease PH
TIGR00459 | aspS bact Protein synthesis aspartate--tRNA ligase
TIGR00754 bfr Transport and binding bacterioferritin
proteins
Purines, pyrimidines, ribonucleoside-diphosphate
TIGR02504 Nrd] Z nucleosides, and reductase, adenosylcobalamin-
nucleotides dependent
GTPase E . . . .
TIGR03594 neA - Protein synthesis ribosome-associated GTPase EngA
TIGR0008S trmD Protein synthesis tRNA (guanine(37)-N(1))-
methyltransferase
TIGRO00855 L12 Protein synthesis ribosomal protein bL12
TIGRO0615 recR DNA metabolism recombination protein RecR
TIGR0024 . -
TIGR00244 4 Regulatory functions transcriptional regulator NrdR
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TIGR01039 atpD Energy metabolism ATP synthase F1, beta subunit
Purines, pyrimidines,
TIGRO1134 purF nucleosides, and amidophosphoribosyltransferase
nucleotides
TIGRO1137 | cysta beta Amino acid biosynthesis cystathionine beta-synthase
TIGR00690 rpoZ Transcription DNA-directed RNA pqumerase,
omega subunit
TIGR01032 | rplT bact Protein synthesis ribosomal protein bL20
TIGR00019 prfA Protein synthesis peptide chain release factor 1
TIGR00012 L29 Protein synthesis ribosomal protein uL29
Biosynthesis of cofactors,
TIGRO1978 sufC prosthetic groups, and FeS assembly ATPase SufC
carriers
TIGR02673 FtsE Cellular processes cell division Agt};galndmg protein
tRNA threonylcarbamoyl
TIGR0O0150 | T6A YjeE Protein synthesis adenosine modification protein
YjeE
TIGRO1389 recQ DNA metabolism ATP'dependgngA helicase
TIGR00090 rsfigg;ap_ Protein synthesis ribosome silencing factor
Biosynthesis of cofactors,
TIGR00554 | panK bact prosthetic groups, and pantothenate kinase
carriers
Purines, pyrimidines, e
TIGR02127 | pyrF_sub2 nucleosides, and orotidine 5"phosphate
nucleotides decarboxylase
TIGRO0096 TIGR0009 Protein synthesis 16S rRNA (cytidine(1402)-2'-O)-
6 methyltransferase
Purines, pyrimidines, . .
TIGRO1302 IMP_dehyd nucleosides, and inosine-5'-monophosphate
rog nucleotides dehydrogenase
Biosynthesis of cofactors .
PLP_synth . ’ pyridoxal 5'-phosphate synthase,
TIGRO3800 _Pdx2 P rosthe‘g;: rﬁre(::p s, and glutaminase subunit Pdx2
TIGR01022 | rpml]_bact Protein synthesis ribosomal protein bL36
TIGRO1021 | rpsE bact Protein synthesis ribosomal protein uS5
TIGR00065 ftsZ Cellular processes cell division protein FtsZ
. signal recognition particle-docking
TIGR00064 ftsY Protein fate protein FtsY
TIGR00060 L18 bact Protein synthesis ribosomal protein uL.18
TIGR00062 L27 Protein synthesis ribosomal protein bL27
TIGRO01394 Typi‘&_Blp Regulatory functions GTP-binding protein TypA/BipA
Purines, pyrimidines, . . .
TIGR00639 PurN nucleosides, and phosphoribosylglycinamide

nucleotides

formyltransferase
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Purines, pyrimidines,

TIGR00302 TIGR0030 nucleosides, and phosphoribosylformyl glycmamldln
2 . e synthase, purS protein
nucleotides
TIGR00431 TruB Protein synthesis tRNA pseudouridine(55) synthase
TIGR00263 trpB Amino acid biosynthesis tryptophan synthase, beta subunit
TIGRO1011 | rpsB_bact Protein synthesis ribosomal protein uS2
imidazole glycerol phosphate
TIGRO1855 IMP_'synth Amino acid biosynthesis synthase, glutamine
hisH ; .
- amidotransferase subunit
TIGR00409 proSI_Ifam_ Protein synthesis proline--tRNA ligase
. Central intermediary .
TIGR03705 | poly P kin metabolism polyphosphate kinase 1
TIGRO1169 | rplA_bact Protein synthesis ribosomal protein ulL 1
Biosynthesis of cofactors, L L .
TIGR00482 TIGR0048 prosthetic groups, and nlcot}nate (nicotinamide)
2 . nucleotide adenylyltransferase
carriers
TIGRO1164 rplP_bact Protein synthesis ribosomal protein uL 16
TIGR01009 | rpsC_bact Protein synthesis ribosomal protein uS3
TIGR00168 infC Protein synthesis translation initiation factor IF-3
TIGR02012 | & fagl—rec DNA metabolism protein RecA
succ_dehyd . succinate dehydrogenase,
TIGR02970 cytB Encrgy metabolism cytochrome b556 subunit
TIGR00086 smpB Protein synthesis SsrA-binding protein
TIGR00048 rRNA_mod Protein synthesis 23S rRNA (adenine(2503)-C(2))-
RImN methyltransferase
Purines, pyrimidines,
TIGR00184 purA nucleosides, and adenylosuccinate synthase
nucleotides
TIGR00166 S6 Protein synthesis ribosomal protein bS6
Purines, pyrimidines,
TIGR02075 | pyrH_bact nucleosides, and UMP kinase
nucleotides
TIGR00651 pta Energy metabolism phosphate acetyltransferase
TIGR00498 lexA Regulatory functions repressor LexA
TIGR03654 L6 bact Protein synthesis ribosomal protein uL6
TIGRO1171 rplB_bact Protein synthesis ribosomal protein ul.2
TIGR00959 fth Protein fate signal recognition particle protein
TIGRO1455 glmM Central 1ntermed1ary phosphoglucosamine mutase
metabolism
TIGRO1071 | rplO_bact Protein synthesis ribosomal protein uL.15
TIGR01073 perA DNA metabolism ATP'dependf,‘;trfNA helicase
TIGR00952 S15 bact Protein synthesis ribosomal protein uS15
TIGR00700 GABAtms Central 1ntermed1ary 4-aminobutyrate transaminase
am metabolism
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TIGR01632 L11 bact Protein synthesis ribosomal protein ulL11
TIGR00461 gcvP Energy metabolism glycine dehydrogenase
Biosynthesis of cofactors,
TIGR00190 thiC prosthetic groups, and phosphomethylpyrimidine synthase
carriers
TIGR00468 pheS Protein synthesis phenylalanine--tRNA ligase, alpha
subunit
Purines, pyrimidines, . . o
TIGRO1736 FGAM sy nucleosides, and phosphoribosylformylglycinamidin
nth II . e synthase II
- nucleotides
Purines, pyrimidines, . . o
TIGR01737 FGAM sy nucleosides, and phosphoribosylformylglycinamidin
nth I . e synthase [
— nucleotides
TIGR01066 | rpIM_bact Protein synthesis ribosomal protein uL13
TIGR0O1067 | rpIN_bact Protein synthesis ribosomal protein uL.14
TIGR01063 gyrA DNA metabolism DNA gyrase, A subunit
TIGRO00580 mfd DNA metabolism transcription-repair coupling factor
TIGR00228 ruvC DNA metabolism crossover junction
endodeoxyribonuclease RuvC
Purines, pyrimidines,
TIGR00670 | asp carb tr nucleosides, and aspartate carbamoyltransferase
nucleotides
TIGR03635 | uS17_bact Protein synthesis ribosomal protein uS17
TIGRO01059 gyrB DNA metabolism DNA gyrase, B subunit
Biosynthesis of cofactors, . ,
TIGR00343 TIGR0034 prosthetic groups, and pyridoxal 5 —phosphgte synthase,
3 4 synthase subunit Pdx1
carriers
TIGR03631 | uS13 bact Protein synthesis ribosomal protein uS13
TIGR03632 | uS11_bact Protein synthesis ribosomal protein uS11
TIGRO1051 | topA_bact DNA metabolism DNA topoisomerase I
TIGRO1050 | rpsS_bact Protein synthesis ribosomal protein uS19
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Table S2.6. Genome accessions used for phylogenetic tree and antiSMASH analysis.

Species name Accession
Nocardiopsis dassonvillei subsp. dassonvillei DSM 43111 CP002040.1
Streptomyces alboflavus NRRL B-2373 JNXT00000000.1
Streptomyces ambofaciens ATCC 23877 CP012382.1
Streptomyces antioxidans MUSC 164 LAKD00000000
Streptomyces autolyticus CGMCCO0516 CP019458
Streptomyces bottropensis ATCC 25435 ARTP00000000
Streptomyces bungoensis DSM 41781 LMWX00000000
Streptomyces caatingaensis CMAA-1322 LFXA00000000
Streptomyces catenulae NRRL B-2342 JODY00000000.1
Streptomyces celluloflavus NRRL B-2493 JOEL00000000
Streptomyces chattanoogensis NRRL ISP-5002 LGKG00000000
Streptomyces corchorusii DSM 40340 LMWP00000000
Streptomyces decoyicus NRRL 2666 LGUU00000000
Streptomyces europaeiscabiei NCPPB-4064 JPPV00000000
Streptomyces fodineus TW1S1 CP017248

Streptomyces himastatinicus ATCC 53653

ACEX00000000.1

Streptomyces hygroscopicus subsp. hygroscopicus NBRC

100766 BCANO00000000
Streptomyces hygroscopicus subsp. hygroscopicus NBRC
16556 BBOU00000000

Streptomyces hygroscopicus subsp. hygroscopicus NRRL B-
1477

JOIK00000000.1

Streptomyces hygroscopicus subsp. hygroscopicus strain

OsiSh-1 MDFG00000000
Streptomyces hygroscopicus XM201 CP018627
Streptomyces iranensis LK022848
Streptomyces leeuwenhoekii C34 DSM 42122 NRRL B-

24963 LN831790.1
Streptomyces luteus TRM 45540 JNFQO00000000
Streptomyces lydicus NRRL ISP-5461 JNZA00000000.1
Streptomyces melanosporofaciens DSM 40318 FNST00000000
Streptomyces niger NRRL B-3857 JOFQO00000000
Streptomyces noursei ATCC 11455 CPO11533.1
Streptomyces ochraceiscleroticus NRRL ISP-5594 JOAX00000000.1
Streptomyces platensis DSM 40041 MIGA00000000
Streptomyces rimosus subsp. rimosus ATCC 10970 CP023688.1
Streptomyces rimosus subsp. rimosus NRRL ISP-5260 JNYR00000000
Streptomyces sp. 11-1-2 CP022545

Streptomyces sp. NBRC 109436

BBON00000000.1

Streptomyces sp. NBRC 110028

BBUZ00000000.1
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Streptomyces sp. PRh5

JABQO01000001

Streptomyces sp. SPMA113

BDFA00000000.1

Streptomyces sparsogenes ATCC 25498

MAXF00000000.1

Streptomyces stelliscabiei strain P3825 JPPZ00000000
Streptomyces turgidiscabies T45 BCMNO00000000
Streptomyces varsoviensis NRRL B-3589 JOFN00000000
Streptomyces violaceusniger NRLL F-8817 LLZJ00000000
Streptomyces violaceusniger Tu 1443 CP002994
Streptomyces violens NRRL ISP-5597 JOBH00000000
Streptomyces viridosporus ATCC 14672 ABYA00000000
Streptomyces yokosukanensis DSM 40224 LMWNO00000000
Streptomyces sp. RTd22 CP015726
Streptomyces bingchenggensis BCW-1 NC 016582
Streptomyces scabiei 87-22 NC 013929

Streptomyces acidiscabies 84-104

AHBF01000001.1
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CHAPTER 3

NIGERICIN AND GELDANAMYCIN ARE PHYTOTOXIC SPECIALIZED
METABOLITES PRODUCED BY THE PLANT PATHOGEN STREPTOMYCES SP.
11-1-2

3.1 Abstract

Streptomyces bacteria are a key source of microbial specialized metabolites with
useful applications in medicine and agriculture. In addition, some species are important plant
pathogens and cause diseases such as potato scab, which reduces the quality and market value
of affected potato crops. Most scab-associated Streptomyces spp. produce the phytotoxic
metabolite thaxtomin A as the principal pathogenicity factor. However, recent reports have
described scab-causing strains that do not produce thaxtomin A, but instead produce other
phytotoxins that are thought to contribute to plant host infection and symptom development.
Streptomyces sp. 11-1-2 is a highly pathogenic strain that was originally isolated from a scab
symptomatic potato tuber in Newfoundland, Canada. The strain secretes one or more
phytotoxic compounds of unknown identity, and it is hypothesized that these compounds
serve as virulence factors for this organism. The genome sequence of Streptomyces sp. 11-1-
2 was analyzed and biosynthetic gene clusters for producing the known herbicidal
compounds nigericin and geldanamycin were found. Phytotoxic culture extracts were
analyzed using liquid chromatography-coupled tandem mass spectrometry and molecular
networking, and this confirmed the production of both compounds by Streptomyces sp. 11-
1-2 along with other, potentially related metabolites. The biosynthesis of both metabolites

was found to be suppressed by the addition of N-acetylglucosamine to the culture medium,
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and pure nigericin and geldanamycin were able to exhibit phytotoxic effects against both
radish seedlings and potato tuber tissue. Furthermore, the coadministration of the two
compounds produced greater phytotoxic effects against potato tuber tissue than
administration of each compound alone. As the biological activity of nigericin and
geldanamycin is vastly different from the proposed activity of thaxtomin A against plants,
the secretion of these compounds may represent a novel mechanism of plant pathogenicity

exhibited by some Streptomyces species.

3.2 Introduction

Members of the genus Streptomyces are widely regarded as one of the main natural
sources of antibiotics and other medically relevant compounds, and they also have an
important role in microbial communities associated with healthy soils and good plant
development (Bakker et al. 2010; Kinkel et al. 2012; Viaene et al. 2016; Rey and Dumas
2017). However, some Streptomyces species are capable of causing plant diseases, of which
scab disease of potato is considered the most important, due to the negative impact on the
quality and market value of the potato crop (Wanner and Kirk 2015; Charkowski et al. 2020).
S. scabiei was the first species to be described as a causal agent of potato scab, although
multiple surveys across the world have resulted in the identification of other relevant species,
including S. turgidiscabies, S. acidiscabies and S. europaeiscabiei (Li et al. 2019c¢).

Like other members of the Streptomyces genus, S. scabiei has the potential to produce
a diverse array of specialized metabolites, but only a few have been determined to exhibit
phytotoxic activity. Thaxtomin A, a 2,5-diketopiperazine, has been shown to be essential for
scab disease development by S. scabiei, thus making it the principal pathogenicity

determinant of this organism, as well as in other closely related species (Lawrence et al. 1990;
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Goyer et al. 1998; Li et al. 2019c). The biosynthesis of thaxtomin A in these species involves
a BGC consisting of seven open reading frames, of which six genes (xtABCDEH) play a
direct role in metabolite production, and one (#xtR) functions as a regulator of metabolite
biosynthesis (Healy et al. 2000, 2002; Joshi et al. 2007; Barry et al. 2012; Li et al. 2019b).
The thaxtomin BGC is highly conserved among scab-causing pathogens (Huguet-Tapia et al.
2016; Zhang et al. 2016b) and is widely used for the detection and quantification of scab
pathogens in soils using polymerase chain reaction (PCR) (Wang and Lazarovits 2004;
Wanner 2006, 2007; Qu et al. 2008; St-Onge et al. 2008). However, recent reports suggest
that Streptomyces spp. that do not produce thaxtomin A are capable of causing scab disease
symptoms on potato tubers, and this has been attributed to the production of other specialized
metabolites with phytotoxic activity. Notably, Streptomyces sp. GK18 produces borrelidin
(Cao et al. 2012), while a S. niveiscabiei strain was shown to produce the polyketide
desmethylmensacarcin (Lapaz et al. 2017, 2018). Moreover, a survey conducted in Central
Europe reported pathogenic isolates missing the #xt4B genes from the thaxtomin BGC,
suggesting that other unidentified factors are responsible for scab development (Pankova et
al. 2012).

A survey conducted in Newfoundland, Canada between 2011 and 2012 (Fyans et al.
2016) reported the isolation of multiple pathogenic Streptomyces strains from scab-infected
potatoes, one of which (Streptomyces sp. 11-1-2, herein referred to as 11-1-2) was found to
produce one or more highly phytotoxic metabolites that were not thaxtomin A or borrelidin
(Fyans et al. 2016). The objective of this research chapter was to further investigate the
phytotoxic compound(s) produced by 11-1-2 using genomic analyses, LC-MS, and
untargeted LC-MS*-based metabolomics analysis. Using this approach, nigericin and

geldanamycin were identified in 11-1-2 extracts, both of which are phytotoxic at low amounts
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and exhibit synergistic effects in promoting damage to potato tuber tissue. Further, there is
evidence that compounds related to these metabolites are also produced by Streptomyces sp.

11-1-2 and may contribute to the phytotoxic activity of this strain.

3.3 Results and Discussion

3.3.1 Streptomyces sp. 11-1-2 is phylogenetically and metabolically distinct from other

plant pathogenic Streptomyces spp.

Initial work on the characterization of the 11-1-2 strain revealed that it is not closely
related to the known scab pathogens S. scabiei, S. acidiscabies, S. turgidiscabies or
S. europaeiscabiei, suggesting that it belongs to a novel group of pathogenic species (Fyans
et al. 2016). To further elucidate the phylogenetic placement of 11-1-2, a multilocus species
tree was constructed using the online tool autoMLST (Alanjary et al. 2019). The analysis
revealed that 11-1-2 is highly similar to Streptomyces hygroscopicus strain XM201 (Fig. 3.1),
sharing over 98% of the average nucleotide identity (Table S3.1). S. hygroscopicus XM201
was isolated from soil in China and has been reported as a source of different specialized
metabolites (Wu et al. 2009; Meng et al. 2017; Wang et al. 2017). Other closely related strains
include the soil-isolated Streptomyces violaceusniger T 4113 (Holtzel et al. 1998),
Streptomyces melanosporofaciens DSM 40318, and S. violaceusniger NRRL F-8817. Type
strains for these species have been grouped in the S. violaceusniger subclade, which in turn
is part of the larger S. hygroscopicus clade (Rong and Huang 2012, 2014). Recently, an
analysis of the Streptomyces pan-genome confirmed that 11-1-2 and S. hygroscopicus
XM201 are closely related to each other, and that both strains share more similarity at the
genomic level with S. violaceusniger than S. hygroscopicus, suggesting that they should be

re-classified as S. violaceusniger (Caicedo-Montoya et al. 2021). Plant pathogenic
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Streptomyces strains are usually located within or near the S. scabiei clade. They often share
some genomic traits such as thaxtomin A biosynthesis and the presence of other virulence
genes such as necl and/or tomA (Labeda 2011, 2016; Labeda et al. 2012). In contrast, 11-1-
2 does not contain any of these markers (Fyans et al. 2016), and it is not closely
phylogenetically related to the classic scab-inducing strains (Fig. 3.1), which suggests that

11-1-2 is the first member of the S. violaceusniger subclade with plant pathogenic capabilities.
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Figure 3.1. Maximum-likelihood multilocus species tree showing the phylogenetic
relationship between Streptomyces sp. 11-1-2 and other Streptomyces species. Streptomyces
sp. 11-1-2 localized to the clade that is highlighted in green and consists of strains with an
average nucleotide identity >95%. Plant-pathogenic strains are indicated with “*”. Strains
for which the antiSMASH analysis did not show results are indicated with “**”, For S.
bottropensis, only some strains of this species are plant pathogenic, “***”. The presence,
absence and partial presence of selected biosynthetic gene clusters is indicated in the
heatmap. “Partial” correspond to BGCs not fully detected by antiSMASH due to genome
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completeness level or partial matches (< 85% of similarity) to the BGC of the respective
compound.

To determine the potential metabolites responsible for the phytotoxic activity
previously recorded, the genome sequence of 11-1-2 (Bown and Bignell 2017) was analyzed
for the presence of specialized metabolite BGCs using antiSMASH 6.0 (Blin et al. 2021).
The analysis determined the presence of 51 regions with varying degrees of similarity to
known BGCs (Table S3.2). Six of the regions are highly similar (>85%) to BGCs that
produce compounds with known antifungal, antimicrobial and/or cytotoxic activities, i.e.
nigericin, geldanamycin, echosides, elaiophylin, niphimycins, and mediomycin A (DeBoer
and Dietz 1976; Heisey and Putnam 1986; Grabley et al. 1990; Allen and Ritchie 1994; Trejo-
Estrada et al. 1998; Fang et al. 2000; Cai et al. 2007; Deng et al. 2014; Zhu et al. 2014).
Interestingly, two of these, nigericin and geldanamycin, have been reported to exhibit
herbicidal activity against some plants, including garden cress, cucumber, tomato, soybean
and wheat (Heisey and Putnam 1986, 1990). The other strains in the phylogenetic tree were
also evaluated using antiSMASH to determine the presence of these six BGCs in their
genomes (accession numbers available in Table S2.6). The comparison provided further
evidence for the close relationship between 11-1-2 and S. hygroscopicus XM201, given that
these strains both harbour all six of the BGCs (Fig. 3.1). Furthermore, the BGCs for
production of nigericin, echosides, elaiophylin, niphimycins and mediomycin A appear to
constitute a “core” of BGCs that are conserved in the species that are most closely related to
the 11-1-2 strain (Fig. 3.1). It has been reported that strains of S. hygroscopicus can produce
different combinations of these compounds, with geldanamycin and nigericin being
commonly co-produced (DeBoer and Dietz 1976; Heisey and Putnam 1986; Grabley et al.

1990; Allen and Ritchie 1994; Trejo-Estrada et al. 1998; Fang et al. 2000). When considering
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the presence of BGCs across the Streptomyces genus, geldanamycin and geldanamycin-like
clusters are often found associated with nigericin clusters; however, neither of these clusters
are found in genomes containing the thaxtomin BGC (Fig. S3.1).

To further explore the conservation and evolution of the nigericin and geldanamycin
BGCs among Streptomyces spp., the BiG-SCAPE computational tool was employed
(Navarro-Muioz et al. 2020). BiG-SCAPE (Biosynthetic Gene Similarity Clustering And
Prospecting Engine) uses anti-SMASH-detected BGCs to generate sequence similarity
networks and group them into gene cluster families (GCFs) along with reference BGCs from
the MIBiG (Minimum Information about a Biosynthetic Gene cluster) database, and it
elucidates the evolutionary relationships of the BGCs within each GCF. Using BGCs
obtained from 2,136 Streptomyces genomes, BiG-SCAPE generated a similarity network for
the Streptomyces sp. 11-1-2 region 012 (the predicted nigericin BGC; Table S3.2) that
consisted of 28 BGCs (Fig. 3.2A), and these 28 BGCs were grouped into two distinct GCFs.
Phylogenetic analysis of the GCF containing the predicted 11-1-2 nigericin BGC (Fig. 3.2A)
showed that this gene cluster is most closely related to the Streptomyces sp. NEAU-YJ-81
region 001 and the known nigericin BGC (BGC0000114) from S. violaceusniger Tu 4113.
An alignment of the BGCs from the GCF tree revealed that the gene content and architecture
of the nigericin BGC is highly conserved among different Streptomyces spp., including the
11-1-2 strain (Fig. 3.2B). This supports the notion that the 11-1-2 strain is capable of
biosynthesizing nigericin. It should be pointed out that the nigericin BGC comparison was
affected by the assembly level of the genome sequences available in the public database.
Although the BGC appears to be incomplete in some strains (Fig. 3.2B), this is most likely

due to the presence of gaps in the genome sequences of these organisms.
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Figure 3.2. Large-scale analysis of nigericin BGCs from Streptomyces spp. (A) The similarity
network of Streptomyces sp. 11-1-2 region 012 (nigericin BGC) and BGCs from other
Streptomyces species (left), and their evolutionary relationships within the GCF (right). The
triangular node within the network represents Streptomyces sp. 11-1-2 region 012, and the
circular nodes represent known BGCs from the MIBiG database (outlined in thick black) and
BGCs from other Streptomyces spp. Bootstrap values of > 50% are shown at the respective
branch points and are based on 1000 repetitions. (B) Alignment of the Streptomyces sp. 11-
1-2 region 012 with the known nigericin BGC (BGC0000114) from S. violaceusniger Tu
4113 and other BGCs within the same GCF. Genes coloured the same belong to the same
functional group, and homologues are linked by shaded areas that indicate the % identity.
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The similarity network for the 11-1-2 region 045 (the predicted geldanamycin BGC;
Table S3.2) consisted of 12 BGCs that were grouped into a single GCF, and phylogenetic
analysis revealed that the 11-1-2 BGC does not cluster with the other BGCs in the GCF (Fig.
3.3A). A comparison of the gene content and organization (Fig. 3.3B) revealed that the 11-
1-2 BGC is most similar to the geldanamycin BGC from S. hygroscopicus XM201 (region
042). Notably, the 11-1-2 BGC contains a gene (CGL_43245) that is homologous to gdmM
from the S. hygroscopicus geldanamycin BGC (BGC0000066.1). This gene is absent from
the closely related herbimycin BGC (BGC0000074.1) (Fig. 3.3B) and is proposed to function
in an oxidation step that occurs during geldanamycin biosynthesis but not during herbimycin
biosynthesis (Rascher et al. 2005). Thus, the presence of this gene in the 11-1-2 BGC

suggests that 11-1-2 produces geldanamycin rather than herbimycin.
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Figure 3.3. Large-scale analysis of geldanamycin BGCs from Streptomyces spp. (A) The
similarity network of Streptomyces sp. 11-1-2 region 045 (geldanamycin BGC) and BGCs
from other Streptomyces species (left), and their evolutionary relationships within the GCF
(right). The triangular node within the network represents Streptomyces sp. 11-1-2 region
045, and the circular nodes represent known BGCs from the MIBiG database (outlined in
thick black) and BGCs from other Streptomyces spp. Bootstrap values of > 50% are shown
at the respective branch points and are based on 1000 repetitions. (B) Alignment of
Streptomyces sp. 11-1-2 region 045 with the known geldanamycin BGC (BGC0000066.1)
and the known herbimycin BGC (BGC0000074.1) from S. hydroscopicus, and other BGCs
within the same GCF. Genes coloured the same belong to the same functional group, and
homologues are linked by shaded areas that indicate the % identity. The gdmM gene from
the geldanamycin BGC that is conserved in the 11-1-2 region 045 and is missing from the
herbimycin BGC is indicated with a red asterisk above the gene.
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3.3.2 The production of phytotoxic compounds by Streptomyces sp. 11-1-2 is

dependent on medium composition

To identify the conditions that promote the production of phytotoxic compounds by
the 11-1-2 strain, the strain was cultured on four different agar media containing or lacking
N-acetylglucosamine (NAG). The addition of NAG to culture media has differential effects
on Streptomyces morphological development and specialized metabolite production,
depending on the type of medium used. Specifically, addition to nutrient-rich culture media
typically results in disruption of sporulation in favour of a vegetative state, and the production
of specialized metabolites can either be stimulated or suppressed (Rigali et al. 2008; Zhang
et al. 2016c). In contrast, addition of NAG to nutrient-poor media generally enables
sporulation and stimulates specialized metabolite production (Rigali et al. 2006). Two of the
media used, modified maltose-yeast extract-malt extract agar [nMYM; (Liu et al. 2021a)]
and yeast extract-malt extract-starch agar [YMS; (Ikeda et al. 1988)] are nutrient-rich media
and have been used for the production of specialized metabolites by other Streptomyces spp.
Oat bran agar [OBA; (Johnson et al. 2007)] is a plant-based medium previously shown to
support phytotoxin production by the 11-1-2 strain (Fyans et al. 2016), and minimal medium
with mannitol [MMM; (Kieser et al. 2000)] is a simple, defined medium that supports
growth and sporulation by Streptomyces spp. and has been used in other studies to
characterize the effects of NAG on morphology and specialized metabolite production
(Rigali et al. 2006, 2008). Following incubation of the 11-1-2 strain on the different media,
agar cores were removed from the plates and were placed onto potato tuber tissue slices, after
which the slices were incubated in a moist chamber for 7 days. As shown in Figure 3.4A, the

cores from the 11-1-2 - inoculated plates caused pitting, softening, and browning of the tuber
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tissue around the contact area, while cores from the uninoculated control plates had no effect.
The OBA and YMS cores from the inoculated plates caused similar tissue damage regardless
of whether or not NAG was present in the medium. In contrast, cores from the mMYM and
MMM plates lacking NAG caused greater damage than those from plates containing NAG,
suggesting that NAG influences the production of the phytotoxic compounds in these media.

Next, the agar plates were extracted with ethyl acetate, and the resulting culture
extracts were evaluated for phytotoxicity using the potato tuber slice bioassay. As shown in
Figure 3.4B, the extracts prepared from the 11-1-2 - inoculated OBA and YMS + NAG plates
all caused pitting and browning of the tuber tissue in a similar manner as the corresponding
agar cores (Fig. 3.4A), though the browning was darker in appearance with the extracts. The
extract from the inoculated mMYM - NAG medium showed some pitting and browning,
though the effect was less severe than with the OBA and YMS extracts. In contrast, the
extracts prepared from the mMYM + NAG and MMM £ NAG plates did not cause any
damage that differed from the control extracts prepared from the uninoculated media (Fig.

3.4B).
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Figure 3.4. Phytotoxic activity of agar cores (A) and organic culture extracts (B) on excised
potato tuber tissue. Each tuber slice contained four agar cores or four disks wetted with 20 pl
of culture extract. The 11-1-2 strain was cultured on OBA, YMS, MMM and mMYM media,
with (+) and without (-) 50 mM NAG for 14 days. The agar cores were obtained directly
from the agar plates, while the extracts were prepared from one whole plate of each medium.
Names of culture media preceded by a “C” are cores or extracts from control (non-inoculated)
media. Photos were taken at 7 days after inoculation and show the top and side view of the
tuber slices at the inoculation sites. Each slice had three replicates per experiment. The assay
was performed twice with three biological replicates per treatment in each assay, with similar
results obtained each time.

The organic culture extracts were also evaluated using a radish seedling bioassay,
since such an assay was previously used to detect the phytotoxic activity of the 11-1-2 strain
(Fyans et al. 2016). The results of the assay were in agreement with those of the potato tuber
tissue assay in that the OBA and YMS extracts showed greater phytotoxic activity than the
mMYM and MMM extracts (Fig. 3.5). The OBA and YMS extracts all caused severe stunting
of the radish seedlings as compared to the water and solvent controls, and interestingly, the
presence of NAG in the YMS medium caused a significant reduction in activity compared to

the same medium without NAG. NAG also had a suppressive effect on the phytotoxic activity
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when the 11-1-2 strain was cultured on mMYM and MMM, with the NAG+ extracts showing

little effect on the seedlings as compared to the water and solvent controls (Fig. 3.5).
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Figure 3.5. Phytotoxic activity of organic culture extracts on radish seedlings. Extracts were
prepared from 14-day old plate cultures of 11-1-2 grown on OBA, YMS, MMM and mMYM
media, with (+) and without (-) 50 mM NAG. Each box represents the average length of four
seedlings + one standard deviation. To evaluate how the addition of NAG to the culture
medium affected the phytotoxic activity against the seedlings, the treatments were analyzed
using the Student’s t-test in pairs (N.S.= not significant; * = p < 0.05; ** = p < 0.01). The
assay was performed three times, with similar results obtained each time.

Overall, the results of the two bioassays demonstrate that YMS and OBA both
promote the production of high levels of the phytotoxic compound(s) by the 11-1-2 strain as
compared to MMM and mMYM, and that NAG has a negative regulatory effect on the
phytotoxic activity in some media, as well as on morphological development (Fig. S3.2). It
has been reported that NAG acts as a signal for the activation of the global regulator DasR,
which in turn can either activate (under nutrient-poor conditions) or repress (under nutrient-
rich conditions) the expression of genes associated with morphological development and

specialized metabolite production (Rigali et al. 2008). The DNA binding site of DasR has
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been experimentally characterized, and in silico analysis of the 11-1-2 genome sequence
identified several possible binding sites (Table S3.3). Among the predicted sites are ones
upstream of chitinase and NAG metabolism-associated genes, which are known targets of
DasR in other Streptomyces spp. (Colson et al. 2006; Rigali et al. 2006). Some of the
predicted binding sites are associated with genes encoding GntR, TetR/AraC, LysR and
LuxR transcriptional regulators, whereas none are located within the BGCs identified in the
antiSMASH results. Therefore, it is possible that DasR indirectly regulates the production of
the phytotoxic compounds through one or more global regulatory proteins, and future studies

will aim to further investigate this.

3.3.3 Streptomyces sp. 11-1-2 produces the herbicidal compounds geldanamycin and

nigericin

To identify the phytotoxic compounds produced by 11-1-2, organic extracts were
prepared from YMS and mMYM (= NAG) plate cultures and subjected to untargeted LC-
MS? analysis. The organic extracts from these media were selected based on the general
differences in phytotoxic activity recorded in previous bioassays. The resulting MS? spectral
data were analyzed using the lon Identity Molecular Networking (IIMN) module of the
Feature-Based Molecular Networking (FBMN) workflow within the Global Natural Products
Social Molecular Networking (GNPS) web platform (Wang et al. 2016; Nothias et al. 2020;
Schmid et al. 2021). With this analysis, molecular networks of fragmentation spectra for the
detected ion adducts can be generated, with nodes (each representing a single fragmentation
spectrum) linked based on similarity in retention time, peak shape, and fragmentation
patterns. The MS? spectra obtained were annotated by performing a GNPS spectral library

search, which compares the experimental spectral data to a library of MS? reference spectra
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for known metabolites (Wang et al. 2016). Spectra with no matches to the library were
analyzed using SIRIUS (Diihrkop et al. 2015, 2019b), which provides a prediction of the
molecular formula, and MetFrag, which compares the fragmentation pattern and molecular
formula to annotate and classify molecule candidates by comparing them to the PubChem
database (Ruttkies et al. 2016).

Given that nigericin and geldanamycin are predicted to be produced by the 11-1-2
strain, and that these compounds have known herbicidal activity, IIMN was employed to
analyze the MS? data for the presence of these metabolites in the extracts. Using this
approach, one molecular network containing a node with a spectral match to nigericin in the
GNPS libraries was annotated (Fig. 3.6; Table 3.1). For nigericin, three different ion adducts
were detected. Another network with nodes having spectral matches to geldanamycin in the
GNPS libraries was annotated (Fig. 3.7; Table 3.1).

Along with nigericin and geldanamycin, the accumulation of biosynthetic
intermediates or derivatives of these compounds has been reported in other studies, and the
presence of some of these in the analyzed extracts was also predicted based on the MS? data
obtained (Table 3.1; Figs. 3.6 and 3.7). For example, abierixin and grisorixin are compounds
that are closely related to nigericin and are co-produced with nigericin (Oikawa et al. 1992;
Mouslim and David 1995; Harvey et al. 2007). Studies in other Streptomyces spp. suggest
that these molecules along with O-demethylabierixin, which was also predicted to be present
in the samples of the present study (Table 3.1; Fig. 3.6), may be intermediates in the
biosynthesis of nigericin (Kim et al. 1996). Other nigericin-related compounds predicted
from the current data include 29-O-methylabierixin, which was first detected in
S. hygroscopicus XM201 (Wu et al. 2009), and mutalomycin, initially detected in

Streptomyces mutabilis NRRL 8088 (Table 3.1; Fig. 3.6) (Fehr et al. 1977). Among the
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detected molecules that are predicted to be structurally related to geldanamycin is the
antibiotic TAN-420B, which was originally obtained from strains of S. hygroscopicus and
was reported to have weak antimicrobial activity (Table 3.1; Fig. 3.7) (Tanida et al. 1983).
Other geldanamycin-related compounds annotated in the analyzed samples (Table 3.1; Fig.
3.7) have been previously obtained by fermentation of Streptomyces strains (Liu et al. 2011;
Kitson et al. 2013; Ni et al. 2014). Two smaller, separate networks also contained
geldanamycin-related compounds. The first one 1is predicted to match 15-
hydroxygeldanamycin (Hu et al. 2004), while the other network contains EH21A2 (or

Autolytimycin) (Onodera et al. 2008).
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Figure 3.6. Molecular network for nigericin. Organic culture extracts were prepared from
plate cultures of 11-1-2 grown on YMS and mMYM (+ 50 mM NAGQG) for 14 days. The
extracts were evaluated using LC-MS?, and the resulting sepctral data were analyzed using
Ion Identity Molecular Networking. Each node in the network represents one fragmentation
spectrum, and the structures of the predicted compounds listed in Table 1 are shown and
numbered to match the corresponding nodes. Nodes are linked by a blue line if the cosine
score is >0.7 and there are at least six matched fragment ions, thus sharing MS? identity. The
width of the line represents the score between two nodes (0.7-1.0). Nodes linked by a red
dotted line share MS! identity. Each node shows a pie chart that represents the presence of
the compound in extracts obtained from the different culture media. Pie chart legend: Purple:
mMYM + NAG; Red: mMYM — NAG; Green: YMS + NAG; Teal: YMS — NAG. Nodes
larger in size represent matches to the GNPS spectral libraries.

111



Table 3.1. Summary of compounds associated with nigericin and geldanamycin obtained
from the IIMN-FBMN analysis.

Calculated
Molecular 2 molecular Retention Figure
formula’ Compound Name weight Adduct ms time (min) label®
(g/mol)
[M-HJ 723.4683 13.6815 la
Ca0HesO11 Nigericin*® 725.0 [M+Na]* 747.4641 13.6341 1b
[M+NH4]* 742.5001 13.6315 lc
[M+Na]* 733.4486 13.2231 2a
C39He6011 O-demethylabierixin 710.9 [M+NH4]* 728.4932 13.2162 2b
[M-HJ 709.4504 13.1907 2c
. Lo [M+Na]* 761.4821 13.9350 3a
Ca1H70011 29-0O-methylabierixin 739.0 [MNHS] 756.5280 13.9400 3
L [M+Na]* 731.4717 12.8333 4a
Ca0HesO10 Grisorixin 709.0 IMANHS] 726.5145 12.8081 b
Lo [M+Na]* 747.4647 15.4556 Sa
Ca0HesO11 Abierixin 725.0 [MINH] 742 5098 15.5002 b
[M-HJ 753.4796 13.7183 6a
+
C41H70012 Mutalomycin 755.0 [M[—;VII\I_ a] 777.4760 12.7979 6b
FLO+H] 737.4870 12.7643 6¢
[M-HJ 559.2657 11.2173 Ta
. [M-H] 559.2654 11.1868 7b
C29H40N209 Geldanamycm 560.6 [M-H]' 559.2656 9.6200 7Tc
[M+CI] 595.2423 11.2024 7d
CasH33N209 Antibiotic TAN-420B 546.6 [M-H] 545.2506 10.8291 8

[(4E,6Z,8S,9S,10E,12S,13R,14
S,16S,17R)-13,14,20,22-
Tetrahydroxy-8,17-dimethoxy-
C2sH42N209 | 4,10,12,16-tetramethyl-3-oxo-2- 550.6 [M-HJ 549.2806 9.3509 9
azabicyclo[16.3.1]docosa-
1(21),4,6,10,18-pentaen-9-yl]

carbamate
[(8R.9R,12S8,13R,14R, 168,17R) [M-HJ 547.3027 9.4444 10a
-13,17,20-Trihydroxy-8,14-
bis(hydroxymethyl)-
4,10,12,16,19-pentamethyl-3- [M-
C29H44N203 k0. 548.7 HLO+CIJ 565.2744 9.2727 10b

azabicyclo[16.3.1]docosa-
1(22),4,10,18,20-pentaen-9-yl]

[M+FAT 593.3081 9.4809 10c
carbamate
[(8S,9S,12S,13R,14S5)-13,20,22-
Trihydroxy-10-
(hydroxymethyl)-8,14,19-
C29H4(;)N201 tr1meth0xy-4(,)1(20,_126_-trlmethyl-3— 576.6 [M-HJ 5752504 10.9951 1
azabicyclo[16.3.1]docosa-
1(21),4,6,10,16,18(22),19-
heptaen-9-yl] carbamate
C30H4:N209 19-Methylgeldanamycin 574.7 [M-HJ 573.2798 9.5806 12a
C3°H4S2N209 19-S-Methylgeldanamycin 606.7 [M-HJ 605.2524 9.9423 12b
C29H40N20s 6-demethoxy-6- 544.6 [M-HJ 543.2723 11.8121 13
methylgeldanamycin
CasH39NOs 7-O-descarbamoyl-7- 517.6 [M-H | 5162596 | 11.1875 14
hydroxygeldanamycin
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C”H“OZNZO‘ 8,9-Epoxyherbimycin A 590.7 [M-HJ 589.2768 11.1210 15
C”H“(fNZO‘ 15-Hydroxygeldanamycin 576.6 [M-HJ 575.2605 10.3256 16
CasHaaN207 EH21A2/Autolytimycin* 518.6 [M-H] 517.2915 9.3496 17

1 The molecular formulas were obtained from analysis of the spectra using SIRIUS and MetFrag.
were a match to the GNPS database. Names without

2 Names with

wgn

estimated by MetFrag.
3 The numbers in this column refer to the nodes label in Figures 3.6 and 3.7.
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Figure 3.7. Molecular network for geldanamycin. Organic culture extracts were prepared
from plates cultures of 11-1-2 grown on YMS and mMYM (+ 50 mM NAG) for 14 days.
The extracts were evaluated using LC-MS?, and the resulting spectral data were analyzed
using lon Identity Molecular Networking. The features of the network are as described in the
Figure 3.6 figure legend. The structures of the predicted compounds are shown.
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Since the phytotoxic activity of the 11-1-2 strain was found to be suppressed by NAG
in some media, the effect of NAG in suppressing production of nigericin and geldanamycin
by this strain was explored. Thus, the effects of different concentrations of NAG on the
production of these metabolites in mMYM and YMS were tested. In the case of nigericin,
NAG concentrations of 50 and 100 mM in mMYM significantly reduced the metabolite
production level, while production in YMS was significantly decreased starting at 20 mM
NAG (Fig. 3.8A). Interestingly, a much smaller peak with the same m/z (742.5, [M+NH4]")
as nigericin but having a different retention time was also detected in the culture extracts
(Fig. S3.3). A similar peak was previously observed in the culture extracts of the nigericin
producer Streptomyces sp. DSM4137 and is presumed to be abierixin (Harvey et al. 2007),
which was also predicted to be present based on the IIMN analysis (Fig. 3.6; Table 3.1). The
peak area for this compound was much less than that of nigericin in both the mMYM and
YMS culture extracts, but it showed a similar trend in terms of the suppressive effects of
NAG (Fig. 8A). For geldanamycin, the addition of NAG significantly reduced the metabolite
production levels starting at 20 mM NAG in both mMYM and YMS (Fig. 3.8B). Moreover,
the addition of NAG to YMS yielded another prominent peak with a different retention time
than that of geldanamycin (Fig. S3.4). LC-MS analysis of this peak revealed an m/z of 575.2
([M-HJ"), which together with the IIMN results (Fig. 3.7; Table 3.1) suggests the presence of
15-hydroxygeldanamycin, a geldanamycin derivative previously obtained by the
bioconversion of geldanamycin (Hu et al. 2004). Interestingly, the analysis revealed that this
compound is only present when NAG is added to YMS, and the amount produced remained
relatively constant at NAG concentrations of 10-50 mM and decreased only at higher NAG
concentrations (Fig. 3.8B). Quantification of the nigericin and geldanamycin production

levels demonstrated that the 11-1-2 strain produces significantly higher amounts of nigericin
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than geldanamycin in both mMYM and YMS (Table 3.2, fig. S3.5 and S3.6). Furthermore,
in the absence of NAG, the level of nigericin in the YMS culture extract was almost three
times that in the mMYM extract, and this appeared to correlate with the relative phytotoxicity
of these extracts in the bioassays (Fig. 3.4 and 3.5), suggesting that nigericin is a major

contributor to the observed phytotoxicity of the 11-1-2 culture extracts.
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Figure 3.8. Effects of NAG on the production of nigericin and the related molecule abierixin
(A), and of geldanamycin and the related molecule 15-hydroxygeldanamycin (B). Organic
culture extracts were prepared from plate cultures of 11-1-2 grown for 14 days on YMS and
mMYM supplemented with different concentrations of NAG. The extracts were evaluated
using LC-MS (nigericin and abierixin) and RP-HPLC (geldanamycin and 15-
hydroxygeldanamycin). The areas of the nigericin/abierixin and geldanamycin/15-
hydroxygeldanamycin peaks were obtained using MestReNova and Chemstation,
respectively, and were transformed using the logio function. An ANOVA paired with
Dunnett’s test was performed in Minitab®, and media without NAG were used as control
treatments for statistical analysis. Data boxes showing an asterisk (*) are statistically different
from their respective control (p<0.05). Each box represents the average peak area of three
extracts = one standard deviation. The RP-HPLC analysis did not show a peak for
15-hydroxygeldanamcyin in extracts from YMS (0 mM NAG); thus, no statistical analysis
was performed. A peak for 15-hydroxygeldanamycin was not observed for any of the
mMYM = NAG extracts, and thus this graph was not included.
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Table 3.2. Quantification of nigericin and geldanamycin obtained from organic culture
extracts.

Media (ljn?v[G) N(lﬁg/glm Gelc(l;n;\z/l[r)nlycin
0 1190 + 0.58]0.25 + 0.09
10 13.00 £ 1.92]0.05 = 0.01
mMYM 20 14.02 + 0.88]0.01 = 0.00
50 388 + 342|007 + 0.09
100 1.02 + 031001 + 0.00
0 3344 + 881 ]0.19 = 0.06
10 2528 + 3.71]0.08 + 0.03
YMS 20 1740 + 446 |0.02 + 0.01
50 1598 + 3.2510.03 = 0.00
100 7.07 £ 2.14|0.06 + 0.02

! The values correspond to the average of three replicates + one standard deviation.

3.3.4 Geldanamycin and nigericin exhibit phytotoxic activity against potato tissue and

radish seedlings

Although nigericin and geldanamycin have been reported to exhibit herbicidal
activity against different plants, their phytotoxic effects on radish seedlings and potato tuber
tissue have not been previously studied. Therefore, the phytotoxic activity of different
concentrations of pure nigericin and geldanamycin were evaluated in potato tuber slice and
radish seedlings bioassays. A pure standard of thaxtomin A, the main phytotoxin produced
by S. scabiei and other scab-causing pathogens, was included as a positive control in the
bioassays. As shown in Figure 3.9, the pure geldanamycin caused shallow necrosis of the
potato tuber tissue, and the severity of tissue damage increased with increasing amounts of
the compound. On the other hand, nigericin did not present significant necrosis like
geldanamycin; instead, the inoculation sites showed pitting of the tissue. This effect was also
more pronounced with higher amounts of the compound. To determine if the two compounds
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have a synergistic effect, the tuber tissue was treated with equimolar amounts of both
compounds. This resulted in both pitting and necrosis of the tissue that was more severe when
compared to treatment with the individual compounds. Notably, the effects of geldanamycin
and nigericin were distinct from that of thaxtomin A, which caused dark brown necrosis of
the potato tissue without pitting (Fig. 3.9). Furthermore, the effects of the pure compounds
seem relatively less severe than those of the agar cores but more similar to the organic
extracts. In the radish seedling bioassay, nigericin had a more significant impact on the
growth of the seedlings than geldanamycin at the same concentration (Fig. 3.10A). The
combination treatment (10 nmol of each compound) caused seedling stunting like that caused
by the 10 nmol amount of nigericin alone, suggesting that nigericin is primarily responsible
for the observed effect (Fig. 3.10A). This result is in contrast to a previous study that reported
that geldanamycin and nigericin have additive effects on the radicle length of different plant
species, though this study did not test the effects of these compounds on radish seedlings
(Heisey and Putnam 1990). Notably, neither compound could cause the same degree of
seedling stunting as similar amounts of thaxtomin A, indicating that they are less toxic than

thaxtomin A against radish seedlings.
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Figure 3.9. Phytotoxic effects of pure geldanamycin, nigericin and thaxtomin A on potato
tuber tissue. Each tuber slice contained four disks inoculated with 0 (control), 5, 10 and 20
nmol of the respective compound in a fixed volume of 20 pl. For the combination of
geldanamycin + nigericin, each compound provided half of the amount reported, i.e., 5, 10
and 20 nmol had 2.5, 5 and 10 nmol of each compound. The assay was performed twice with
three biological replicates per treatment in each assay, with similar results obtained each time.
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Figure 3.10. (A) Phytotoxic effect of pure nigericin (NGN), geldanamycin (GDM) and
thaxtomin A (ThxtA) on the growth of radish seedlings. Seedlings were treated with 10 or
20 nmol of each compound, or a combination of 10 nmol of each compound. Each box
represents the average length of four seedlings + one standard deviation. (B) Relative
quantification of anthocyanin accumulation in radish seedlings treated with nigericin,
geldanamycin and thaxtomin A. Seedlings were treated with 10 or 20 nmol of each
compound, or a combination of 10 nmol of each compound. Each box represents the average
anthocyanin amount from three pairs of seedlings = one standard deviation. For both
experiments, the treatments were analyzed using an ANOVA test with Tukey’s test. Values
with different letter are statistically different (p < 0.05). Each assay was performed three

times with similar results.

Treatment
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The appearance of the seedlings treated with the pure nigericin was notably distinct
from that of seedlings subjected to the other treatments. The seedlings exhibited areas of
distinct red pigmentation, especially along the edges of the cotyledons. As red pigmentation
is an indicator of anthocyanin accumulation (Grotewold 2006), the levels of anthocyanins in
the seedlings subjected to the different treatments were evaluated. Interestingly, only
nigericin caused a significant increase in the level of anthocyanins in the radish seedlings at
both test concentrations, while geldanamycin and thaxtomin A did not have a significant
effect (Fig. 3.10B). Treatment with both nigericin and geldanamycin caused the
accumulation of an even greater amount of anthocyanins, though the level was not
significantly different from the treatment with nigericin alone. Based on review of the current
literature, this is the first report of nigericin impacting anthocyanin accumulation in plants,
and further work will be required to determine how nigericin and anthocyanin accumulation
are connected. Anthocyanin accumulation has been associated to different abiotic and biotic
stresses, suggesting a response to preserve the plant development under unfavourable
conditions (Kovinich et al. 2014). Overall, these results demonstrate that both nigericin and
geldanamycin display toxic effects against potato tuber tissue and radish seedlings in low

amounts, and that their effects are distinct from that of thaxtomin A.

3.4 Conclusions

This study demonstrated for the first time that nigericin and geldanamycin are
biosynthesized by the plant pathogen Streptomyces sp. 11-1-2, which is closely related to
strains within the S. violaceusniger subclade. The production of these metabolites was shown
to be influenced by the amino sugar NAG, and both compounds were phytotoxic at low

quantities against both potato tubers and radish seedlings. Other related compounds were also
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predicted to be produced by the 11-1-2 strain under the culturing conditions used. The
biosynthetic pathways for nigericin and geldanamycin are rich in intermediates and naturally
occurring analogues that have been shown to retain or enhance the biological activity of the
final products (Wu et al. 2009; Lee et al. 2017). Under this context, it is hypothesized that
the spectrum of molecules closely related to nigericin and geldanamycin play a role in
enhancing the pathogenicity of 11-1-2. Geldanamycin is a benzoquinone ansamycin that acts
as an inhibitor of the heat shock protein 90 (HSP90) chaperone (Stebbins et al. 1997), and
nigericin is a polyether ionophore that facilitates the transport of different ions across
membranes (Kevin II et al. 2009). Importantly, HSP90 plays a critical role in different plant
mechanisms, including resistance to diseases and abiotic disorders (Kadota and Shirasu
2012), and this protein is known to serve as a target for the HopBF1 virulence effector
produced by the plant pathogen Pseudomonas syringae pv. syringae (Lopez et al. 2019).
Nigericin has been shown to disrupt different mechanisms in plants, including the uncoupling
of photophosphorylation in the presence of K ions (Shavit and San Pietro 1967; Shavit et al.
1968), redirecting of vicilin in pea cotyledons (Craig and Goodchild 1984), inhibition of
protein import into the chloroplast (Cline et al. 1985), and reduction of photosynthesis (Quick
et al. 1989). Thus, these molecules may contribute to the pathogenicity of Streptomyces sp.
11-1-2 by affecting different plant targets and processes. Future work will focus on the
construction of geldanamycin and nigericin biosynthetic mutants of Streptomyces sp. 11-1-2
so that the role of each compound in plant-pathogen interactions can be further assessed.
Given that strains of S. violaceusniger and S. hygroscopicus have been reported by others as
potential biological control agents for the management of fungal plant diseases and potato

common scab (Sarwar et al. 2019b; Xu et al. 2019; Mitrovi¢ et al. 2021), the present study
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additionally highlights the need for potential biological control agents to undergo a thorough

assessment for the presence of BGCs that could produce highly phytotoxic compounds.
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APPENDIX 2.

Supplementary tables

Table S3.1. Estimated average nucleotide identity (ANI) of multiple strains to Streptomyces
sp. 11-1-2 as calculated by autoMLST.

Species name Estimated ANI
Streptomyces _hygroscopicus XM201 0.9866
Streptomyces violaceusniger Tu 4113 0.9626
Streptomyces melanosporofaciens 0.9573
Streptomyces violaceusniger 0.9538
Streptomyces autolyticus 0.9304
Streptomyces _sp. PRh5 0.9297
Streptomyces_iranensis 0.928
Streptomyces _antioxidans 0.9215
Streptomyces sp. NBRC 109436 0.9143
Streptomyces hygroscopicus _subsp. hygroscopicus 0.9141
Streptomyces hygroscopicus subsp. hygroscopicus 0.9141
Streptomyces sp. NBRC 110028 0.8756
Streptomyces himastatinicus ATCC 53653 0.8738
Streptomyces sp. RTd22 0.8734
Streptomyces _bingchenggensis BCW-1 0.8583
Streptomyces _sparsogenes 0.8548
Streptomyces _sclerotialus 0.821
Streptomyces _violens 0.821
Streptomyces_niger 0.8206
Streptomyces _ochraceiscleroticus 0.8194
Streptomyces lydicus 0.8186
Streptomyces _catenulae 0.8182
Streptomyces_celluloflavus 0.8173
Streptomyces _rimosus_subsp. rimosus ATCC 10970 0.8173
Streptomyces_varsoviensis 0.8173
Streptomyces_platensis 0.8151
Streptomyces _decoyicus 0.8142
Streptomyces bungoensis 0.8132
Streptomyces yokosukanensis 0.8132
Streptomyces leeuwenhoekii 0.8128
Streptomyces _chattanoogensis 0.8118
Streptomyces corchorusii 0.8113
Streptomyces ghanaensis ATCC 14672 0.8108
Streptomyces _caatingaensis 0.8098
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Streptomyces_luteus 0.8093
Streptomyces noursei ATCC 11455 0.8093
Streptomyces_alboflavus 0.8088
Streptomyces ambofaciens ATCC 23877 0.8088
Streptomyces_fodineus 0.805
Streptomyces _stelliscabiei 0.8039
Streptomyces _bottropensis ATCC 25435 0.7997
Streptomyces scabiei 87.22 0.7997
Streptomyces europaeiscabiei 0.7971
Streptomyces turgidiscabies 0.7891
Streptomyces acidiscabies 84-104 0.7841
Nocardiopsis dassonvillei subsp. dassonvillei DSM 43111 0.72
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Table S3.2. Biosynthetic gene clusters predicted in the genome of Streptomyces sp. 11-1-2
using antiSMASH 6.0.

Region Type From To Most similar known cluster 3:::;1
Region | lanthipeptide- | 244467 | 26737 | mycotrienin | NRP + 7%
1 class-i 2 Polyketide
Region terpene 304965 | 32795 | isorenieratene Terpene 85%
2 7
Region | arylpolyene,lad | 457599 | 52989 RP-1776 Polyketide + | 22%
3 derane, NRPS 5 NRP:Cyclic
depsipeptide
Region NRPS-like 571719 | 61405 | echoside A/ NRP 11%
4 4 echoside B /
echoside C /
echoside D /
echoside E
Region PKS- 658010 | 70579 rustmicin Polyketide:Iter | 20%
5 like,terpene 3 ative type I
Region terpene 824320 | 84525 | tiancilactone Terpene 17%
6 9
Region NRPS 884096 | 96215 | dechlorocurac NRP 8%
7 1 omycin
Region RiPP- 974268 | 10970 A83543A Polyketide 21%
8 like, TIPKS,hgl 25
E-KS
Region NRPS-like 1160316 | 12005 | herboxidiene Polyketide 3%
9 86
Region | TIPKS,NRPS | 1277766 | 13930 | meridamycin NRP + 63%
10 79 Polyketide
Region NAPAA 1541803 | 15728 | paulomycin Other 7%
11 79
Region T1PKS 1575870 | 17059 nigericin Polyketide:Mo | 100
12 61 dular type | %
Region T1PKS 1709681 | 17546 | salinomycin | Polyketide:Mo | 8%
13 90 dular type |
Region TI1PKS,hglE- | 2077385 | 21281 asukamycin | Polyketide:Ty | 11%
14 KS 72 pe II
Region | TIPKS,NRPS- | 2322627 | 24029 | naphthomycin Polyketide 50%
15 like 67 A
Region | NRPS,nucleosid | 2436317 | 24815 | toyocamycin Other 30%
16 e 06
Region NRPS 2541367 | 25947 | glycinocin A NRP 11%
17 39
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Region terpene 2943967 | 29642 | BE-43547A1/ | NRP:Cyclic | 20%
18 59 BE-43547A2 /| depsipeptide +
BE-43547B1 / | Polyketide:Mo
BE-43547B2/ | dular type |
BE-43547B3 /
BE-43547C1/
BE-43547C2
Region | T1PKS,siderop | 2991613 | 30455 apoptolidin Polyketide 25%
19 hore 02
Region ectoine 3210416 | 32208 ectoine Other 100
20 20 %
Region terpene 3719051 | 37382
21 77
Region | lanthipeptide- | 3920406 | 39437
22 class-i 26
Region T1PKS 4304490 | 44845 | mediomycin Polyketide 68%
23 08 A
Region | RRE-containing | 4623525 | 46435 granaticin Polyketide:Ty | 10%
24 78 pe II
Region ladderane 4658207 | 46979 | atratumycin NRP 31%
25 21
Region NRPS 4753653 | 47959 ochronotic Other 50%
26 17 pigment
Region indole 5011258 | 50324 5- Other 61%
27 03 isoprenylindol
e-3-
carboxylate [3-
D-glycosyl
ester
Region terpene 5596461 | 56159 geosmin Terpene 100
28 57 %
Region siderophore 6759041 | 67698 | desferrioxami Other 100
29 71 nB %
Region NRPS-like 7294519 | 73358 | echoside A/ NRP 100
30 06 echoside B / %
echoside C /
echoside D /
echoside E
Region siderophore 7921967 | 79338
31 80
Region | ladderane,arylp | 7996321 | 80693 | atratumycin NRP 57%
32 olyene,NRPS,a 56
minocoumarin
Region RiPP-like 8166050 | 81773
33 96
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Region T1PKS 8239229 | 82955 | totopotensami NRP + 5%

34 20 de A/ Polyketide
totopotensami
de B

Region T2PKS 8421342 | 84938 | spore pigment Polyketide 83%
35 57

Region terpene 8870148 | 88927 hopene Terpene 76%
36 06

Region | lanthipeptide- | 9096140 | 91205 | steffimycin D | Polyketide:Ty | 16%
37 class-i 93 pe I+

Saccharide:Hy
brid/tailoring

Region terpene 9210479 | 92303 lasalocid Polyketide 3%
38 10

Region T1PKS 9358088 | 94055
39 58

Region | NRPS,transAT- | 9419881 | 94953 | meilingmycin Polyketide 7%
40 PKS,NRPS-like 86

Region | butyrolactone | 9654449 | 96653
41 81

Region hserlactone 9675690 | 96964 | daptomycin NRP 3%
42 48

Region | redox-cofactor | 9815666 | 98377 | lankacidin C NRP + 13%
43 84 Polyketide

Region T1PKS 9877490 | 99459 elaiophylin Polyketide 87%
44 18

Region | TIPKS,NRPS- | 1015913 | 10240 | herbimycin A Polyketide 83%
45 like 1 039

Region terpene 1038392 | 10403 pristinol Terpene 100
46 4 386 %

Region terpene 1050838 | 10529 ebelactone Polyketide 8%
47 5 722

Region T1PKS 1069637 | 10842 | niphimycins Polyketide 87%
48 4 668 C-E

Region NAPAA 1093921 | 10973
49 3 346

Region | NRPS,TIPKS | 1109288 | 11205 coelichelin NRP 90%
50 1 821

Region betalactone 1136740 | 11392
51 3 789

127




Table S3.3. DasR binding sites predicted in the genome of Streptomyces sp. 11-1-2 as calculated by PREDetector

128

Gene Gene . . Co-transcribed Co-transcribed .
Sequence  Position Score Region Region name
locus product locus gene product
N ACTGGT
chitinase CTAGTC -112 16.6 regulatory UPS1216
[CGL27 CTGT
07235]
CGL27
- . AGTGGA .
RS22220  ROK family CGL27 _RS22225 N-acetylglucosamine-6-
[CGL27 protein CTAGAC 44 165 regulatory [CGL27_21920] (nagA) phosphate deacetylase UPS3746
CTCT
21915]
ISSGZLZz;l_S extracellular ~ AGTGGA
solute-binding CTAGAC -264 16.5 regulatory UPS3746
[CGL27 rotein CTCT
~21910] P
Car
ATPase CTAGAC -85 16.1 regulatory UPS5280
[CGL27 CACT
- 30985]
IESGIL9273)_5 PTS lactose ACAGGT
transporter CTACAC -80 15.5 regulatory UPS3309
[CGL27 subunit TIC CACA
- 19420]
ISSGIL927&) PTS sugar ACAGGT
e CTACAC -146 15.5 regulatory UPS3309
[CGL27 transporter CACA
19415]
oo,
tRNA-Gly CTAGAC 36 15 terminator UPS4324
[CGL27 AACA
25340]
(O e ACAGOT
rlesspeciic craAGAC 1 15 terminator UPS4324
[CGL27 integrase AACA
~25335]
Co2T PTSlctose  AATGGT
transporter CTACAC -163 14.9 regulatory UPS3309
[CGL27 .
19420] subunit [IC CATT




CGL27

AATGGT
RS19700  PTSsugar  ppcac 63 149  regulatory UPS3309
[CGL27 transporter CATT
_19415]
CGL27_
RS17585 2- GGAGGT
[CGL27  isopropylmala GTAGAC 1085 14.5 coding [C 8521472 71—7%3;]7 ?1?3 i A)
_17285] te synthase CAGA -
(leuA)
CGL27 RS31295 sugar ABC transporter
CGL27_ extracellular  ACTGGT [CGL27 _30965]; permease; carbohydrate
RS31290 L CGL27_RS31300 ABC transporter
solute-binding CTGGAC -49 14.5 regulatory ) ) . UPS5276
[CGL27 rotein CATT [CGL27 _30970]; permease; glycoside
_30960] p CGL27 _RS31305 hydrolase family 3
[CGL27 30975] protein
IESG?)I]2278§ GntR family ~ ACTGGT
[CGL27 transcriptional CTGGAC -228 14.5 regulatory UPS5276
30955] regulator CATT
5531528786 acyl-CoA GAAGGA
[CGL27 dehydrogenas CTAGAC -290 13.7 regulatory UPS6714
e CAGT
_39435]
CGL27_ glycoside
RS39875 hydrolase GAAGGA
. CTAGAC -111 13.7 regulatory UPS6714
[CGL27 family 18 CAGT
39430] protein
CGL27
- ACTGGT
RS04780 sugar CGL27_RS04775
[CGL27 hydrolase C}f‘ri[éc -113 13.3 regulatory [CGL27 04735] glycosyl hydrolase UPS0793
04740]
CGL27_ TetR/AcrR ACTGGT
RSoa7ss  family — craGAC 446 133 upstream UPS0793
[CGL27  transcriptional ATAC
04745] regulator
‘ CGL27 RS36180 M20/M25/M40 far.mly
peptide ABC . metallo-hydrolase; S9
CGL27_ [CGL27_35790]; . . o
transporter AGTGGA family peptidase; 4'-
RS36175 b 1 CGL27_RS36185 hosoh heinyl
[CGL27 sut str'ate- CTGGAC -65 13.2 regulatory [CGL27 35795]; phosphopantet einy UPS6119
35785] binding CAGT CGL27 RS3619 (’) transferase superfamily
- protein [CGL27 35800]; protein; N-
- acetyltransferase
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CGL27 RS36195
[CGL27 35805]

CGLy7 ~ SugarABC CGL27 RS18560 ABC transporter
RS1gsss ~ transporter  TCAGGT [CGL27_18275]; permease; sugar ABC
[CGLy7 ~ Sppstater  CTAGAC =213 129 regulatory CGL27 RSI8565  transporter ATP-binding UPS3I
_18270] protei E [CGL27_18280] protein
CGL27_
RS18550  5-dehydro-2- TCAGGT
[CGL27  deoxyglucono CTAGAC -84 12.9 regulatory UPS3111
_18265] kinase GTGT
(i0lC)
carbohydrate
ABC
CGL2T_ transporter N-
RS34965 acetvlelucosa AGTGGA
[CGL27 minZ/giace o1 CTATAC 209 129 regulatory UPS5911
34620] caiacety CTGT
(ngcE) chitobiose-
& binding
protein
CGL27_
RS34960  hypothetical AGTGGA
[CGL27 protein CTATAC -106 12.9 regulatory UPS5911
CTGT
34615]
CGL27
Y GGTGGA
RS12990 . CGL27_RS12990
[CGL27 CTP synthase G”g‘l:g{?c 278 12.7 coding [CGL27 12765]
12765]
CGL27_ GNAT family
RS34310 N- TGTTGT
CTAGAC -162 12.7 regulatory UPS5814
[CGL27  acetyltransfer CAAA
33980] ase
135}312123%_5 HPr family TGTTGT
[CGL27 phosphocarrie  CTAGAC -44 12.7 regulatory UPS5814
33975] 1 protein CAAA
CGL27_
RS47585 alpha- égzggg 314 12.6 codin CGL27 RS47585
[CGL27  mannosidase : & [CGL27_47080]
47080] CACA
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CGL27

RS23245 . ACAGGT
[CGL27 liase CTAAAC -103 12.4 regulatory UPS3916
22930] & CAAT
(acs)
RS550  DinB family  ACTGGA
MY cTCGAC -110 12.4 regulatory UPS5498
[CGL27 protein CTGT
32195]
CGL27
= . ACTGGA
RS32525  Mdfamily  cregac 285 124 regulatory UPS5498
[CGL27 peptidase CTGT
32190]
CGL27
—~ . CGTGGT
RS25565  ATPbinding  craGac 2468 123 upstream UPS4312
[CGL27 protein AACA
©25265]
CGL27 CGL27 _RS30205 .
- . AGTGGT .~ Flp pilus assembly
RS30200  hypothetical ) [CGL27_29875] (cpaB); . -
[CGL27 protein Cgﬁi[;(: 202 12.3 regulatory CGL27 RS30210 prot:t::nni 1Cparlzzeli’raler UPS5088
29870] [CGL27 29880] yp
el AGTGGT
chitinase CCAGAC -95 12.3 regulatory UPS5088
[CGL27 CAAT
29865]
CGL27
— . ACTGGT
R821320 - hypothetical ) a0 Loy 118 regulatory UPS3585
[CGL27 protein CTGC
21025]
CGL27
- ACTGGT
RS33065 CGL27_RS33065
[CGL27 tRNA-GIn Cgi:ll:éc -14 11.7 regulatory [CGL27 32735]
32735]
CGL27
- ACTGGT
RS33060 . CGL27 _RS33065
[CGL27 tRNA-Glu C;l;z::ll:éc 72 11.7 coding [CGL27 32735]
32730]
RSOTIS0  alphabera  AGTGGA
APl GTACAC 36 117 regulatory UPS3560
[CGL27 hydrolase CAAT
©20855]
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CGL27

. AGTGGA
RSa1145 adenosine  Grycac g3 117 regulatory UPS3560
[CGL27 deaminase CAAT
- 20850]
CGL27_ FAD-
RS39605 dependent é%gg; 773 116 codin CGL27_RS39605
[CGL27  oxidoreductas ’ & [CGL27_39175]
CTCC
39175] e
CGL27_
RS45830  hypothetical Ié%:‘ggg 1700 116 codin CGL27_RS45830
[CGL27 protein GACC ’ J [CGL27_45345]
45345]
ISSGOI;%2779_5 sugar CCAGGT
& CTAGAC -194 11.6 regulatory UPS1449
[CGL27 hydrolase CAAT
08645]
CGL27
- . ACTCAT . .
RS25590  hypothetical ) CGL27 _RS25595 conjugal transfer protein
[CGL27 protein CTACAC 48 11.5 regulatory [CGL27 25295] TraS UPS4316
AACT
25290]
RS0149)  aphal.  ACTGGT
pha- CCATAC -321 114 regulatory UPS0254
[CGL27  rhamnosidase CTGT
01440]
55}11“9272—5 PTS lactose TGTGGT
[CGL27 transporter TTAGAC -64 114 regulatory UPS3309
19420] subunit [IC CATA
fEsGlL927?)?) PTS sugar  LO1GGT
suga TTAGAC  -162 114 regulatory UPS3309
[CGL27 transporter CATA
19415]
CGL27_
RS33775 type VII AGTGGT CGL27 RS33775
[CGL27 secretion GTCCAC 490 11.3 coding [CGL27 33445]
33445]  protein EccCa AACT (eccCa)
(eccCa)
ISSZL22173_5 copper ATTGGT
homeostasis ~ CTAGAC ) 11.2 regulatory UPS3732
[CGL27 :
21830] protein CutC ATGG
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CGL27

RS22300 DNA-binding ~ACTGGT
[CGL27 response CGAGAC -792 11.1 upstream UPS3761
21995] regulator CGGT
CGL27
— . AGTGGA
R843500  chitinbinding ¢ onGac 201 111 regulatory UPS7305
[CGL27 protein CACA
43040]
CGL27_ extracellular  AGAGGT CGL277RS1996§ sugar AB.'C transporter
RS19970 lute-binding CTGAAC  -110 11 regulato [CGL27_196751; permease; carbohydrate UPS3352
[CGL27 MV & CACT gulatory CGL27 RS19960 ABC transporter
- 19680] P [CGL27 19670] permease
CGL27_
RS31080  hypothetical AAGGGT
. GTACTC -123 10.9 regulatory UPS5239
[CGL27 protein CACT
30755]
CGL27_ .
RS26245 téfifrfai?éhyal é‘giggg 480 108 codin CGL27 RS26240 DUF397 domain- CGL27 RS26245
[CGL27 1p : & [CGL27 25935] containing protein [CGL27 25940]
25940] regulator AACC
CGL27_ FAD-
RS48995 dependent ACTGGT
: GTAAAC  -238 108 regulatory UPS8206
[CGL27  oxidoreductas CAGG
48460] e
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Supplementary figures

Geldanamycin-like Nigericin

Geldanamycin Thaxtomin A

Figure S3.1. Venn diagram for the distribution of BGCs across the Streptomyces genus. The
BGC for geldanamycin (GenBank accession AY179507.1.), nigericin (GenBank accession
DQ354110.1.) and thaxtomin A (extracted from NC 013929.1) were used to search
Streptomyces genome sequences on NCBI using the online BLASTn tool with the following
parameters: database refseq_genomes, >70% identity, >70% coverage, and E-values < 10-6.
Matches to the geldanamycin BGC were refined by searching for the presence of genes gdmF”
and gdmM. BGCs lacking gdmF and gdmM but with similarity to the geldanamycin gene
cluster were labeled as “Geldanamycin-like”. The diagram was prepared using Venny 2.1
(https://bioinfogp.cnb.csic.es/tools/venny/).
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Figure S3.2. Morphological development of Streptomyces sp. 11-1-2 on different culture
media containing (+) or lacking (-) 50 mM NAG. Photos were taken 14 days after inoculation
and incubation at 28°C.
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Figure S3.3. Representative extracted ion chromatogram for nigericin and abierixin. The
chromatogram was obtained by analyzing a YMS - NAG extract for the m/z 742.51
([M+NH4]+) using MestReNova version 14.1.2 (Mestrelab Research S.L.).
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Figure S3.4. Representative chromatograms for geldanamycin detection using RP-HPLC.
The chromatograms correspond to extracts from a plate culture of strain 11-1-2 on YMS -
NAG (top) and YMS + 50 mM NAG (bottom). The geldanamycin peak is indicated by *,

and the predicted 15-hydroxygeldanamycin peak is indicated by @.

137



12000

y =10.936x .
2_ o
10000 R°=09958 .
8000
[4+]
g I}
S 6000 o
©
]
o
4000
..
2000 i
.
el
0 e
0 200 400 600 800 1000 1200

Geldanamycin concentration (ng/ 5pL)

Figure S3.5. Geldanamycin standard curve used for quantification of organic culture extracts
using RP-HPLC. The concentration represents the amount of geldanamycin in a 5 puL
injection. The peak area was calculated using ChemStation software version B.04.03 (Agilent
Technologies Canada Inc.).
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Figure S3.6. Nigericin standard curve used for quantification of organic culture extracts using
LC-MS. The concentration represents the amount of nigericin in a 5 pL injection. The peak
area was calculated using MestReNova version 14.1.2 (Mestrelab Research S.L.).
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CHAPTER 4

EXPLORING THE SPECIALIZED METABOLOME OF THE PLANT
PATHOGENIC STREPTOMYCES SP. 11-1-2

4.1 Abstract

Members of the Streptomyces genus are renowned for their ability to produce a
diverse array of specialized metabolites (SMs) with various bioactivities, including
antimicrobial and phytotoxic activities. The production of SMs is highly regulated and
depends in part on the growth conditions of the organism. The chemical elicitor N-
acetylglucosamine (NAG) and the ‘One Strain Many Compounds’ (OSMAC) approach were
used to characterize the metabolic potential of the plant pathogen Streptomyces sp. 11-1-2.
Genome mining revealed that in addition to producing the phytotoxic compounds nigericin
and geldanamycin, 11-1-2 has the potential to produce at least 49 other specialized
metabolites, some of which are not widely distributed among Streptomyces species. Organic
extracts were prepared using two different organic solvents and plate cultures of
Streptomyces sp. 11-1-2 grown on different culture media and media containing or lacking
the chemical elicitor NAG. The extracts were tested in bioassays to assess the presence of
compounds with antimicrobial and phytotoxic activities, and they were subjected to
untargeted metabolomics and molecular networking analyses. Differences were observed in
the phytotoxicity of the extracts, and this was due in part to differences in the levels of
nigericin and geldanamycin. Moreover, the antimicrobial activity against Gram-positive
bacteria and yeast was very consistent among extracts, but no activity against Gram-negative
bacteria was detected. The use of untargeted metabolomics predicted the presence of

elaiophylin, guanidylfungin A, echosides and other related compounds, in accordance with
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the BGCs present in the 11-1-2 genome. Furthermore, this study determined for the first time
that elaiophylin might be involved in pathogen-host interactions, and other predicted and
detected molecules could also take part in the interaction. Overall, this is the first specialized
metabolome characterization of a non-thaxtomin producing pathogenic Streptomyces and

should provide the basis for further studies with Streptomyces sp. 11-1-2.

4.2 Introduction

Streptomyces bacteria are ubiquitous in terrestrial and aquatic environments where
they interact with various organisms (Seipke et al. 2012; Viaene et al. 2016; Rey and Dumas
2017; Chevrette et al. 2019; Zhao et al. 2020a; Besaury et al. 2021; Duangupama et al. 2021).
These interactions can be mutualistic, parasitic or competitive and are thought to be primarily
mediated by the production of specialized metabolites with diverse bioactivities (O’Brien
and Wright 2011). The SMs can protect or inflict damage on a host or other microorganisms
in the community in order to compete for nutritional resources, or they can act as signaling
molecules in inter- and intra-species communication (Scott et al. 2008; Oh et al. 2009;
Cornforth and Foster 2013; Vaz Jauri and Kinkel 2014; Traxler and Kolter 2015; Kim et al.

2019).

In Streptomyces, the production of SMs is facilitated by BGCs that can be categorized
based on the core biosynthetic enzymes that are present and the class of metabolite(s)
produced. For example, there are BGCs for the production of peptides, phenazines,
polyketides, terpenes, lanthipeptides, non-ribosomal peptides, etc. (Nett et al. 2009; Hwang
et al. 2014; Lee et al. 2020a). SM BGCs also usually contain pathway-specific regulatory
genes that are also known as cluster-situated regulatory (CSR) genes. These encode

regulators that act as a switch, either activating or repressing the biosynthesis of the specific
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metabolite that is produced by the BGC. CSRs are also often regulated by environmental
cues via global regulators (Van Wezel and McDowall 2011; Hoskisson and Fernandez-
Martinez 2018), which control multiple SM biosynthetic pathways rather than individual
pathways (Hoskisson and Ferndndez-Martinez 2018). For example, the amino sugar N-
acetylglucosamine (NAG) acts as an elicitor of SMs in different Streptomyces strains. NAG
addition to culture media is a tested strategy to activate the expression of genes associated
with different Streptomyces specialized metabolites such as actinorhodin (Rigali et al. 2008),
siderophores (Craig et al. 2012), monensin (Zhang et al. 2016c¢), bleomycin (Chen et al.
2020), among others. NAG binds to the DasR regulator, impeding it from attaching to

specific DNA sequences that are involved in the regulation of specialized metabolite BGCs.

Not all SMs are produced at the same time or under the same environmental
conditions, and this has led to the implementation of strategies such as the One Strain-Many
Compounds (OSMAC) approach for exploring the metabolic diversity of microorganisms.
With this approach, growth conditions such as nutrient content, temperature and rate of
aeration are altered in order to promote the activation of different SM biosynthetic pathways
and yield potentially novel compounds (Bode et al. 2002; Romano et al. 2018). This strategy
1s complemented by easy access to genome sequencing and genome mining bioinformatics
tools such as antiSMASH and the MIBiG database. Likewise, the use of untargeted
metabolomics and the establishment of open specialized databases and cheminformatics tools
such as the Global Natural Products Social Molecular Networking (GNPS) platform and
associated workflows has greatly facilitated and improved compound annotation (Wu et al.

2015; Wang et al. 2016; Kind et al. 2018; Chaleckis et al. 2019; Nothias et al. 2020; van
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Bergeijk et al. 2020; Blin et al. 2021; Schmid et al. 2021; Bayona et al. 2022; Terlouw et al.

2022).

The plant pathogen Streptomyces sp. 11-1-2, isolated in 2011 from a CS-infected
potato in Newfoundland, produces at least two phytotoxic compounds, geldanamycin and
nigericin; the detection of these compounds was discussed in Chapter 3. The objective of this
chapter was to characterize the metabolic profile of Streptomyces sp. 11-1-2 and explore the
production of specialized metabolites that could participate in microbe-microbe and plant-

pathogen interactions by combining genomics and metabolomics approaches.

4.3 Results and Discussion

4.3.1 Streptomyces sp. 11-1-2 encodes for several specialized metabolites of interest

Compared to the initial analysis (see Section 3.3.1 and Table S3.2), the updated
antiSMASH analysis (Table 4.1) predicted the same total number of BGCs (51), but the
annotation of several clusters had changed, as discussed in more detail below. Overall, the
analysis predicted a diverse array of BGC classes, including many PKs, NRPs and terpenes,
while six regions (22, 23, 32, 39, 41, and 51) were still uncharacterized and cannot be

assigned to a known BGC with the information available.
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Table 4.1. Biosynthetic gene clusters predicted in the genome of Streptomyces sp. 11-1-2

using antiSMASH 7.0.

Region Type From To Most similar known cluster Similarity
lanthipeptide . NRP+ o
1 —class-i 244467 267372 mycotrienin [ Polyketide 7%
2 terpene 304965 327957 isorenieratene Terpene 85%
arylpolyene,l L
3 adderane,NR | 457599 | 529895 |  coprisamide NRP 95%
PS C/coprisamide D
4 NRPS-like 571719 614054 Echosides A-E NRP 11%
Polyketide:
5 _ PKS- 658010 | 705793 rustmicin lterative 20%
like,terpene type 1
polyketide
6 terpene 824320 845259 | brasilicardin A Terpene+ 38%
Saccharide
7 NRPS 884096 962151 Cyd"fi‘ilrllknamy Polyketide 8%
RiPP- h lact
8 like, TIPKS,h | 974268 1097025 | "SHACPTATONE Other 79%
olE-KS
9 NRPS-like 1160316 1200586 meilingmycin Polyketide 2%
10 2dos 1237882 1273203 Hygrocin A-B Polyketide 67%
T1PKS,NRP . . NRP+ N
11 3 1277766 1393079 meridamycin Polyketide 65%
12 NAPAA 1541803 1572879 paulomycin Other 7%
Polyketide:
13 TIPKS 1575870 | 1705961 nigericin N{;’S:lfr 100%
polyketide
Polyketide:
14 TIPKS 1709681 | 1754690 | salinomycin N{;’S;‘lfr 8%
polyketide
15 TlPKséhglE' 2077385 | 2128172 hexacoszlac“’“e Other 11%
2dos, T1PKS, . . .
16 NRPS-like 2317281 2402967 | naphthomycin A Polyketide 50%
17 NRPSSiﬁl:CIeO 2436317 | 2481506 | toyocamycin Other 30%
18 NRPS 2541367 2594739 glycinocin A NRP 11%
aurachin .
19 terpene 2943967 | 2964259 C/aurachin Pﬁzke;‘? 20%
D/aurachin SS P
20 TIPKSNI- 1 5991613 | 3045502 | peucechelin NRP 20%
siderophore
21 ectoine 3210416 3220820 ectoine Other 100%
22 terpene 3719051 3738277
23 lanthipeptide | 3050406 | 3943726
-class-i
desulfoclethram
24 T1PKS 4304490 4484508 | ycin/clethramyci Other 61%
n
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Polyketide:

25 RiPP-like 4627469 4639844 granaticin Type I 10%
polyketide
0_
26 ladderane 4658207 | 4697921 | dialkylbenzene | Polyketide® 58%
1/0- NRP
dialkylbenzene 2
27 NRPS 4753653 | 4795917 ochronotic Other 50%
pigment
5-
28 indole 5011258 | 5032403 | \soprenylindole- Other 61%
3-carboxylate -
D-glycosyl ester
29 terpene 5596461 5615957 geosmin Terpene 100%
legonoxamine
NI- Al/desferrioxami
30 . 6759041 6769871 ne Other 83%
siderophore .
B/legonoxamine
B
31 NRPS-like 7294519 7335806 Echosides A-E NRP 100%
32 N 7921967 | 7933880
siderophore
ladderane,ary
33 Ipolyene,NR 129537 8069356 cinnapeptin NRP 82%
PS,aminocou
marin
34 TIPKS 8239229 8295520 nomne:’mycm Other 18%
35 T2PKS 8421342 8493857 spore pigment Polyketide 83%
36 terpene 8870148 8892706 hopene Terpene 76%
Polyketide:
Type 11
. . polyketide+
37 lanthipeptide | 096140 | 9120593 | steffimycinD | Saccharide: 16%
-class-i e
Hybrid/tailo
ring
saccharide
38 terpene 9210479 9230310 lasalocid Polyketide 3%
39 T1PKS 9358088 9405558
NRPS, transA
T- o . : .
40 PKS.NRPS- 9419881 9495386 meilingmycin Polyketide 9%
like
41 butyrolactone 9654449 9665381
42 hserlactone 9675690 9696448 | Heronamide A-F NRP_’? 8%
Polyketide
redox- . NRP+ o
43 cofactor 9815666 9837784 lankacidin C Polyketide 13%
44 T1PKS 9877490 9945918 efomycin K-L Polyketide 100%
45 TlPSIi?l’(I:RP 10159131 10240039 geldanamycin Polyketide 100%
46 terpene 10383924 10403386 pristinol Terpene 100%
47 terpene 10508385 10529722 ebelactone Polyketide 11%
48 T1PKS 10696374 10842668 | niphimycins C-E Polyketide 87%
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v-poly-L-2.4-
49 NAPAA 10939213 10973346 | diaminobutyric NRP 25%
acid
NRP-
metallophore . . o
50 NRPS.T1PK 11085502 11205821 coelichelin NRP 90%
S
51 betalactone 11367403 11392789

revealed a majority of BGCs from different classes with no similarity to reported clusters
(Fig. 4.1). In contrast, other BGCs were successfully placed into gene cluster families (GCF).
Nigericin (region 013), elaiophylin/efomycins (region 044), geldanamycin (region 045),

niphimycins (region 048) and coelichelin (region 050) have at least one match to the database

using a 0.3 cutoff value (Fig. 4.1).
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Figure 4.1. BiG-SCAPE analysis of 11-1-2. The network shows the correlation between
predicted BGCs in the 11-1-2 genome (diamonds) and the MIBiG database (circles) using a
cutoff of 0.3. Diamonds are labeled with their region number as defined by antiSMASH and
presented in Table 4.1. The colour of the nodes represents the BGC class as determined by
BiG-SCAPE.

Two regions in the 11-1-2 genome, regions 4 and 31, match the BGC for echosides
A-E with 11 and 100% similarity, respectively (Table 4.1). Echosides A-E are para-
therphenyl compounds produced by Streptomyces, and some of them possess DNA
topoisomerase inhibition activity and weak antibacterial activity (Deng et al. 2014). The
echoside BGC was described as containing a NRPS-like polyporic acid synthase (encoded
by echA) that is essential for biosynthesis of these metabolites, along with a number of genes
with putative regulatory and tailoring functions (Zhu et al. 2014). According to the BiG-
SCAPE analysis, the echosides BGC and closely related BGCs can be subdivided into three
gene cluster families (GCFs); moreover, the BGC network suggests that echosides and

similar metabolites might be widespread among Streptomyces (Fig. 4.2). Interestingly, a
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comparison between the BGC predicted at region 31 and the terfestatin/echoside BGC from
Streptomyces sp. RM-5-8 showed important differences both upstream and downstream of
the proposed core genes of the BGC (Fig. 4.2). These differences might account for the
production of different echoside analogs, as previously proposed (Clinger et al. 2021).
Previously, terfestatin A, an auxin signaling inhibitor, was isolated from Streptomyces sp.
F40 (Yamazoe et al. 2004), and it shares structural similarities with the echosides. However,
it is currently not known if this compound is produced by the same BGC that is responsible

for echoside biosynthesis, and the genome of the strain is not available.
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-+ 8._antimycoticus_NBRC_12838
AR AR KR E e e st e e S._antimycoticus_NBRC_100767
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................................ S_ihygroscopicusixMQO‘]
---8._asiaticus_DSM_41761
----8_rhizosphaericus_DSM_41760
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Figure 4.2. Genomic analysis of region 31 in the 11-1-2 genome. A) BiG-SCAPE network.
The diamond represents the 11-1-2 region 31, the triangle represents the MIBiG BGC, and
the colour of the nodes represents different gene cluster families (GCFs). B) Phylogenetic
tree showing the GCF containing region 31 and closely related BGCs in the custom
Streptomyces BGC database. C) Alignment of the Echosides A-E BGC with a similar BGC
from Streptomyces sp. RM-5-8 and the predicted echoside BGC at region 31 in 11-1-2. Genes
coloured the same belong to the same functional group, and homologues are linked by shaded
areas that indicate the % amino acid identity of the corresponding protein products.
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The BGC predicted in region 4 from 11-1-2 contains homologues of the echA and
echB genes from the echoside BGC (Fig. 4.3), but no other significant matches to the
echoside BGC are present. The NRPS EchA is a tri-domain module protein, and each domain
contains signature motifs for substrate specificity: adenylation (VAEFSGAASK), thiolation
(LGGTSL), and thioesterase (GYSYG) domains (Zhu et al. 2014). The EchA homologue
from region 4 has identical domain for thiolation and thioesterase domain, but not for the
adenylation domain (Fig. S4.1), where a valine is replaced by an isoleucine, which is believed
to modify the substrate specificity (Zhu et al. 2014). Moreover, the amino acid alignment of
the EchB homologue from region 4 with EchB reveals that both proteins contain an N-
terminal nucleotide binding motif TGxxGxxA (Fig. S4.2), typical of short-chain
dehydrogenase/reductases (Zhu et al. 2021). The protein EchB interacts with EchC, a
dehydratase, to modify the polyporic acid molecule assembled by EchA during the
biosynthesis of echosides in Streptomyces sp. LZ35 (Zhu et al. 2021), and a similar finding
was reported for the EchB/EchC homologues TerB and TerC in Streptomyces sp. R-M-5-8
(Clinger et al. 2021); yet, no echC/terC region is present in region 4. This suggests that the
compound produced by the BGC in region 4 might have some basic structural features that

are shared with the echosides, but it is likely a different molecule.

Interestingly, two BGCs in the MIBiG database, o-dialkylbenzene 1/0-
dialkylbenzene 2 (BGC0002441) and kitacinnamycins (BGC0002109), also contain
homologues of echA and echB, although it remains unclear what their role is in the production
of the corresponding compounds (Shi et al. 2019; Zhang et al. 2021). Notably, it was recently

shown that the deletion of the ech4 homologue from the globisporamic acid BGC in
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Streptomyces globisporus C-1027 did not affect the biosynthesis of that compound (Li et al.

2022).

A) B) 0.009

Streptomyces_sp._PSAA01_97
-------------------------- S._antimycoticus_NBRC_100767
-S._rapamycinicus_NRRL_5491
.................................. Stre ptomyces_sp._NEAU-YJ-81
-------------------------------- Streptomyces_sp._11-1-2_region004
q

Echosides A-E BGC
KJ156360 (reversed):18739-1

e

11-1-2 Region 4 DO *» DPEAT

CP022545:1-42336
T
25kb 0 Identity (%) 100

Figure 4.3. Genomic analysis of region 4 in the 11-1-2 genome. A) BiG-SCAPE network.
The diamond represents the 11-1-2 region 4. B) Phylogenetic tree showing closely related
BGC:s in the custom Streptomyces BGC database. C) Alignment of the Echosides A-E BGC
with the BGC predicted for the 11-1-2 region 4. The colouring and linking of genes in each
cluster are as described in the Figure 4.2 figure legend. The echA and echB genes in the
echoside BGC are labeled.

Region 5 in the 11-1-2 genome is predicted by antiSMASH to contain a BGC with
20% similarity to the known rustmicin BGC (Table 4.1). Rustmicin is also known as
galbonolide A, and the related compound neorustmicin is also known as galbonolide B; both
molecules are 14-membered macrolides with antifungal activity (Karki et al. 2010). The
rustmicin BGC from Streptomyces galbus contains 30 genes, and it is separated into two
operons. Genes galA-E are sufficient for the production of neorustmicin/galbonolide B (Liu

et al. 2015), while genes galGHIJK are required for production of rustmicin/galbonolide A
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(Karki et al. 2010). The role of the remaining genes is unclear, but it is speculated that they
are tailoring enzymes (Karki et al. 2010; Zhang et al. 2016a). The gal4-E core is present in
region 5 of 11-1-2, suggesting that this strain could at least produce galbonolide B, while the

flanking genes could serve as post-PKS tailoring enzymes yielding novel galbonolides (Fig.

4.4).
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Figure 4.4. Genomic analysis of region 5 in the 11-1-2 genome. A) BiG-SCAPE network.
The diamond represents the 11-1-2 region. B) Phylogenetic tree showing closely related
BGCs in the custom Streptomyces BGC database. C) Alignment of the galbonolide BGC
with the BGC predicted for the 11-1-2 region 5. The colouring and linking of genes in each
cluster are as described in the Figure 4.2 figure legend.

Region 11 of the 11-1-2 genome partially matches the reported meridamycin BGC.
This compound is a 27-membered macrolide with neuroprotective activity (Salituro et al.
1995; He et al. 2006; Sun et al. 2006). Other closely related molecules, meridamycins A-E,

have also been described in Streptomyces sp. LZ35 and are likely to be produced by the same
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BGC (Liu et al. 2016). The meridamycin BGC has been characterized as a hybrid NRP-PKS
cluster in Streptomyces sp. NRRL 30748 and Streptomyces sp. DSM 4137 (syn: Streptomyces
malaysiensis DSM 4137) (He et al. 2006; Sun et al. 2006). The 11-1-2 cluster shows some
significant differences compared to other reported clusters (Fig. 4.5). Firstly, the homologue
for merC is split into three PKSs and two discrete domains, while the homologue for merD
is expanded. Secondly, a group of four genes consisting of two regulatory genes (LysR and
TetR transcriptional regulators), one transporter (major facilitator superfamily, MFS
transporter) and a DNA polymerase III subunit alpha is located upstream of the PKS genes
in 11-1-2, while they are downstream of the PKS genes in S. malaysiensis, and are absent
from the Streptomyces sp. NRRL 30748 cluster. Thirdly, three genes located downstream
from the PKS genes in 11-1-2 are not present in the other clusters. These genes include a
homologue to a sensor histidine kinase followed by a LuxR transcriptional regulator,
resembling a two-component system operon. The third gene is a protein of unknown function.

It remains unclear how these changes might affect the production of meridamycins in 11-1-2.
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Figure 4.5. Genomic analysis of region 11 in the 11-1-2 genome. A) BiG-SCAPE network.
The diamond represents the 11-1-2 region, the triangles represent the MIBiG BGCs, and the
colour of the nodes represents the gene cluster family. B) Phylogenetic tree showing the GCF
containing region 11 and related BGCs in the custom Streptomyces BGC database. C)
Alignment of the meridamycin BGC, a similar cluster from S. malaysiensis DSM 4137 and
the BGC predicted for the 11-1-2 region 11. The colouring and linking of genes in the clusters
are as described in the Figure 4.2 figure legend.

Region 28 of the 11-1-2 genome partially matches the reported 6-isoprenylindole-3-
carboxylate B-D-glycosyl ester BGC. BiG-SCAPE analysis showed a network with a large
number of nodes, suggesting that similar regions are widespread among Streptomyces (Fig.
4.6). This compound does not present significant antimicrobial activity, and it was first
described as being co-produced with two terfestatins (B and C), all of which contain a novel
unsaturated hexuronic acid (4-deoxy-a-L-threo-hex-4-enopyranuronate) attached to the main
core (Wang et al. 2015). The biosynthesis of the molecule is proposed to be initiated by
L-tryptophan, which is sequentially modified by the products of priA BCD until the compound
is obtained. The 11-1-2 cluster contains homologues of priABCDEF G and some hypothetical
genes, but it also shows some differences (Fig. 4.6), suggesting the potential production of a
related molecule by 11-1-2.
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Figure 4.6. Genomic analysis of region 28 in the 11-1-2 genome. A) BiG-SCAPE network.
The diamond represents the 11-1-2 region, the triangles represent the MIBiG BGCs, and the
colour of the nodes represents the gene cluster family. B) Phylogenetic tree showing the GCF
containing region 28 and closely related BGCs in the custom Streptomyces BGC database.
C) Alignment of the 6-isoprenylindole-3-carboxylate B-D-glycosyl ester BGC and the BGC
predicted for the 11-1-2 region 28. The colouring and linking of genes in each cluster are as
described in the Figure 4.2 figure legend.
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4.3.2 Agar cores and organic culture extracts from 11-1-2 have differential

antimicrobial and phytotoxic activity

Previously, Streptomyces sp. 11-1-2 was shown to produce the phytotoxic compounds
nigericin and geldanamycin, and other compounds related to these molecules were also
predicted to be produced (see Chapter 3). Given the number of putative specialized
metabolites that are predicted to be encoded by the 11-1-2 genome (Table 4.1), it is expected
that this strain may produce other metabolites that could play a role in mediating plant-
pathogen interactions as well as microbe-microbe interactions. To investigate this further,
the OSMAC approach was employed in order to activate the production of as many
compounds as possible. This was achieved by culturing the 11-1-2 strain in triplicate on
different solid media (Section 2.1.7), including one (PMA) that is derived from potato tuber
tissue and is expected to at least partially mimic the nutritional conditions encountered during
tuber colonization. In addition, the chemical elicitor NAG was used in some media to
determine the impact of this molecule on the specialized metabolism of 11-1-2 (Section
2.1.7). Agar cores from the culture plates were tested for phytotoxic activity on potato tuber
slice assays (Section 2.5.1) and for antimicrobial activity against different Gram-positive and
Gram-negative bacteria and yeast (Section 2.5.4). In addition, the cultures were subjected to
extraction using two different organic solvents (EtOAc, MeOH) (Section 2.3.1), and the
resulting extracts were also evaluated for antimicrobial activity and phytotoxic activity

against both potato tuber tissue and radish seedlings.

4.3.2.1 Antimicrobial assays
Figure 4.7 show the results of the antimicrobial bioassays using agar cores and

organic extracts from plate cultures of 11-1-2 grown on four different media (OBA, MMM,
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YMS and mMYM) with and without (+/-) the addition of 50 mM NAG. In general, the cores
and organic extracts from all of the media exhibited good activity against the three Gram-
positive bacterial indicator organisms used (B. subtilis, S. epidermidis, S. scabiei). In
contrast, there was no observable antimicrobial activity with any of the cores or organic
extracts against the Gram-negative bacterial indicator organisms E. coli and Pseudomonas
syringae (not shown). The cores and methanol extracts also exhibited antifungal activity
against S. cerevisiae, whereas this activity was mainly absent from the ethyl acetate extracts,

with the exception of the YMS-NAG extract (Fig. 4.7).

As discussed in Chapter 3, the addition of NAG to culture media was shown to
suppress the production of geldanamycin and nigericin by the 11-1-2 strain (Fig. 3.8 and
Table 3.2). In the case of 11-1-2, the addition of NAG to the mMYM medium reduced the
activity of the agar cores and extracts against the bacterial indicators to a greater extent than
in the other media (Fig. 4.7). Furthermore, NAG appears to suppress the production of one
or more methanol-soluble antifungal compounds in OBA, while some stimulatory effects of
NAG were observed in OBA when assessing the antibacterial activity of agar cores against

B. subtilis and S. epidermidis (Fig. 4.7).
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Figure 4.7. Antimicrobial assay with agar cores and organic culture extracts. Each bar
represents the average of the diameter of the zone of inhibition of two disks or cores +
standard deviation after removing the core or disk diameter. The assay was repeated twice
with similar results.

Given the observed antibacterial activity of the 11-1-2 agar cores and extracts against
S. scabiei, 1 conducted additional antimicrobial assays against other Streptomyces strains,
including two other plant pathogenic species (S. turgidiscabies, S. acidiscabies). As shown
in Figure 4.8, the observed antibacterial activity of the agar cores varied depending on the
test strain, with greater inhibitory activity generally observed against S. turgidiscabies, and
less inhibitory activity against S. coelicolor. The effect of NAG on the inhibitory activity
varied depending on the medium used and indicator test strain. In the case of S. clavuligerus,

NAG had a suppressive effect on the inhibitory activity against this organism in three of the
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four media tested (Fig. 4.8). In the context of the plant pathogenic Streptomyces, it remains
unknown if the 11-1-2 strain has an advantage when colonizing plant tissues and competing
against other plant pathogenic species like S. scabiei, S. acidiscabies or S. turgidiscabies, due
to their susceptibility to the compounds produced by 11-1-2. Antibiotic susceptibility might
be involved in competition among Streptomyces strains in the environment. For example, the
production of streptomycin by S. griseus conferred an advantage against streptomycin-
susceptible S. coelicolor in short-term interactions (Westhoff et al. 2020). Moreover, the
production of antibiotics in cocultures and mixed populations is dependant on the
phylogenetic relatedness of the organisms in the community (Westhoff et al. 2021). None of
the tested strains are closely related to 11-1-2 (Caicedo-Montoya et al. 2021), and specific
microbe-microbe interactions were not evaluated in this work to determine the effects on
specialized metabolites. Overall, further investigation is required to characterize the
interactions between 11-1-2 and other soil-borne Strepfomyces and their effects on metabolite

production.
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Figure 4.8. Antimicrobial assay with agar cores against different Streptomyces spp. Each bar
represents the average of the diameter of the zone of inhibition of two disks or cores =+
standard deviation after removing the core diameter.

The antimicrobial assays were also conducted using cores and organic extracts of the
11-1-2 strain grown on four additional agar media — M4, PMA, SA and SFM - in addition to
two previously tested media (OBA, YMS). Again, no antibacterial activity against the Gram-
negative bacterial indicator organisms was detected (not shown), but the cores and extracts
all exhibited inhibitory activity against the two Gram-positive indicator organisms tested
(Fig. 4.9). Notably, the ethyl acetate extracts from the tested media all exhibited antifungal
activity, with the exception of the OBA culture extract (Fig. 4.9). This is consistent with the
results shown in Fig. 4.7, in which only the YMS — NAG ethyl aetate extract exhibited
inhibitory activity against S. cerevisiae. Overall, these results show that 11-1-2 produces

specialized metabolites in the culture media tested, and that agar cores have activity against
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Gram-positive bacteria and antifungal activity against S. cerevisiae. This activity was

retained after extraction from the agar plates with organic solvents.
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Figure 4.9. Antimicrobial assay with agar cores and organic culture extracts. Each bar
represents the average of the diameter of the zone of inhibition of two disks or cores =+

standard deviation after removing the core or disk diameter.

4.3.2.2 Plant bioassays

Considering the role of 11-1-2 as a plant pathogen, the production of phytotoxic

compounds by this strain was of particular interest. The effect of NAG on the phytotoxic

activity of agar cores and organic culture extracts was examined previously (See Chapter 3),

and so the discussion here will focus on the activity observed for the cores and extracts from
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the M4, PMA, OBA, SA, SFM and YMS solid cultures. As shown in Figure 4.10, the cores
from all of these media showed different levels of phytotoxicity against potato tuber tissue;
notably, the PMA and SFM cores were highly phototoxic, whereas the SA cores had minimal
effect on the plant tissue. The organic culture extracts also had differential effects on the
potato tissue. Generally, the phytotoxic activity from the extracts was seen as necrosis and
pitting of the tissue that extended beyond the inoculation site. The ethyl acetate extracts from
M4, SFM and YMS cultures caused less necrosis than the methanol extracts from the same
cultures (Fig. 4.10). Extracts from PMA were more severe and consistent for both solvents,
while extracts from the SA cultures only showed some pitting and with minimum necrosis.
The control cores from the uninoculated media and the solvent controls showed no effects

on the tissue (Fig. S4.3).
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Figure 4.10. Potato tuber slice assay with agar cores and organic culture extracts. A) Top
view and B) side view of a representative slice for each treatment. Each slice was treated
with three cores or disks from the same media or extract, and three slices per treatment were
used. The assay was repeated twice with similar results.
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When tested against radish seedlings, the extracts differentially affected the
development of the shoot, but the effects on root length and total length were more
pronounced (Figs. 4.11-4.13). Both the EtOAc and MeOH extracts from the PMA cultures
as well as the M4 ethyl acetate extract caused considerable stunting of the seeding roots as

compared to the other extracts, while the SA extracts did not reduce the seedling length.

Water 50% 70% E M E M E M E M E M E M
MeOH M4 OBA PMA SA SFM YMS

Figure 4.11. Representative radish seedlings treated with different organic culture extracts.
E: ethyl acetate; M: methanol. The photos were taken after five days of incubation.

It was observed that the seedlings for some treatments had long roots but the
development of lateral roots was affected (Fig. 4.11); thus, the lateral roots/cm was
determined for the seedlings (Fig. 4.13). Interestingly, seedlings that were treated with the
M4 EtOAc extract, which had caused a severe reduction in the root length (Fig. 4.13), had
similar numbers of lateral roots as the control plants, whereas the SA ethyl acetate extract-
treated seedlings had a reduction in the number of lateral roots despite having an average root
length similar to the control plants (Fig. 4.13). Lateral root development is controlled by the
presence of the indole-3-acetic acid (IAA) auxin, which promotes cell division and maintains

cell viability (Celenza et al. 1995; Du and Scheres 2018). It is possible that auxin signaling
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interference by specialized metabolites recovered with the organic solvents are responsible
for the phenotype seen in specific extracts. Auxin activity can be regulated or inhibited by a
number of synthetic and natural products (Hayashi 2021), some of which include cytokinins
(Stoeckle et al. 2018), tryptophan conjugates of jasmonic acid and IAA (Staswick 2009), and
most notably, Streptomyces-produced terfestatin A (Yamazoe et al. 2005) and yokonolides

A and B (Hayashi et al. 2001, 2003).
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Figure 4.12. Effect of different organic culture extracts on radish seedlings. The shoot (top),
root (middle) and total length (bottom) of the seedlings were evaluated. Each box represents
the average of the measurement + standard deviation. The assay was repeated twice with
similar results. The name of the media is preceded by E (ethyl acetate) or M (methanol)
according to the organic solvent used for the metabolite extraction. 50% MeOH served as the
control for the methanol extracts while 70% MeOH was the control for the ethyl acetate
extracts.
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Figure 4.13. Effect of different organic culture extracts on the number of lateral roots/cm of
root length in radish seedlings. Each box represents the average + standard deviation. The
assay was repeated twice with similar results. The name of the media is preceded by E (ethyl
acetate) or M (methanol) according to the organic solvent used for the metabolite extraction.
50% MeOH served as the control for the methanol extracts while 70% MeOH was the control
for the ethyl acetate extracts.

4.3.3 Streptomyces sp. 11-1-2 produces a diverse array of specialized metabolites

To gain further insights into the specialized metabolites that may be responsible for
the observed bioactivities, organic culture extracts were analyzed using untargeted LC-MS?
(Section 2.3.2) and the resulting files were processed using MZmine ion identity molecular
networking in the GNPS environment, aided by SIRIUS (Diihrkop et al. 2019b) and BUDDY

(Xing et al. 2023) for prediction and annotation of compounds (Section 2.4).

Two LC-MS? datasets were used for the analysis in this study. The first one was

generated as part of the work described in Chapter 3, where EtOAc extracts prepared from
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YMS and mMYM = 50 mM NAG plate cultures were subjected to untargeted LC-MS?. The
second dataset was generated in the work described in this chapter using the EtOAc and

MeOH extracts prepared from the M4, OBA, PMA, SA, SFM and YMS plate cultures.

When analyzing the first dataset, the number of unique features was found to be
higher in media without NAG for both media types, suggesting a significant suppresive effect
on specialized metabolites biosynthesis due to NAG, and mMYM showed more unique
features when including both conditions (Fig. 4.14). For the second LC-MS? dataset, the
number of unique features was found to be higher in the methanol extracts, and for both
EtOAc and MeOH; the SA extracts had more unique features than the other media (Fig. 4.15).
The hits to the GNPS library and the general networks are included in Appendix 3 (Tables

S4.1-4.3 and Figures S4.4-4.6).
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Figure 4.14. Venn diagram showing the number of shared features detected by the [IMN
analysis for the first dataset. The comparison shows organic culture extracts from the mMYM
and YMS plate cultures with (+) and without (-) NAG. The diagram was prepared using the
precursor mass obtained from the quantification table after processing in the GNPS website.
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Figure 4.15. Venn diagrams showing the number of shared features detected by the IIMN
analysis for the second dataset. The comparison was made by organic solvent (A) and by
media for ethyl acetate (B) and methanol (C) extracts. The diagram was prepared using the
precursor mass obtained from the quantification table after processing in the GNPS website.
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Searching the datasets for known metabolites, the presence of three echosides was
determined in the EtOAc extracts from different media only in the second dataset. Echoside
C (1; m/z 453.1191, [M-H]) was detected in all of the EtOAc media extracts but the relative
peak area in the PMA extract was greater than in the extracts from the other media (Fig.
4.16). Two other echosides, D and E (2 and 3; m/z 494.0914 [M-H] and m/z 524.1019 [M-
HJ, respectively) were also predicted in the same network. The production of the different
echosides is performed by the same BGC, therefore, it is expected to find them being
coproduced (Deng et al. 2014). Other features in the same network include two matches to
the GNPS library for the plant metabolites baicalin (4) and chrysin-7-O-glucoronide (5), and
two more features annotated by SIRIUS and BUDDY with high confidence, the structures of
which remains unclear. The echosides were not detected in the other extracts evaluated in

this study. The fragmentation pattern comparison plots for echosides are shown in Fig. S4.7.
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Figure 4.16. Echosides network obtained from untargeted LC-MS? of organic culture extracts
after analysis using lon Identity Molecular Networking. Each node in a network represents a

metabolite. The * represent matches to the GNPS library. Nodes are linked by a similarity

cosine score (>0.7), and the width thickness increases at higher values. The size of the nodes
is relative to the sum of the peak areas for all media. The pie chart represents a relative
distribution of the peak area for six different media: Red = M4, Yellow = OBA, Light green
=PMA, Teal = SA, Blue = SFM, Violet = YMS.

Another compound that was predicted in the extracts is galbonolide B. In the first
dataset, a feature predicted as galbonolide B (6) was detected in mMYM-NAG but not in

mMMYM-+NAG (m/z 365.2315, [M+H]") (Fig. 4.17 and Fig. S4.8). In contrast, the same
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feature appeared to be present in higher amounts in the YMS+NAG extract as compared to
the YMS-NAG extract (Fig. 4.17A). Intriguingly, the node representing galbonolide B is
linked to another feature (7) predicted to have a formula of Cy3H330¢ (m/z 411.2728,
[M+H]"). To date, none of the known galbonolide analogues reported match this molecular
formula (Zhang et al. 2016a), and the structure for this compound remains unknown. Both
compounds were also detected in the EtOAc and MeOH extracts from the second dataset,
and these networks also included other nodes (8-11) that represent potential intermediates or

derived molecules (Fig. 4.17B and C).

A)

CZSHSSOE C22H3SO7 c22H3606 c22H3405 c27H49NOS*

Figure 4.17. Galbonolide B (5) networks obtained from untargeted LC-MS? of organic
culture extracts after analysis using lon Identity Molecular Networking. The networks for
media + NAG (A), ethyl acetate (B) and methanol (C) extracts are shown. Each node in a
network represents a metabolite and the number refers to the best prediction. Nodes are linked
by a similarity cosine score (>0.7), and the width thickness increases at higher values. The
size of the nodes is relative to the sum of the peak areas for all media in each network. An
inverted triangle behind a node represents the combination of adducts into one node. The pie
chart represents a relative distribution of the peak area for different media: white = mMYM-,
black = mMYM-+, light grey = YMS-, dark grey = YMS+, Red = M4, Yellow = OBA, Light
green = PMA, Teal = SA, Blue = SFM, Violet = YMS. * = low confidence prediction.
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Given the presence of a BGC with high similarity to the meridamycin BGC, the
presence of this compound was also investigated (Fig. 4.18). A feature consistent with
meridamycin (12; m/z 822.5375, [M+H]" and Fig. S4.9A) was predicted in the first dataset,
and the addition of NAG drastically reduced the relative levels of the feature in YMS, while
the levels in mMYM = NAG remained very similar (Fig. 4.198A). The feature was also
predicted in the EtOAc (820.5217, [M-H]") extracts from the second dataset (Fig. 4.18B). In
this network, the meridamycin feature was linked to a second feature (m/z 866.5272, [M-H]

) of larger peak area, which may be a new intermediate or derivative (Fig. 4.18B).

The analogue meridamycin A (13; m/z 838.5326, [M-H] and Fig. S4.9B) was
predicted in extracts from both datasets, but the relative amount varied depending on the
medium. Notably, the feature was absent from the YMS-NAG extract (Fig. 4.18C), and the
SA EtOAc and MeOH extracts recorded the lowest levels from the second dataset (Fig.
4.18D-E). Other nodes in the network are assumed to represent related compounds due to the
similarity of their molecular formula and the high confidence prediction, but their structures

remain unknown.
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Figure 4.18. Meridamycin (12) and meridamycin A (13) networks obtained from untargeted
LC-MS? of organic culture extracts after analysis using Ion Identity Molecular Networking.
The networks for media = NAG (A and C), ethyl acetate (B and D) and methanol (E) extracts
are shown. The components of the networks are the same as described for Fig. 4.17.

172



Other compounds of interest are the niphimycins, which are macrolides with
structural resemblance to azalomycins and guanidylfungins, all of which have antifungal
activity (Ivanova et al. 1998; Usuki et al. 2006; Hu et al. 2018; Chen et al. 2022). The analysis
of the different extracts (Fig. 4.19) identified a niphimycin-like compound that was a match
to the GNPS library in the majority of the extracts (14; m/z 1130.7292, [M+H]"; m/z
1128.7141, [M-H]"). This compound is likely to be guanidylfungin A, a molecule with
antimicrobial activity against fungi and Gram-positive bacteria and it is co-produced with
guanidylfungin B (Takesako and Beppu 1984). Guanidylfungin B was also predicted to be

present in some of the extracts, although with low confidence (16, Cs7H101N3O13).

In the first dataset, the production of guanidylfungins seemed to be reduced in the
presence of NAG, based on the relative peak area (Fig. 4.19A and D). In the second dataset,
extracts from PMA generally showed higher amounts, while the levels in SA were very low
or completely absent. Notably, the compound was detected in both positive and negative
1onization, although the molecular networking suggests that the positive ionization is capable
of detecting more related molecules and, subsequently, creating larger networks (Fig. 4.19B-

C and E-F).

To date, there is no BGC assigned specifically for the production of guanidylfungins
in Streptomyces. Given the structural similarities between niphimycins and guanidylfungins,
the cluster in region 48 (87% similarity to the niphimycins C-E cluster, Table 4.1) of the 11-

1-2 genome is most likely responsible for the production of this compound.
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14 c58H103N3018
15 c43H75N306*
16 C57H101N3018*
17 C58H103N3017*

Figure 4.19. Guanidylfungin A (14) networks obtained from untargeted LC-MS? of organic
culture extracts after analysis using Ion Identity Molecular Networking. The networks for
media £ NAG (A and D), ethyl acetate (B and E) and methanol (C and F) extracts are shown.

The * represent matches to the GNPS library. The components of the networks are the same
as described for Fig. 4.17.
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Elaiophylin is a macrolide with diverse bioactivities that is often co-produced with
geldanamycin and nigericin, and several analogues have been identified from different
Streptomyces strains of diverse origins, like efomycins and halichoblelides (Lee et al. 1996;
Wu et al. 2013; Sheng et al. 2015; Han et al. 2016; Gui et al. 2019; Klassen et al. 2019). The
production of elaiophylins and efomycins is likely performed by the same BGC, and some
discrete differences may account for the production of the different analogues, as previously

suggested (Klassen et al. 2019).

The organic extracts were analyzed for the presence of elaiophylin, and a feature
consistent with this molecule was predicted from the analysis in negative mode (18; m/z
1023.5900, [M-H] and Fig. S4.10A). The relative level of the feature was not affected by the
presence of NAG in either mMYM and YMS (Fig. 4.20A), while the second dataset revealed
a larger amount of the feature in the PMA extracts as compared to the other extracts (Fig.
4.20B and C). A number of related features were detected in each case, most notably,
efomycin G (19; m/z 1009.5739, [M-H] and Fig. S4.10B), which possesses antimicrobial
activity against Gram-positive bacteria (Supong et al. 2016; Gui et al. 2019). Intriguingly,
other features predicted with high confidence in these networks do not match the known
elaiophylin analogues (20-23), which suggests the possible presence of novel elaiophylin

derivatives being produced by 11-1-2.
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Figure 4.20. Elaiophylin (18) networks obtained from untargeted LC-MS? of organic culture
extracts after analysis using lon Identity Molecular Networking. The networks for media +
NAG (A), ethyl acetate (B) and methanol (C) extracts are shown. The components of the
networks are the same as described for Fig. 4.17.

A feature in the EtOAc extracts from the second dataset matched with
12-hydroxyjasmonic acid (24, m/z 227.1280 [M+H]" ) in the GNPS library (Fig. 4.21).
However, the same match did not occur in the methanol extracts or the first dataset. Instead,
the feature was predicted by BUDDY and SIRIUS with high confidence. The extracts from
mMYM- had the largest peak area in the first dataset for 24, while M4 showed larger peak

areas in the second dataset.

Notably, tuberonic acid, a compound that promotes the tuberization in potato plants,
is often referred to as a synonym of 12-hydroxyjasmonic acid due to their structural
similarity, but they are separate isomers (Miyawaki et al. 2021). It has been reported that 12-
hydroxyjasmonic acid can be bioconverted from jasmonic acid by the fungal pathogen

Magnaporthe oryzae as a method to evade host defences and enhance pathogenicity after
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tissue penetration (Patkar et al. 2015). With the current data, it is not possible to conclude
that 11-1-2 is capable of producing 12-hydroxyjasmonic acid, and what role it may have in
the pathogenicity of the strain. Thus, further research is required to confirm the presence of

the compound and elucidate the biosynthesis pathway.

A)

24

OH
\
Y SN
* 12-hydroxyjasmonic acid
24

Figure 4.21. 12-hydroxyjasmonic acid (24) networks obtained from untargeted LC-MS? of
organic culture extracts after analysis using lon Identity Molecular Networking. The
networks for media = NAG (A), ethyl acetate (B) and methanol (C) extracts are shown. The
components of the networks are the same as described for Fig. 4.17.
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A prominent feature found in all datasets (Fig. 4.22) was predicted to be musacin D
(25, m/z 155.0706 [M+H]" and Fig. S4.11). The extracts from YMS+ had the largest peak
area in the first dataset for 25 (Fig. 4.22A), while PMA and YMS showed larger peak areas

in the second dataset for both EtOAc and MeOH extracts (Fig. 4.22B and C).

Musacin D is part of several musacins first detected in Streptomyces griseoviridis, all
of which were initially reported as having no significant bioactivity (Burkhardt et al. 1996;
Schneider et al. 1996). Later, it was determined that the plant pathogen Nigrospora sacchari
produces a phytotoxic compound with identical structure to musacin D except for a different
stereochemical configuration of the hydroxy group in carbon number five (Fukushima et al.
1998). The stereochemichal configuration of many compounds affect their bioactivity to
different levels, as previously reviewed (Evidente et al. 2013). With the current information,
it is not possible to conclude if the feature predicted as musacin D has a role in the
phytotoxicity of the extracts, or if its identity truly corresponds to musacin D or the
phytotoxin from N. sacchari. Further purification and characterization of the feature is

necessary to establish its significance for the pathogenic phenotype of 11-1-2.
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Figure 4.22. Musacin D (25) networks obtained from untargeted LC-MS? of organic culture
extracts after analysis using Ion Identity Molecular Networking. The networks for media +
NAG (A), ethyl acetate (B) and methanol (C) extracts are shown. The components of the
networks are the same as described for Fig. 4.17.

Other features of interest in the organic extracts include three molecules of unknown
structure with relative large peak areas (Fig. 4.23), which are predicted to have the formulas
C27H33NOs (26, m/z 468.2376 [M+H]"), C27H33NO7 (27, m/z 484.2324 [M+H]") and
C27H37NO¢ (28, m/z 472.2671 [M+H]"). While the first compound is common across all the
extracts, the second compound is only present in the media £+ NAG, which could be due to
its solubility in the resuspension solvent during the metabolite extraction process. Moreover,
the molecular networking analysis revealed a number of related nodes. However, the current
data does not allow a conclusive identity for these compounds to be determined, thus, more

detailed work is required.
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C,7H33NO, C;H3sNO;  CypH,;NO,
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Figure 4.23. Molecular networks of three unknown compounds obtained from untargeted
LC-MS? of organic culture extracts after analysis using Ion Identity Molecular Networking.
The networks for media + NAG (A), ethyl acetate (B) and methanol (C) extracts are shown.
The components of the networks are the same as described for Fig. 4.17.

4.3.4 Culture media composition affects the production of different specialized

metabolites of interest

In the previous study (see Chapter 3), geldanamycin and nigericin were shown to be
produced by 11-1-2 in both mMYM and YMS, and the presence of NAG in the culture media
had a suppressive effect on the production of both metabolites. Features consistent with these
molecules were also identified in the untargeted metabolomics analysis conducted in the
current study (Tables S4.2 and S4.3), and targeted detection and quantification was
conducted in order to confirm the presence of the metabolites and to compare their relative

levels in the different culture extracts (Fig. S4.12).

The analysis revealed that in all of the culture media tested, the nigericin production
levels were significantly greater than that of geldanamycin (Table 4.2), and this is consistent

with what was observed in the previous study for the YMS and mMYM media (Table 3.2).
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When comparing the metabolite levels in the extracts prepared using the two different organic
solvents, both compounds were detected in both sets of extracts, but the EtOAc extracts
contained higher amounts of both compounds than the MeOH extracts. Looking at the levels
of each compound produced in the different media, PMA was found to contain high amounts
of both compounds, while the SA medium generally contained lower concentrations of each

(Table 4.2).

Table 4.2. Nigericin, geldanamycin and elaiophylin quantification in different organic culture
extracts.

Extraction | Culture Nigericin' Geldanamycin' Elaiophylin'

solvent | medium (mM) (mM) (mM)

M4 6.931 + 0.549 [0.191 = 0.019 | 0.001 =+ 0.000

OBA [0.824 + 0.280 | 0.219 + 0.020 |0.023 =+ 0.007

Ethyl PMA [9441 + 2258 [0.506 = 0.036 |1.212 + O0.111

acetate SA 1.579 + 0.172 | 0.011 =+ 0.001 |0.021 =+ 0.008
SFM 4532 + 0.366 | 0.149 + 0.020 N.D.2

YMS 8479 £+ 0.663 | 0.154 + 0.013 ]0.018 + 0.004

M4 2.927 £ 0499 10.032 + 0.040 | 0.001 + 0.000

OBA 10983 + 0.427 [0.149 £ 0.094 |0.033 + 0.012

Methanol PMA 3793 4+ 2323 [0.180 + 0.042 ]0.271 + 0.044

SA 0.996 = 0.227 |0.002 £+ 0.002 |0.007 =+ 0.002

SFM 1.418 + 0.326 | 0.052 + 0.023 |0.001 =+ 0.001

YMS [4.098 + 0.890 | 0.055 + 0.008 |0.010 = 0.004

! The values shown correspond to the average of three replicates + one standard deviation.
2 Not detected.

Elaiophylin is often co-produced with geldanamycin and nigericin, and the untargeted
LC-MS? analysis predicted its presence in the organic extracts from 11-1-2 (Fig. 4.20).
Although it is a known metabolite with some antimicrobial activity, its structural similarity
with concanamycin A, a known phytotoxin from S. scabiei (Natsume et al. 2017; Li et al.
2019c), made it an interesting target to study its bioactivity against plants. First, to confirm

the prediction from the molecular networking analysis, the MeOH and EtOAc organic
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extracts prepared from the six different media were analyzed for the presence of elaiophylin
using HPLC with an authentic elaiophylin standard. A peak with the identical retention time
and absorbance spectrum as the standard was detected in both the EtOAc and MeOH extracts
(Fig. S4.12 and S4.13). When comparing the relative amount of the compound in the different
media, the levels were highest in the PMA extracts, in accordance with the untargeted LC-
MS? data (Fig. 4.20B and C), while no elaiophylin was detected in the EtOAc extracts of
SFM. When compared to nigericin and geldanamycin, the elaiophylin levels were lower in
all of the media with the exception of PMA, where they exceeded the geldanamycin

production levels (Table 4.2).

To determine whether elaiophylin exhibits any bioactivity against plants, a potato
tuber slice bioassay was conducted using different concentrations of the pure standard. Figure
4.24 shows that 10 nmol of elaiophylin caused some minor necrosis and pitting to the tissue;
the damage was more severe when the concentration of the compound was increased and
resembled the effects of geldanamycin. The combination of elaiophylin with geldanamycin
or nigericin increased the severity of the damage caused by each compound independently,
especially the nigericin. As with geldanamycin and nigericin, the effects of elaiophylin were
distinct from the damage caused by the thaxtomin A phytotoxin at the same concentrations

(Fig. 4.24).
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Elaiophylin +
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Figure 4.24. Top and side view of potato tuber slice assay treated with pure compounds. Each
tuber slice contained disks inoculated with 0 (control), 10, and 20 nmol of the respective
compound in a fixed volume of 20 pL. For the combination of elaiophylin with geldanamycin
or nigericin, each compound provided half of the amount reported, i.e., 20 nmol had 10 nmol
of each compound. The assay was performed twice with three biological replicates per
treatment in each assay, with similar results obtained each time.

The bioactivity of elaiophylin was also tested against radish seedlings alongside
geldanamycin, nigericin and thaxtomin A (Fig. 4.25). The shoot length was generally
increased in the presence of elaiophylin as compared to the control plants, while the other
compounds seemed to have more of an effect on shoot development (Fig. 4.26, top panel).
In contrast, the root length was reduced in presence of higher concentrations of elaiophylin
when compared to the DMSO-treated control plant, though the results were not statistically
significant (Fig. 4.26, middle panel). The combination of elaiophylin with geldanamycin or
nigericin did not affect the root length when compared to the same concentrations of each
compound separately. For the total length, the treatments had the same trend as the root length

values (Fig. 4.26, bottom panel).
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Figure 4.25. Representative radish seedlings treated with different pure compounds. The
photos were taken after five days of incubation.
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Figure 4.26. Effect of different pure compounds on radish seedlings. Elaiophylin (ELA),
geldanamycin (GDM), nigericin (NGN) and thaxtomin A (ThxtA) were tested for their
effects on shoot (top), root (middle) and total length (bottom) of radish seedlings. Seedlings
were treated with 10 or 20 nmol of each compound, or a combination of 10 nmol of each
compound. Each box represents the average of the measurement + standard deviation. The
data was analyzed using an ANOVA with Tukey’s test. Values with different letters are
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statistically different (P < 0.05).
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The development of lateral roots on the radish seedling was also evaluated following
treatment with the pure compounds. The addition of elaiophylin did not have a negative
impact on this variable, but it slightly improved the number of roots when combined with
geldanamycin (Fig. 4.27 and 4.28). Interestingly, the use of nigericin alone or in combination
caused a clear reduction in the number of lateral roots/cm of root length, an effect also seen
with some organic extracts (Fig. 4.13); however, low numbers of lateral roots/cm were also
obtained with organic extracts containing much lower amounts of nigericin (e.g. SA-E),
which may be due to the presence of another compound with similar effects. This role of

nigericin and other compounds in lateral root development requires further investigation.
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Figure 4.27. Effect of different compounds on the number of lateral roots/cm of root length
in radish seedlings. Elaiophylin (ELA), geldanamycin (GDM), nigericin (NGN) and
thaxtomin A (ThxtA) were tested. Each box represents the average of the measurement +
standard deviation. The data was analyzed using an ANOVA with Tukey’s test. Values with
different letter are statistically different (P < 0.05)
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Figure 4.28. Effect of elaiophylin (ELA), geldanamycin (GDM), nigericin (NGN) and
thaxtomin A (ThxtA) on the lateral roots of radish seedlings. A 1-mm scale bar is located in
the lower right corner of each photo.
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The quantification and bioactivity of echoside C was also investigated in this study.
An RP-HPLC method was tested using an echoside C commercial standard (Section 2.3.3.4);
however, the metabolite could not be detected in the extracts using this method. More work
is required to find the suitable conditions for the targeted detection and quantification of this

molecule.

The bioactivity of this compound was evaluated using plant bioassays. The potato
tuber slice assay did not show any pitting, necrosis, oxidation, or any other symptoms
associated with phytotoxic activity at the concentrations tested (Fig. S4.14). When evaluated
using radish seedlings, the molecule did not exhibit any significant effect compared to the
water and solvent controls (Fig. S4.15-S4.17). Given the structural similarity of echoside C
with the auxin-signaling inhibitor terfestatin A, including the active core that is involved in
this activity (Hayashi et al. 2008), it was considered a metabolite of interest that may
contribute to the pathogenic phenotype of 11-1-2. However, under the conditions of this
work, echoside C showed no phytotoxic activity, and its role in plant-pathogen interactions

remains unclear.

4.4 Conclusions

This study provides new insights into the specialized metabolome of the novel plant
pathogenic Streptomyces sp. 11-1-2. Genomic analyses revealed that 11-1-2 has the potential
to produce at least 51 different specialized metabolites, and bioassays conducted using agar
cores and extracts from 11-1-2 plate cultures demonstrated that the organism can produce
compounds with inhibitory activity against Gram-positive bacteria (including other
Streptomyces spp.), fungi and plants. Of the different culture media used in this study, PMA
was the best supporting the production of the phytotoxic compounds geldanamycin and
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nigericin, and agar cores and extracts from this medium were very bioactive in all the assays
performed. Considering that 11-1-2 was originally isolated from a CS-diseased potato tuber,
it is likely that the strain has adapted its metabolism to enable colonization of the nutrient-
dense tuber tissues, thereby providing a selective advantage over other microbes in the soil

environment.

The untargeted LC-MS? and molecular networking analysis suggests that 11-1-2
produces many known specialized metabolites and closely related compounds with unknown
structure and bioactivity. The identification of guanidylfungin A, an antifungal compound,
suggests that this compound is at least partially responsible for the activity seen against S.
cerevisiae. However, the absence of antifungal activity in the OBA EtOAc extract contradicts
this, as guanidylfungin A was detected in this extract. Targeted detection and quantification
of this compound in the different extracts is therefore necessary to further investigate the

contribution of the metabolite to the observed antifungal activity.

It is noteworthy that some prominent compounds in the organic culture extracts could
not be identified, and their role in the plant pathogenic and/or antimicrobial phenotype
remains unknown. Furthermore, the metabolites expected from some BGCs were not
detected in this study, suggesting that the conditions used do not promote their biosynthesis,

or that other strategies are required to recover them during the extraction process.

This study additionally showed that elaiophylin is produced by 11-1-2, and it has
some phytotoxicity against potato tuber tissue, though not as much as the other phytotoxins
tested. Importantly, elaiophylin appeared to enhance the tuber tissue damage caused by
geldanamycin and nigericin, suggesting that it exhibits synergistic effects with these
compounds. The elaiophylin precursors pteridic acids A and B, and related pteridic acids H
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and F have been tested in plants and show protective effects against abiotic stress and auxin-
like effects (Igarashi et al. 2002; Yang et al. 2022) but the effects of elaiophylin had not been

previously evaluated in plant bioassays until now.

Another known effect of elaiophylin is enhancing the antifungal activity of rapamycin
(Fang et al. 2000), and it has good antibacterial activity against Gram-positive bacteria along
with efomycin G, which was also predicted to be present in the organic extracts (Wu et al.
2013). Thus, it is possible that elaiophylin and related molecules contributed to the

antimicrobial activity recorded in this study.

An interesting result from this study was the observation that nigericin is able to cause
a reduction in lateral root development, an effect not previously recorded for this compound.
The mechanism for how this occurs remains unclear and warrants further investigation.
Considering that the nigericin concentrations were much higher than other compounds in the
tested extracts, this compound likely plays a major role in the phytotoxic phenotype of the
11-1-2 strain. It is notable, however, that the SA EtOAc extract contained low nigericin
amounts and yet caused a considerable reduction in lateral root development of the radish
seedings, whereas the M4 EtOAc extract had significantly higher levels of nigericin but was
not as effective in reducing lateral root development. This suggests that at least one other
compound with inhibitory activity against lateral root development may be produced by the

11-1-2 strain, an idea that should be further explored.

Overall, 11-1-2 produces an array of specialized metabolites and their biosynthesis is
affected by the composition of the culture media. Some of the metabolites detected and
predicted in the organic extracts, like geldanamycin, nigericin and elaiophylin, are likely to
be involved in mediating plant-pathogen interactions, while other like guanidylfungin A are
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probably involved in microbe-microbe interactions. This study will also serve as the basis
for further research in the elucidation of novel phytotoxins, as it is the first metabolome

analysis of a non-thaxtomin producing plant pathogenic Streptomyces.
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APPENDIX 3.

Supplementary tables

Table S4.1. Hits to the GNPS library for the first dataset (media = NAG, IIMN 6.2).

SpectrumiD Compound_Name Adduct Precursor_MZ | Cosine_score | RT_Query | LibMz
1-({[2-(2-furylmethyl)-5-
methylpyrrolidinyl]Jamino}methylene)-7-[8-({[2-(2-fury
CCMSLIB00006707365 | Imethyl)pyrrolidinyllamino}methylene)-1,6-dihydroxy-3- M+2H] 415.212 0.99282 670.093 | 415.212
methyl-5-(methylethyl)-7 -oxo(2-naphthyl)]-3,8-dihydroxy-
6-methyl-4-(methylethyl)naphthalen-2-one
CCMSLIB00005466072 16-hydroxypalmitic acid M-H 271.227 0.704737 738.073 | 271.227
CCMSLIB00004708392 | 3 L37[3/4-dihydroxy-5-(6-0xo-3H-purin--yljoxolan-2- [M+H]+ 415.125 0923941 | 509.639 |415.125
yl]propanoyllbenzoic acid
3-oxo-3-[[(10E,20E)-5,7,9,19,23,25,27,31,33,34,35-
undecahydroxy-8,10,14,18,22,26,30-heptamethyl-15-[(2)-
CCMSLIB00004714368 | 4-methyl-10-[(N'-methylcarbamimidoyl)amino]dec-4-en-2- [M-H]- 1128.72 0.848826 559.02 1128.72
yl]-17-0x0-16,37-dioxabicyclo[31.3.1]heptatriaconta-
10,20-dien-3-yl]oxy]propanoic acid
3-ox0-3-[[(10E,20E)-5,7,9,19,23,25,27,31,33,34,35-
undecahydroxy-8,10,14,18,22,26,30-heptamethyl-15-[(Z)-
CCMSLIB00004714381 | 4-methyl-10-[(N'-methylcarbamimidoyl)amino]dec-4-en-2- [M+H]+ 1130.73 0.768016 564.913 | 1130.73
yl]-17-0x0-16,37-dioxabicyclo[31.3.1]heptatriaconta-
10,20-dien-3-yl]oxy]propanoic acid
CCMSLIB00006704450 3-phenyl-2-pyrrolylpropanoic acid M+H 216.102 0.960239 675.787 | 216.102
CCMSLIBO0006679090 4-HYDROXYPHENYL ACETIC ACID M-H 151.04 0.971207 513.028 151.04
CCMSLIBO0006704816 6-Gingerol M-H 293.176 0.928866 647.313 293.176
CCMSLIB0O0006708625 7,2'-DIHYDROXYFLAVONE M-H 253.051 0.829595 948.953 253.051
CCMSLIBO0006697418 AC1L1X1Z M+Na 637.302 0.928117 810.938 637.302
CCMSLIB0O0005724311 Andrachcinidine M+H 228.196 0.990965 599.521 228.196
CCMSLIB0O0005724311 Andrachcinidine M+H 228.196 0.929429 532.826 228.196
CCMSLIBO0006708720 aphidicolin M+H-H20 321.242 0.708142 591.551 321.242
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CCMSLIB00006701464 azelaic acid M-H 187.098 0.938872 542.64 187.098
CCMSLIB00005463949 BETAINE 2M+Na 257.147 0.984108 67.494 257.147
CCMSLIB00005724304 Bisucaberin M+H 401.239 0.906606 512.313 | 401.239
CCMSLIB00005724300 Bottromycin A2 Acid M+H 809.434 0.970977 522.477 | 809.434
CCMSLIB00005724283 C-14 dehydrated analogs of thaxtomin A M+H 421.151 0.975839 566.233 | 421.151
CCMSLIB00005724290 C-7-methyl substituted CFA-lle M+H 308.189 0.983625 621.692 | 308.189
CCMSLIB00005723293 CFA-L-isoleucine M+H 320.186 0.948777 946 320.186
CCMSLIB0O0005724296 Concanamycin A M+Na 888.507 0.97998 778.911 | 888.507
CCMSLIB00005724295 Concanamycin B M+Na 874.491 0.973976 732.967 | 874.491
CCMSLIB00005723292 Concanamycin B M+Na 874.491 0.862875 675.752 | 874.491
CCMSLIBO0000007069 cyclo(D-Trp-L-Pro) M+Na 284.139 0.944738 527.763 | 284.139
CCMSLIBO0000007069 cyclo(D-Trp-L-Pro) M+Na 284.139 0.933101 541.665 | 284.139
CCMSLIBO0000081186 cyclo-(Leu-Leu) M+H 227.174 0.784057 562.216 | 227.174
CCMSLIBO0000007136 cyclo(L-Phe-D-Pro) M+H 245.128 0.945052 521.974 | 245.128
CCMSLIBO0000007135 cyclo(L-Phe-D-Pro) M+H 245.128 0.761459 535.796 | 245.128
CCMSLIBO0000007146 cyclo(L-Val-L-Pro) M+H 197.129 0.946655 485.46 197.129
CCMSLIBO0000007145 cyclo(L-Val-L-Pro) M+H 197.129 0.860576 490.158 | 197.129
CCMSLIBO0000007145 cyclo(L-Val-L-Pro) M+H 197.129 0.828 943.586 | 197.129
CCMSLIBO0000007063 cyclo(Phe-Leu) M+H 261.159 0.826311 567.114 | 261.159
CCMSLIBO0000007063 cyclo(Phe-Leu) M+H 261.159 0.826311 566.544 | 261.159
CCMSLIB00006706712 Cyclopiazonic acid///alpha-cyclopiazonic acid M+H 337.155 0.959902 752.038 | 337.155
CCMSLIBO0006706713 Cyclopiazonic acid///alpha-cyclopiazonic acid M-H 335.14 0.93366 748.907 335.14
CCMSLIB00006701569 daidzein M-H 253.051 0.993975 568.807 | 253.051
CCMSLIB00006552895 Daidzein [M+H]+ 255.07 0.951733 568.682 255.07
CCMSLIB00006694440 Daidzin M+H 417.118 0.965919 507.14 | 417.118
CCMSLIB0O0005724303 Desferrioxamine E M+H 601.353 0.984528 509.751 | 601.353
CCMSLIB00005723980 Geldanamycin M-H 559.266 0.960421 673.035 | 559.266
CCMSLIB00005723980 Geldanamycin M-H 559.266 0.960421 671.209 | 559.266
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CCMSLIBO0005723980 Geldanamycin M-H 559.266 0.757534 | 577.202 | 559.266
CCMSLIBO0004704403 Genistein [M-H]- 269.046 0.930811 | 598.335 | 269.046
CCMSLIBO0006417999 Glycitein [M+H]+ 285.076 0.938942 571.848 | 285.076
CCMSLIBO0004694138 HYDROQUINIDINE [M-H]- 325.192 0.765848 | 812.843 | 325.192
CCMSLIBO0006679025 INDOLELACTIC ACID M-H 204.067 0.86588 562.771 | 204.067
CCMSLIBO0004680136 Loliolide M+H 197.117 0.757889 | 545.549 | 197.117
CCMSLIBO0006700055 lumichrome M-+H 243.088 0.981036 | 546.014 | 243.088
CCMSLIBO0006678147 Lyso PC (16:1) M-+H 494.324 0.913091 | 714.123 | 494.324
CCMSLIBO0004691207 maltotriose [M+Na]+ 527.158 0.878666 71.858 | 527.158
CCMSLIBO0005884958 MANNITOL - 40.0 eV M-+H 183.086 0.815968 | 945.169 | 183.086
Massbank:EQ368253 Nigericin|2-{6-[(2-{5 -[6-hydroxy-6-
(hydroxymethyl)-3,5-dimethyltetrahydro-2h-pyran-2-yll-
CCMSLIBO0005734817 | 2,3'-dimethyloctahydro-2,2 -bifuran-5-yl}-9-methoxy- M-H 723.469 0.907685 820.892 | 723.469
2,4,10-trimethyl-1,6-dioxaspiro[4.5]dec-7-yl)methyl]-3-
met
CCMSLIBO000S766542 | MassbankiLU130903 Sulfamethazine|4-amino-N-(4,6- M-+H 279.091 0.772281 84.307 | 279.091
dimethylpyrimidin-2-yl)benzenesulfonamide
CCMSLIBO0005746967 Massbank:PR309108 FA 18:1+30 M-H 329.231 0.870342 595.319 | 329.231
CCMSLIBO0005747189 Massbank:PR310844 LPC 18:2 M-+H 520.341 0.821921 737 520.341
CCMSLIBO0005739084 Massbank:PR311142 Cyclo(leucylprolyl) M-+H 211.144 0.943615 521.647 | 211.144
Massbank:RP030602 N6-
Isopentenyladenosine|Riboprine|(2R,3S,4R,5R)-2-
CCMSLIBO000S738467 |\ 1 e 6.(3-methylbut-2-cn famino)ourin-6- M-+H 336.167 0.868199 | 519.092 | 336.167
ylloxolane-3,4-diol
CCMSLIB00005726877 | 'V12ssbank:UAQD5501 L-Phenylalanine|(25)-2-Azaniumyl-3- M-+H 166.086 0.977041 | 558595 | 166.086
phenylpropanoate
CCMSLIB00005726877 | 'V12ssbank:UAQ05501 L-Phenylalanine|(25)-2-Azaniumyl-3- M-+H 166.086 0.959742 543.187 | 166.086
phenylpropanoate
CCMSLIBO0005726623 Massbank:UF416201 Genistein|5,7-Dihydroxy-3-(4- M-+H 271.06 0.940468 | 597.505 | 271.06
hydroxyphenyl)chromen-4-one
CCMSLIB00005883731 METHYLTHIOADENOSINE - 30.0 eV M-+H 298.097 0.892919 | 458.923 | 298.097
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CCMSLIBO0000424739 MS_Contaminant_Sodium_Formate_Cluster M+H 838.835 0.754169 56.589 838.835
CCMSLIBO0006679916 N-ACETYLMURAMIC ACID M+H 294.118 0.972449 208.848 294.118
CCMSLIBO0006679916 N-ACETYLMURAMIC ACID M+H 294.118 0.910894 161.395 294.118
CCMSLIBO0006679116 N-ACETYL-PHENYLALANINE M-H 206.082 0.93142 558.866 206.082
CCMSLIB00000851993 NCGC00015088-09_C12H14N20_N-[2-(1H-Indol-3- M+H 203.118 0.839308 560.648 | 203.118
yl)ethyl]acetamide
-0212 4-di _
CCMSLIB00005723208 | NCCC00178646-0212,4-dihydroxyheptadecyl acetate [IIN- |\ o 0, 313.273 0746837 | 827.529 | 313.273
based: Match]
NCGC00380668-01_C48H78018_(3beta,5xi,9xi,22beta)-
CCMSLIBO0000853006 22,24-Dihydroxyolean-12-en-3-yl 6-deoxy-alpha-L- M+H 943.526 0823226 | 765.236 | 943.526
mannopyranosyl-(1->2)-beta-D-galactopyranosyl-(1->2)-
beta-D-glucopyranosiduronic acid
NCGC00380976-01_C28H42N207_(4E,10E)-13,20-
Dihydroxy-8,14-dimethoxy-4,10,12,16-tetramethyl-3-oxo-
CCMSLIBO0000849791 . M+FA-H 563.297 0.916236 559.61 563.297
2-azabicyclo[16.3.1]docosa-1(22),4,10,18,20-pentaen-9-yl
carbamate
NCGC00380976-01_C28H42N207_(4E,10E)-13,20-
Dihydroxy-8,14-dimethoxy-4,10,12,16-tetramethyl-3-oxo-
MSLIB 49791 M+FA-H .297 9162 . .297
CCMSLIB0000084979 2-azabicyclo[16.3.1]docosa-1(22),4,10,18,20-pentaen-9-yl * >63.29 0.916236 >60-566 | 563.29
carbamate
NCGC00380976-01_C28H42N207_(4E,10E)-13,20-
Dihydroxy-8,14-dimethoxy-4,10,12,16-tetramethyl-3-oxo-
CCMSLIBO0000849788 . M-H 517.292 0.864627 560.974 | 517.292
2-azabicyclo[16.3.1]docosa-1(22),4,10,18,20-pentaen-9-yl
carbamate
01! di B} -
CCMSLIBO000084g9g9G | |\ C©C00381071-0111,12-dihydroxy-1,6,12,17,23,28 M+H 585.36 0.851688 | 505.214 | 585.36
hexazacyclotritriacontane-2,5,13,16,24,27-hexone
CCMSLIB0O0005724289 N-coronafacoyl-L-isoleucine M-H 320.186 0.997708 636.294 | 320.186
CCMSLIBO0006702883 Nigericin sodium salt M+H 747.465 0.886984 900.187 | 747.465
CCMSLIBO0006678144 OL (32:0) M+H 625.551 0.782472 845.506 625.551
CCMSLIB0O0005724298 O-Methylconcanamycin A M+Na 902.523 0.986886 786.009 | 902.523
CCMSLIB0O0004716667 Pantethine [M+Na]+ 577.234 0.873574 500.185 577.234
CCMSLIB00003138526 | SPectral Match to 1-(92-Octadecenoyl)-sn-glycero-3- M-+H 522.36 0937284 | 818552 | 522.36

phosphocholine from NIST14
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CCMSLIB00003136454 | Spectral Match to 1H-Indole-3-carboxylic acid from NIST14 M+H 162.05 0.931721 547.598 162.05
CCMSLIBO0003139406 Spectral Match to 20-Hydroxy (52,82,112,14)- M-+H-H20 303.231 0725842 | 803.462 | 303.231
eicosatetraenoic acid from NIST14
CCMSLIB00003139406 Spectral Match to 20-Hydroxy-(52,82,112,142)- M+H-H20 303.231 0716815 | 804.62 |303.231
eicosatetraenoic acid from NIST14
CCMSLIB00003139413 Spectral Match to 9-Octadecenamide, (Z)- from NIST14 M+H 282.279 0.733986 868.106 | 282.279
CCMSLIB00003136308 |  Pectral Match to 9-Oxo-10E, 12Z-octadecadienoic acid M+H-H20 277.216 0.778413 | 754.073 |277.216
from NIST14
CCMSLIBO0003139019 Spectral Match to 9-OxoOTrE from NIST14 M+H-H20 275.201 0.832945 614.764 275.201
CCMSLIBO0003137125 | oPectral Match to 92, 11E, 13E-Octadecatrienoic acid M-+H 293.247 0.865659 | 794.552 | 293.247
methyl ester from NIST14
CCMSLIB00003139168 Spectral Match to Abrine from NIST14 M+H-CH3NH2 188.07 0.978705 454.628 188.07
CCMSLIB00003140066 Spectral Match to Arg-lle from NIST14 M+H 288.202 0.745147 103.939 | 288.202
CCMSLIB00003137753 Spectral Match to Asp-Leu from NIST14 M+H 247.128 0.728634 269.326 | 247.128
CCMSLIB00003135694 Spectral Match to Bolasterone from NIST14 203.1 203.107 0.865515 585.863 | 203.107
CCMSLIB0O0003139085 Spectral Match to D-(+)-Trehalose from NIST14 M+NH4 360.149 0.976055 70.528 360.149
CCMSLIB00003139752 Spectral Match to D-Fructose from NIST14 M+NH4-H20 180.086 0.877147 68.246 180.086
CCMSLIB0O0003135580 Spectral Match to Dibutyl phthalate from NIST14 M+H 279.159 0.982644 757.296 | 279.159
CCMSLIB00003135367 Spectral Match to Dioctyl phthalate from NIST14 M+H 391.285 0.990589 886.036 | 391.285
CCMSLIB0O0003138783 Spectral Match to Farnesol from NIST14 M+H 223.205 0.808523 760.817 | 223.205
CCMSLIB00003137247 Spectral Match to Guanosine from NIST14 M+H 284.093 0.98864 207.945 | 284.093
CCMSLIB0O0003139533 Spectral Match to Guanosine, 2'-deoxy- from NIST14 M+H 268.105 0.887238 265.157 | 268.105
CCMSLIB00003135348 Spectral Match to His-lle from NIST14 M+H 269.164 0.858447 98.907 269.164
CCMSLIB00003134833 Spectral Match to His-Pro from NIST14 M+H-H20 235.119 0.978167 75.333 235.119
CCMSLIB0O0003138069 Spectral Match to His-Pro from NIST14 M+H-H20 235.119 0.974245 104.253 | 235.119
CCMSLIB0O0003138103 Spectral Match to lle-Arg from NIST14 M+H 288.197 0.889094 75.003 288.197
CCMSLIB00003138103 Spectral Match to lle-Arg from NIST14 M+H 288.197 0.889094 69.686 288.197
CCMSLIB00003134776 Spectral Match to lle-Glu from NIST14 M+H 261.148 0.923474 110.566 | 261.148
CCMSLIB00003136121 Spectral Match to lle-Pro-lle from NIST14 M+H 342.239 0.987638 484.26 342.239
CCMSLIB00003137975 Spectral Match to lle-Tyr from NIST14 M+H 295.159 0.958001 445.808 | 295.159
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CCMSLIB00003137975 Spectral Match to lle-Tyr from NIST14 M+H 295.159 0.880029 459.48 295.159
CCMSLIB00003138608 Spectral Match to Leu-Gly from NIST14 M+H-H20 171.113 0.832066 471.649 | 171.113
CCMSLIB00003137659 Spectral Match to Leu-Pro from NIST14 M+H 229.155 0.77575 440.021 | 229.155
CCMSLIB00003138645 Spectral Match to L-Saccharopine from NIST14 M+H-H20 259.129 0.970584 163.446 | 259.129
CCMSLIB00003137628 Spectral Match to L-Tryptophan from NIST14 M+H 205.097 0.946265 453.383 | 205.097
CCMSLIB00003136698 Spectral Match to Lys-Leu from NIST14 M+H 260.197 0.95397 102.55 260.197
CCMSLIB00003135346 Spectral Match to Lyso-PC(16:0) from NIST14 M+H 496.329 0.960255 790.654 | 496.329
CCMSLIB00003138028 Spectral Match to N-Acetyl-D-glucosamine from NIST14 M+H-H20 204.082 0.979852 75.08 204.082
CCMSLIB00003137584 | Spectral Match to N-Acetyl-D-glucosamine from NIST14 M+H-H20 204.087 0.979116 904.046 | 204.087
CCMSLIBO0003137937 Spectral Match to Palmitamide from NIST14 M+H 256.264 0.91249 867.612 256.264
CCMSLIB00003137162 Spectral Match to Phe-Thr from NIST14 M+H 267.134 0.941396 173.987 | 267.134
CCMSLIB00003134979 Spectral Match to Phe-Trp from NIST14 M+H 352.166 0.834784 499.901 | 352.166
CCMSLIB00003137316 Spectral Match to Pinolenic acid from NIST14 M+H 279.231 0.780112 770.049 | 279.231
CCMSLIB00003135124 Spectral Match to Pro-lle from NIST14 M+H 229.155 0.887748 266.104 | 229.155
CCMSLIB00003139616 Spectral Match to Ser-Leu from NIST14 M+H 219.134 0.825264 178.244 | 219.134
CCMSLIB00003139078 Spectral Match to Ser-Leu from NIST14 M+H 219.134 0.822319 176.497 | 219.134
CCMSLIB00003140084 Spectral Match to Thr-Leu from NIST14 M+H 233.149 0.931987 210.195 | 233.149
CCMsLIB00003130119 | >Pectral Match to Tris(z&?:;‘l):yethy') Phosphate from M+Na 421.233 0.954021 | 739.824 | 421.233
CCMSLIB00003135481 Spectral Match to Val-Arg from NIST14 M+H 274.187 0.761709 65.478 274.187
CCMSLIB00003137129 Spectral Match to Val-Gly-Val from NIST14 M+H 274.176 0.908695 439.615 | 274.176
CCMSLIB00003137123 Spectral Match to Val-Phe from NIST14 M+H 265.155 0.822634 462.624 | 265.155
CCMSLIB00003136202 Spectral Match to Val-Trp from NIST14 M+H 304.165 0.889819 473.415 | 304.165
CCMSLIB00005724284 Thaxtomin A M-H 437.147 0.982155 567.665 | 437.147
CCMSLIB00005724275 Thaxtomin A M+H 439.16 0.926941 566.487 439.16
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Table S4.2. Hits to the GNPS library for the ethyl acetate extracts in the second dataset (IIMN EtOAc).

SpectrumiD Compound_Name Adduct Precursor_MZ | Cosine_score | RT_Query | LibMz
CCMSLIB00010107375 "(+)"\é‘;ﬂf;it:;:é:gr;’zsltgggnfé,,g B M+H-H20 201.164 0.951883 | 305.853 | 201.164
CCMSLIB00010107375 "(+)"\é‘:)ﬂ?;it:;:ércgr\‘/’fltg!ionfé,,g 8+% M+H-H20 201.164 0716624 | 328.653 | 201.164

"1-({[2-(2-furylmethyl)-5-
methylpyrrolidinyllamino}methylene)-7-[8-({[2-(2-fury
CCMSLIB00010113136 'metr:‘st)szlr_ ;°|('r‘:2ty$21m)}”;e$‘gé”i2;hihd;r;}";rgxy 3 M+2H] 415.212 0.979447 | 420.806 | 415212
dihydroxy-6-methyl-4-(methylethyl)naphthalen-2-one
CollisionEnergy:102040"
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.852404 | 201.621 | 161.046
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.852404 | 212.242 | 161.046
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.837785 | 806.889 | 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.804784 | 343.945 | 161.046
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.800044 | 868.521 | 161.046
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0791371 | 438288 | 161.046
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.741704 88.52 | 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.71044 121.782 | 161.046
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0707156 | 421.448 | 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0701514 | 142.208 | 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.696152 | 359.507 | 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.681488 | 472.463 | 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.681488 | 462.942 | 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.647479 | 370.925 | 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.639074 | 276.573 | 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.634898 | 402.922 | 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.632815 | 775532 | 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.627809 | 158.948 | 161.046
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"6-aminododecanedioic acid, chloride

CCMSLIB00010106627 CollisionEnergy:102040" M+H 246.17 0.600618 289.555 246.17
"methyl 3-oxo-2-[(3,4,5-
CCMSLIB00010104459 trimethoxyphenyl)methylenelbenzo[b]furan-5- M+2Na] 208.042 0.909429 24.866 208.042
carboxylate CollisionEnergy:102040"
"methyl 3-oxo-2-[(3,4,5-
CCMSLIB00010115794 trimethoxyphenyl)methylene]benzo[b]furan-5- M+2Na] 208.042 0.899921 771.799 | 208.042
carboxylate CollisionEnergy:205060"
CCMSLIBO0005724857 | (10E,15E)-9,12,13-trihydroxyoctadeca-10,15-dienoic acid M-H 327.218 0.764158 355.237 | 327.218
CCMSLIB00005724857 | (10E,15E)-9,12,13-trihydroxyoctadeca-10,15-dienoic acid M-H 327.218 0.764158 371.993 327.218
CCMSLIB00010114577 (1R)-(-)-Nopol CollisionEnergy:102040 M+H-H20 149.132 0.842309 453.488 149.132
(2E)-3-[4-Hydroxy-3-[(1E)-2-(4-hydroxy-3-
CCMSLIB00006718004 | methoxyphenyl)ethenyl]-5-methoxyphenyl]-2-propenoic M-H 341.103 0.851401 332.528 | 341.103
acid = poacic acid
CCMSLIB00004703112 | \2>3545/5R,65)-3,4,5-trihydroxy-6-(5-hydroxy-4-oxo-2- [M-H]- 429.083 0.888006 | 275.254 | 429.083
phenylchromen-7-yl)oxyoxane-2-carboxylic acid
CCMSLIBO0005725152 (4E,8E)-7-hydroxy-10-(hydroxymethy|)-4,8,11,15- M+H 319.227 0.618043 | 289.701 | 319.227
tetramethylbicyclo[11.2.0]pentadeca-4,8,14-trien-6-one
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.812234 204.462 | 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.811068 815.972 | 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.805826 117.491 | 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.79457 880.173 | 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.791528 108.459 | 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.778424 11.747 225.062
CCMSLIBO0005724597 L-methyl-4-(6-methylhept-5-en-2-yl)-2,3- M+H 237.185 0.700147 | 355.705 | 237.185
dioxabicyclo[2.2.2]oct-5-ene
CCMSLIBO0005724597 L-methyl-4-(6-methylhept-5-en-2-y1)-2,3- M+H 237.185 0.677544 | 328.822 | 237.185
dioxabicyclo[2.2.2]oct-5-ene
CCMSLIBO0005724597 L-methyl-4-(6-methylhept-5-en-2-yl)-2,3- M+H 237.185 0.638366 | 310.578 | 237.185
dioxabicyclo[2.2.2]oct-5-ene
CCMSLIBO0005724598 L-methyl-4-(6-methylhept-5-en-2-y1)-2,3- M-H20+H 219.174 0.624139 | 302.671 | 219.174

dioxabicyclo[2.2.2]oct-5-ene
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1-methyl-4-(6-methylhept-5-en-2-yl)-2,3-

CCMSLIB0O0005724598 . . M-H20+H 219.174 0.60813 356.162 219.174
dioxabicyclo[2.2.2]oct-5-ene
1-methyl-4-methylidene-7-(propan-2-yl)-
CCMSLIBO0005725033 1,2,3,3a,4,5,6,8a-octahydroazulen-1-ol M-H20+H 203.179 0.956589 365.287 203.179
1-methyl-4-methylidene-7-(propan-2-yl)-
CCMSLIBO0005725033 1,2,3,3a,4,5,6,8a-octahydroazulen-1-ol M-H20+H 203.179 0.860758 390.459 203.179
CCMSLIBO0005725033 1-methyl-4-methylidene-7-(propan-2-yl)- M-H20+H 203.179 0.75188 348.013 | 203.179
1,2,3,3a,4,5,6,8a-octahydroazulen-1-ol
CCMSLIBO0005725033 1-methyl-4-methylidene-7-(propan-2-yl)- M-H20+H 203.179 0745388 | 418247 | 203.179
1,2,3,3a,4,5,6,8a-octahydroazulen-1-ol
1-methyl-4-methylidene-7-(propan-2-yl)-
CCMSLIBO0005725033 1,2,3,3a,4,5,6,8a-octahydroazulen-1-ol M-H20+H 203.179 0.668093 309.91 203.179
1-methyl-4-methylidene-7-(propan-2-yl)-
CCMSLIBO0005725033 1,2,3,3a,4,5,6,8a-octahydroazulen-1-ol M-H20+H 203.179 0.649213 270.047 203.179
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.900356 798.79 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.900356 787.452 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.875226 248.832 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.875226 259.549 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.874314 4,358 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.839281 204.831 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.836509 854.957 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.829129 183.484 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.818038 823.166 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.80349 69.855 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.793662 107.587 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.781383 13.426 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.781154 228.942 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.761123 870.887 165.076
CCMSLIB00004708653 3-[(1-Carboxyvinyl)oxy]benzoic acid [M-H]- 207.03 0.818399 304.473 207.03
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3-oxo0-3-[[(10E,20E)-5,7,9,19,23,25,27,31,33,34,35-
undecahydroxy-8,10,14,18,22,26,30-heptamethyl-15-[(2)-

CCMSLIB00004714368 | 4-methyl-10-[(N'-methylcarbamimidoyl)amino]dec-4-en- [M-H]- 1128.72 0.834574 384.148 | 1128.72
2-yl]-17-0x0-16,37-dioxabicyclo[31.3.1]heptatriaconta-
10,20-dien-3-yl]oxy]propanoic acid
3-oxo0-3-[[(10E,20E)-5,7,9,19,23,25,27,31,33,34,35-
undecahydroxy-8,10,14,18,22,26,30-heptamethyl-15-[(Z)-
CCMSLIB00004714380 | 4-methyl-10-[(N'-methylcarbamimidoyl)amino]dec-4-en- [M+H]+ 1130.73 0.709411 369.105 | 1130.73
2-yl]-17-0x0-16,37-dioxabicyclo[31.3.1]heptatriaconta-
10,20-dien-3-ylJoxy]propanoic acid
3-oxo-3-[[(10E,20€E)-5,7,9,19,23,25,27,31,33,34,35-
undecahydroxy-8,10,14,18,22,26,30-heptamethyl-15-[(Z)-
CCMSLIB00004714380 | 4-methyl-10-[(N'-methylcarbamimidoyl)amino]dec-4-en- [M+H]+ 1130.73 0.70939 385.799 | 1130.73
2-yl]-17-0x0-16,37-dioxabicyclo[31.3.1]heptatriaconta-
10,20-dien-3-ylJoxy]propanoic acid
CCMSLIB00006717995 8-5'-Benzofuran-diferulic acid M-H 385.094 0.818744 304.306 | 385.094
CCMSLIB00010114511 AC1L1X1Z CollisionEnergy:102040 M+Na 637.302 0.712055 527.463 | 637.302
CCMSLIB00006125720 alpha,alpha-Trehalose - 40.0 eV Unknown 387.115 0.754041 28.794 387.115
CCMSLIB00010107223 azelaic acid CollisionEnergy:102040 M+H 189.112 0.904803 307.359 | 189.112
CCMSLIB00010114544 CARVEOL CollisionEnergy:102040 M+H-H20 135.117 0.879795 313.772 135.117
CCMSLIB0O0005435823 Contaminant vial septum ThermoFisher C5000-44B M+NH4 628.196 0.816781 569.032 | 628.196
CCMSLIB00004709698 Curcumenol [M+H]+ 235.169 0.743209 342.563 | 235.169
CCMSLIBO0000081186 cyclo-(Leu-Leu) M+H 227.174 0.655795 326.903 | 227.174
CCMSLIBO0000081165 cyclo-(Leu-Phe) M+H 261.159 0.881619 334.624 | 261.159
CCMSLIBO0000007145 cyclo(L-Val-L-Pro) M+H 197.129 0.900814 174.385 | 197.129
CCMSLIB00006113174 D-Galactitol - 40.0 eV M-H 181.072 0.929307 382.462 | 181.072
CCMSLIB00006113174 D-Galactitol - 40.0 eV M-H 181.072 0.929084 395.867 | 181.072
CCMSLIB00006113174 D-Galactitol - 40.0 eV M-H 181.072 0.929084 406.252 | 181.072
CCMSLIB00006113174 D-Galactitol - 40.0 eV M-H 181.072 0.917876 143.869 | 181.072
CCMSLIB00006114355 dl-3-Indolelactic acid - 30.0 eV M-H 204.066 0.713567 287.527 | 204.066
CCMSLIB00005719626 D-Mannitol [M-H+HCOOH] 227.077 0.93542 328.183 | 227.077
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CCMSLIBO0005719626 D-Mannitol [M-H+HCOOH] 227.077 0.925783 386.83 227.077
CCMSLIBO0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.922154 494.86 227.077
CCMSLIB00005719626 D-Mannitol [M-H+HCOOH] 227.077 0.921885 143.283 | 227.077
CCMSLIBO0005719626 D-Mannitol [M-H+HCOOH] 227.077 0.918668 634.793 | 227.077
CCMSLIB00005719626 D-Mannitol [M-H+HCOOH] 227.077 0.916321 411.323 | 227.077
CCMSLIBO0005719626 D-Mannitol [M-H+HCOOH] 227.077 0.916321 397.517 | 227.077
CCMSLIB00005719626 D-Mannitol [M-H+HCOOH] 227.077 0.911877 461.295 | 227.077
CCMSLIBO0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.910012 479.486 | 227.077
CCMSLIBO0005719626 D-Mannitol [M-H+HCOOH] 227.077 0.909038 87.29 227.077
CCMSLIB0O0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.908089 308.209 | 227.077
CCMSLIBO0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.907032 30.044 227.077
CCMSLIB0O0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.905359 851.841 | 227.077
CCMSLIBO0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.903839 183.691 | 227.077
CCMSLIB0O0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.901514 4.826 227.077
CCMSLIB0O0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.899337 253.263 | 227.077
CCMSLIBO0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.89556 267.924 | 227.077
CCMSLIB0O0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.893641 239.619 | 227.077
CCMSLIBO0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.893493 449.787 | 227.077
CCMSLIB0O0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.891948 97.273 227.077
CCMSLIBO0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.890266 862.013 | 227.077
CCMSLIBO0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.889314 765.062 | 227.077
CCMSLIB0O0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.887188 428.155 | 227.077
CCMSLIBO0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.886311 810.435 | 227.077
CCMSLIB0O0005719017 D-Mannitol [M-H+HCOOH] 227.077 0.886311 783.933 | 227.077
CCMSLIBO0005719965 D-Mannitol [M+H] 183.087 0.872693 487.525 | 183.087
CCMSLIB00005719626 D-Mannitol [M-H+HCOOH] 227.077 0.854145 505.023 | 227.077
CCMSLIB00005719626 D-Mannitol [M-H+HCOOH] 227.077 0.841404 515.515 | 227.077
CCMSLIBO0005719965 D-Mannitol [M+H] 183.087 0.804943 449.959 | 183.087
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CCMSLIBO0005719965 D-Mannitol [M+H] 183.087 0.793454 466.782 | 183.087
CCMSLIBO0005719626 D-Mannitol [M-H+HCOOH] 227.077 0.778367 276.569 | 227.077
CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.958763 483.523 | 181.072
CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.945993 28.355 181.072
CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.936136 764.269 | 181.072
CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.935708 107.11 181.072
CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.927991 469.804 | 181.072
CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.921722 310.663 | 181.072
CCMSLIBO0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.782933 893.644 | 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.770445 102.374 | 183.086
CCMSLIBO0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.751298 200.678 | 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.744254 10.766 183.086
CCMSLIBO0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.728505 145.985 | 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.727241 187.781 | 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.71157 877.072 | 183.086
CCMSLIBO0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.709624 36.74 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.692328 121.494 | 183.086
CCMSLIBO0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.688508 172.043 | 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.6876 229.306 | 183.086
CCMSLIBO0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.686261 84.849 183.086
CCMSLIBO0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.682646 218.8 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.679721 261.755 | 183.086
CCMSLIBO0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.674761 315.192 | 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.672318 857.625 | 183.086
CCMSLIBO0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.654866 250.078 | 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.640809 268.154 | 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.640809 270.572 | 183.086
CCMSLIBO0005884963 D-SORBITOL - 30.0 eV M+H 183.086 0.738576 132.745 | 183.086
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CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.980228 619.619 | 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.948466 222.892 | 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.939324 652.018 | 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.923288 339.808 | 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.920491 45.94 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.910986 517.679 | 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.907432 499.095 | 181.072
CCMSLIBO0006679960 ELAIDIC ACID M+H 283.263 0.742775 527.652 | 283.263
CCMSLIBO0006679960 ELAIDIC ACID M+H 283.263 0.740875 506.331 | 283.263
CCMSLIB00006682427 FRUCTOSE M-H 179.056 0.672771 253.606 | 179.056
CCMSLIBO0005464191 GALACTITOL M-H 181.072 0.917719 62.552 181.072
CCMSLIB00005464191 GALACTITOL M-H 181.072 0.917254 183.652 | 181.072
CCMSLIBO0005464191 GALACTITOL M-H 181.072 0.917254 169.077 | 181.072
CCMSLIB00005464191 GALACTITOL M-H 181.072 0.917154 125.659 | 181.072
CCMSLIB00005464191 GALACTITOL M-H 181.072 0.914965 197.688 | 181.072
CCMSLIB0O0005464191 GALACTITOL M-H 181.072 0.914631 6.987 181.072
CCMSLIB00005464191 GALACTITOL M-H 181.072 0.913659 863.827 | 181.072
CCMSLIBO0005464191 GALACTITOL M-H 181.072 0.913219 273.825 | 181.072
CCMSLIB00005464191 GALACTITOL M-H 181.072 0.913219 263.859 | 181.072
CCMSLIBO0005464191 GALACTITOL M-H 181.072 0.903401 817.739 | 181.072
CCMSLIBO0005464191 GALACTITOL M-H 181.072 0.903401 777.209 | 181.072
CCMSLIB0O0006679570 GALACTITOL M+H 183.086 0.895449 511.314 | 183.086
CCMSLIBO0000578174 GALACTITOL M-H 181.071 0.874078 704.605 | 181.071
CCMSLIBO0000578174 GALACTITOL M-H 181.071 0.874078 686.668 | 181.071
CCMSLIBO0000578174 GALACTITOL M-H 181.071 0.864066 326.329 | 181.071
CCMSLIB00005464191 GALACTITOL M-H 181.072 0.844755 423.591 | 181.072
CCMSLIB0O0005883994 GALACTITOL - 30.0 eV M+H 183.086 0.608982 839.005 | 183.086
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.857178 358.979 | 181.072
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CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.855826 290.183 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.854899 85.873 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.839052 438.057 | 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.830914 895.212 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.830914 881.937 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.825803 593.976 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.792423 459.264 | 181.072
CCMSLIBO0005723980 Geldanamycin M-H 559.266 0.806727 421.949 559.266
CCMSLIBO0005723980 Geldanamycin M-H 559.266 0.657189 364.891 559.266
CCMSLIBO0005788066 Glochidone M+H 423.362 0.647996 506.005 | 423.362
CCMSLIB0O0010011444 Gly-C14:1 M+H 284.222 0.670201 355.1 284.222
CCMSLIBO0006115517 isopropylmalic acid - 40.0 eV M-H 175.061 0.740571 145.313 175.061
CCMSLIB00010102464 maltose CollisionEnergy:102040 M+Cl 377.086 0.883662 33.338 377.086
CCMSLIB0O0006679572 MANNITOL M+H 183.086 0.951695 532.421 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.951145 758.424 183.086
CCMSLIBO0005884956 MANNITOL - 20.0 eV M+H 183.086 0.763148 800.422 183.086
CCMSLIB0O0005884956 MANNITOL - 20.0 eV M+H 183.086 0.754924 825.78 183.086
Massbank:AC000282 Walleminone|(1R,4S,5S,6R,9R)-5,6-
CCMSLIB0O0005727227 dihydroxy-4,11,11-trimethyl-8- M+H 253.179 0.668583 324.446 253.179
methylidenebicyclo[7.2.0]Jundecan-3-one
Massbank:AC000282 Walleminone|(1R,4S,5S,6R,9R)-5,6-
CCMSLIB0O0005727227 dihydroxy-4,11,11-trimethyl-8- M+H 253.179 0.603504 346.104 253.179
methylidenebicyclo[7.2.0]Jundecan-3-one
Massbank:AC000282 Walleminone|(1R,4S,5S,6R,9R)-5,6-
CCMSLIB0O0005727227 dihydroxy-4,11,11-trimethyl-8- M+H 253.179 0.603279 396.105 253.179
methylidenebicyclo[7.2.0]Jundecan-3-one
Massbank:AC000282 Walleminone|(1R,4S,5S,6R,9R)-5,6-
CCMSLIB0O0005727227 dihydroxy-4,11,11-trimethyl-8- M+H 253.179 0.603279 412.027 253.179
methylidenebicyclo[7.2.0lundecan-3-one
CCMSLIB00005731255 | MassbankiEQ331603 Linoleic acid| (92,122)-octadeca- M-+H 281.247 0.671073 | 499.453 | 281.247

9,12-dienoic acid
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Massbank:EQ368252 Nigericin|2-{6-[(2-{5-[6-hydroxy-6-
(hydroxymethyl)-3,5-dimethyltetrahydro-2h-pyran-2-yll-

CCMSLIBO0005733662 2,3 -dimethyloctahydro-2,2 -bifuran-5-yl}-9-methoxy- M-H 723.469 0.910027 584.563 | 723.469
2,4,10-trimethyl-1,6-dioxaspiro[4.5]dec-7-yl)methyl]-3-
met
CCMSLIB0O0005740058 Massbank:PR309076 FA 18:4+20 M-H 307.19 0.820168 388.807 307.19
CCMSLIBO0005739084 Massbank:PR311142 Cyclo(leucylprolyl) M+H 211.144 0.709915 276.796 | 211.144
Massbank:RP022811 D-Galactose|alpha-D-
CCMSLIB00005738288 galactose|(2S,3R,4S,5R,6R)-6-(hydroxymethyl)oxane- M-H 179.056 0.934958 299.742 | 179.056
2,3,4,5-tetrol
CCMSLIBO0O000567955 MoNA:790536 Linoleic acid M+H 281.247 0.811224 441.304 | 281.247
CCMSLIBO0000567923 MoNA:790553 Linoleic acid [M+H]+ 281.247 0.832717 535.466 | 281.247
MoNA:947057 2-{6-[(2-{5 -[6-hydroxy-6-(hydroxymethyl)-
3,5-dimethyltetrahydro-2h-pyran-2-yl]-2,3'-
CCMSLIB00000568813 | dimethyloctahydro-2,2 -bifuran-5-yl}-9-methoxy-2,4,10- M-H 723.469 0.858703 519.297 | 723.469
trimethyl-1,6-dioxaspiro[4.5]dec-7-yl)methyl]-3-
methyltetrahydro-2h-pyran-2-yl}propanoic acid
CCMSLIB00010102814 N-Acetyl-D-tryptophan CollisionEnergy:102040 M-H 245.093 0.922622 301.428 | 245.093
CCMSLIB0O0005464448 N-ACETYLPHENYLALANINE M+H 208.097 0.986405 279.741 208.097
CCMSLIBO0006679116 N-ACETYL-PHENYLALANINE M-H 206.082 0.95609 282.721 206.082
CCMSLIB00010105222 naringenin CollisionEnergy:102040 M+H 273.076 0.947641 293.743 | 273.076
NCGC00380867-01_C27H4609_9,12,15-Octadecatrienoic
CCMSLIB00000852864 acid, 3-(hexopyranosyloxy)-2-hydroxypropyl ester, M+NH4 532.348 0.749853 458.461 | 532.348
(92,127,152)-
NCGC00380976-01_C28H42N207_(4E,10E)-13,20-
Dihydroxy-8,14-dimethoxy-4,10,12,16-tetramethyl-3-oxo-
MSLIB 49791 M+FA-H .297 .8751 7.1 .297
CCMSLIBO000084979 2-azabicyclo[16.3.1]docosa-1(22),4,10,18,20-pentaen-9-yl * 263.29 0.875108 337.13 263.29
carbamate
NCGC00380976-01_C28H42N207_(4E,10E)-13,20-
CCMSLIBO0000g4g78g | Dnvdroxy-8,14-dimethoxy-4,10,12,16-tetramethyl-3-oxo- M-H 517.292 0.79784 336.344 | 517.292

2-azabicyclo[16.3.1]docosa-1(22),4,10,18,20-pentaen-9-yl
carbamate
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NCGC00380976-01_C28H42N207_(4E,10E)-13,20-
Dihydroxy-8,14-dimethoxy-4,10,12,16-tetramethyl-3-oxo-

CCMSLIB 2714 M+NH4 . 77 7. .

SLIB000008S 2-azabicyclo[16.3.1]docosa-1(22),4,10,18,20-pentaen-9-yl * >36.333 0.773365 337.885 | 536333

carbamate
CCMSLIB00000848247 NCGC00381248-01!4-oxododecanedioic acid M+NH4 262.165 0.733742 324.633 | 262.165
NCGC00381425-01!8-hydroxy-8-(3-octyloxiran-2-

CCMSLIB 72222 M-3H20+H 261.222 .700334 429.131 | 261.222

SLIBOO00S O | yloctanoic acid [IIN-based on: CCMSLIBO0000846585] | [M-3H2O+HI+ 6 0.70033 9.13 6

NCGC00384809-01!5-[5-hydroxy-3-
(hydroxymethyl)pentyl]-8a-(hydroxymethyl)-5,6-
CCMSLIB00005722010 dimethyl-3,4,42.6,7,8-hexahydronaphthalene.1. [M-H20+H]+ 337.238 0.706884 289.701 | 337.238
carboxylic acid [IIN-based on: CCMSLIBO0000847958]
CCMSLIBO0000856124 NCGC00385243-01_C12H1804_{(1R,2R)-2-[(22)->- M+H 227.128 0.641699 268.662 | 227.128
Hydroxy-2-penten-1-yl]-3-oxocyclopentyl}acetic acid
NCGC00385558-01!(2R,3S,4S,5R,6R)-2-[[(2R,3R,4R)-3,4-
CCMSLIB00000848373 dihydroxy-4-(hydroxymethyl)oxolan-2-ylJoxymethyl]-6- M+NH4 440.249 0.608048 330.381 | 440.249
oct-1-en-3-yloxyoxane-3,4,5-triol
CCMSLIBO0005463544 PSICOSE M-H 179.056 0.806776 160.56 | 179.056
CCMSLIB00005436164 PSICOSE M-H 179.056 0.769987 862.511 | 179.056
CCMSLIB00005463544 PSICOSE M-H 179.056 0.76377 807.099 | 179.056
CCMSLIB00003137219 Spectral Match to (-)-Isolongifolol from NIST14 M+H-H20 205.2 0.867861 491332 | 205.2
CCMSLIB00003138515 | ~Pectral Match to 'a'pha',\'“Lg‘if”oy' ethanolamide from M+H 322.274 0941666 | 478.438 | 322.274
CCMSLIB00003138070 | SPectral Match to 'a'pha',\'“Lg‘if”oy' ethanolamide from M+H 322.273 0901513 | 428.079 | 322.273
CCMSLIB0O0003136823 Spectral Match to .beta.-Eudesmol from NIST14 M+H-H20 205.195 0.868491 471.415 | 205.195
CCMSLIBO0003137820 | SPectral Match to 12(13)-Epoxy-9Z-octadecenoic acid M+H-H20 279.232 0.929758 | 425.038 | 279.232
from NIST14

CCMSLIB00003134969 Spectral Match to 12,13-DiHOME from NIST14 M+H-H20 297.242 0.816501 427.768 | 297.242
CCMSLIB00003134933 Spectral Match to 12,13-DiHOME from NIST14 M+H 315.252 0.694548 426.732 | 315.252
CCMSLIB00003138554 Spectral Match to 12,13-DiHOME from NIST14 M-H 313.239 0.619582 428.435 | 313.239
CCMSLIB00003134514 |  Spectral Match to 13-Docosenamide, (Z)- from NIST14 M+H 338.341 0.871382 600.054 | 338.341
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Spectral Match to 13-Keto-9Z,11E-octadecadienoic acid

CCMSLIB00003136232 M+H-H20 277.216 0.898191 448.09 | 277.216
from NIST14

CCMSLIB0O0003136232 | SPectral Match to 13-Keto-92,11E-octadecadienoic acid M+H-H20 277.216 0.886028 383.79 | 277.216
from NIST14

CCMSLIB0O0003136232 | SPectral Match to 13-Keto-92,11E-octadecadienoic acid M+H-H20 277.216 0.726811 | 365.802 | 277.216
from NIST14

CCMSLIBO0003137992 | SPectral Match to 13-Keto-92,11E-octadecadienoic acid M-+H 295.227 0.652651 369.99 | 295.227
from NIST14

CCMSLIB00003137992 | SPectral Match to 13-Keto-92,11E-octadecadienoic acid M-+H 295.227 0.652651 | 392.105 | 295.227
from NIST14

CCMSLIB00003138475 Spectral Match to 1-Linoleoylglycerol from NIST14 M+H 355.284 0.706244 528.035 | 355.284

CCMSLIB00003136741 Spectral Match to 2,6-Di-tert-butyl-4- M+H-H20 219.175 0.643292 331.682 | 219.175

hydroxymethylphenol from NIST14

CCMSLIBO0003135997 | SPectral Match to 3'5'D'r;?;:‘l'fdamaman'l'am'”e from | \l+H-NH3 163.148 0.901225 349.279 | 163.148

CCMSLIB00003134812 Spectral Match to 9(10)-EpOME from NIST14 M+H-H20 279.231 0.929876 | 464.655 | 279.231

CCMSLIB00003134812 Spectral Match to 9(10)-EpOME from NIST14 M+H-H20 279.231 0.889058 | 519.072 | 279.231

CCMSLIB00003135516 | ~Pectral Match to 9,10-Dihydroxy-12Z-octadecenoic acid M-+H 315.253 0.694259 397.72 | 315.253
from NIST14

CCMSLIB00003137723 | Spectral Match to 9,12-Octadecadiynoic Acid from NIST14 M+H 277.215 0.759971 429.894 | 277.215

CCMSLIB00003139147 Spectral Match to 9-Octadecenamide, (Z)- from NIST14 M+H 282.278 0.805676 537.295 | 282.278

CCMSLIBO0003135615 | ~Pectral Match to 9-Oxo-10E, 12Z-octadecadienoic acid M-+H 295.227 0.698303 | 411.898 | 295.227
from NIST14

CCMSLIB00003139019 Spectral Match to 9-OxoOTrE from NIST14 M+H-H20 275.201 0.743346 | 410.965 | 275.201

CCMSLIB00003135863 Spectral Match to 9-OxoOTrE from NIST14 M+H-H20 275.2 0.64829 373.532 | 275.2

CCMSLIB00003135863 Spectral Match to 9-OxoOTrE from NIST14 M+H-H20 275.2 0.64829 352423 | 275.2

CCMSLIB00003138563 Spectral Match to Baicalin from NIST14 M-H 445.078 0.929878 | 305.374 | 445.078

CCMSLIB00003136526 | Spectral Match to cis-9-Hexadecenoic acid from NIST14 M+H 255.232 0.795215 530.266 | 255.232

CCMSLIBO0003136374 | SPectral Match to Conjugf\ltl‘;i 1":°'e'c Acid (10E,127) from |\ 1 190 263.236 0.679078 | 536.407 | 263.236

CCMSLIBO0003135049 | SPectral Match to D'd?i)en:y"\ﬁ; 1'Zh'°d'pr°p'°”ate oxide M-+H 531.408 0957619 | 637.251 | 531.408
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CCMSLIB00003139396 Spectral Match to Dihydrokaempferol from NIST14 M+H 289.071 0.622513 261.408 | 289.071
CCMSLIB00003136083 Spectral Match to D-Sorbitol from NIST14 M-+H 183.086 0.657845 | 298.323 | 183.086
CCMSLIB00003139527 Spectral Match to Dulcitol from NIST14 M-H 181.071 0.857821 636.171 | 181.071
CCMSLIB00003135635 Spectral Match to Glycerol 1-myristate from NIST14 M+H 303.253 0.91044 504.77 303.253
CCMSLIB00003137498 Spectral Match to L-Arginine from NIST14 M+H 175.119 0.853483 23.318 175.119
CCMSLIB00003138141 Spectral Match to Linoleoyl ethanolamide from NIST14 M+H 324.29 0.895946 500.115 324.29
CCMsLIB00003138418 | “Pectral Mateh to Mor,‘\l‘?g?ﬂe“'” (8¢,12¢,15c) from M+H 353.269 0.938122 | 499.846 | 353.269
CCMSLIB00003138418 Spectral Match to MO'L‘T!?;T”'" (9¢,12¢,15¢) from M+H 353.269 0.830151 47421 | 353.269
CCMSLIB00003138418 Spectral Match to M°':\ﬁg$ﬂe"'” (9¢,12¢,15¢) from M+H 353.269 0.816114 | 412.815 | 353.269
CCMSLIB00003138418 Spectral Match to Morl‘\ﬁg?;’f"'” (9¢,12¢,15¢) from M+H 353.269 0.729625 464.4 | 353.269
CCMSLIBO0003137660 Spectral Match to Morl‘\l‘ig;‘;’f”'n (9¢,12¢,15¢) from M+H 353.27 0.677535 44508 | 353.27
CCMSLIB00003137976 Spectral Match to Myristoleic acid from NIST14 M+H 227.2 0.687697 425.231 227.2

CCMSLIBO0003139765 |  Spectral Match to N-Oleoylethanolamine from NIST14 M+H 326.306 0913924 | 518.162 | 326.306
CCMSLIB0O0003139733 Spectral Match to Palatinose from NIST14 M+NH4 360.15 0.978899 32.566 360.15
CCMSLIBO0003138556 | Spectral Match to Palmitoyl ethanolamide from NIST14 M-+H 300.289 0.821356 | 511.898 | 300.289
CCMSLIB00003135107 Spectral Match to Perillaldehyde from NIST14 M+H+H20 169.122 0.806697 358.26 169.122
CCMSLIB00003140162 Spectral Match to Stearidonic acid from NIST14 M+H 277.215 0.802967 411.362 | 277.215
CCMSLIB0O0003138520 Spectral Match to Syringic acid from NIST14 M+H 199.06 0.919264 243.55 199.06
CCMSLIB00003138602 Spectral Match to Val-Leu from NIST14 M+H-H20 213.16 0.904536 | 305.182 | 213.16
CCMSLIBO0006679047 THYMIDINE M-+H 243.098 0.929374 56.066 | 243.098
CCMSLIBO0005464529 TREHALOSE M-H 341.109 0.950972 28.503 | 341.109
CCMSLIBO0005464337 URIDINE M-H 243.062 0.865674 29.829 | 243.062
CCMSLIB00010112940 VITAMIN K1 CollisionEnergy:102040 M+2H] 226.182 0783614 | 550.365 | 226.182
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Table S4.3. Hits to the GNPS library for the methanol extracts in the second dataset 1IMN MeOH).

SpectrumiD Compound_Name Adduct Precursor_MZ | Cosine_score | RT_Query Libmz
CCMSLIB00006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.889403 242.016 161.046
CCMSLIB0O0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.871341 86.391 161.046
CCMSLIB00006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.82995 843.009 161.046
CCMSLIB0O0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.790049 382.829 161.046
CCMSLIB00006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.790049 401.999 161.046
CCMSLIB00006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.765418 143.038 161.046
CCMSLIB0O0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.765418 152.324 161.046
CCMSLIBO0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.764602 119.951 161.046
CCMSLIB00006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.763139 174.962 161.046
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.76308 351.455 161.046
CCMSLIB00006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.757871 775.77 161.046
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.752887 451.372 161.046
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.747664 890.288 161.046
CCMSLIB0O0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.73593 271.224 161.046
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.718501 511.438 161.046
CCMSLIB0O0006678983 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.702252 492.92 161.046
CCMSLIBO0006681076 "1,6-ANHYDRO-B-GLUCOSE" M-H 161.046 0.655458 440.681 161.046
CCMSLIB00010125158 | > (2-methvlpropyl)-3a,4,5,6-tetrahydro-2-benzofuran- M-+H 195.138 0.672592 | 429.042 | 195.138

1(3h)-one CollisionEnergy:205060"
CCMSLIB0O0005724857 | (10E,15E)-9,12,13-trihydroxyoctadeca-10,15-dienoic acid M-H 327.218 0.742738 354.043 327.218
CCMSLIB00010114577 (1R)-(-)-Nopol CollisionEnergy:102040 M+H-H20 149.132 0.856168 452.251 | 149.132
CCMSLIB00010114577 (1R)-(-)-Nopol CollisionEnergy:102040 M+H-H20 149.132 0.836709 364.362 149.132
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CCMSLIB0O0004715952

(2S,3R,4R,5R,6S)-2-{[(2R,3S,4R,5R,6S)-6-
{[(2R,3R,4S,5S,6R)-4,5-dihydroxy-6-(hydroxymethyl)-2-
[(1'S,25,4'S,5S,7'R,9'S,13'R,16'S)-5,7',9',13'-tetramethyl-5-
({[(2R,3R,4S,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-2-ylJoxy}methyl)-5'-
oxaspiro[oxolane-2,6'-
pentacyclo[10.8.0.0i¢%,?.0?,?.0ié %5ié1,ié %2 ?]icosan]-18'-
eneoxy]oxan-3-ylloxy}-4,5-dihydroxy-2-
(hydroxymethyl)oxan-3-ylJoxy}-6-methyloxane-3,4,5-triol

[M+H]+

1063.53

0.888214

348.244

1063.53

CCMSLIBO0004710948

(2S,3S,4S,5R,6R)-6-(3-benzoyloxy-2-hydroxypropoxy)-
3,4,5-trihydroxyoxane-2-carboxylic acid

[M-H]-

371.098

0.894562

273.034

371.098

CCMSLIBO0004706806

(2S,35,4S,5R,6R)-6-[[(3S,4S,6aR,6bS,8aR,9R,12aS,14bR)-9-
hydroxy-4-(hydroxymethyl)-4,6a,6b,8a,11,11,14b-
heptamethyl-1,2,3,43,5,6,7,8,9,10,12,12a,14,14a-

tetradecahydropicen-3-yl]oxy]-5-[(2S,3R,4S,5R,6R)-4,5-
dihydroxy-6-(hydroxymethyl)-3-[(2S,3R,4R,5R,6S)-3,4,5-
trihydroxy-6-methyloxan-2-ylJoxyoxan-2-ylJoxy-3,4-
dihydroxyoxane-2-carboxylic acid

[M+H]+

943.526

0.80118

397.784

943.526

CCMSLIBO0005724697

(2Z,6S)-6-[(1S,3aS,9aR,11aS)-34a,6,6,9a,11a-pentamethyl-
7-oxo-
1H,2H,3H,3aH,5H,5aH,6H,7H,8H,9H,9aH,9bH,10H,11H,11
aH-cyclopenta[a]phenanthren-1-yl]-2-methylhept-2-enoic
acid

M-H20+H

437.341

0.609237

363.631

437.341
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CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.902928 111.971 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.884524 13.016 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.877834 47.222 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.872116 72.264 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.872116 30.309 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.868448 306.959 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.868448 287.488 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.857676 892.753 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.857149 839.954 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.838526 353.372 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.838186 366.369 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.836557 149.586 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.832274 243.843 225.062
CCMSLIB0O0006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.825963 122.07 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.825097 222.592 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.82065 259.63 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.816355 480.087 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.815742 272.395 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.807788 459.569 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.806075 871.84 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.78498 323.723 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.77938 807.062 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.776248 93.333 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.754792 197.53 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.750502 390.349 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.745217 518.7 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.742908 791.588 225.062
CCMSLIB00006124728 .alpha.-D-Glucopyranose - 40.0 eV Unknown 225.062 0.742908 777.029 225.062
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CCMSLIBO0000579680 0055_Triethylcitrate M+H 277.128 0.88805 351.691 277.128
CCMSLIB0O0005467655 1-beta-D-Glucopyranosyl-L-tryptophan M+H 367.15 0.656263 88.282 367.15
CCMSLIBO0005724601 1-methyl-4-(6-methylhept-5-en-2-v)-2,3- M-2H20+H |  201.164 0.936838 | 304.049 | 201.164
dioxabicyclo[2.2.2]oct-5-ene
1-methyl-4-methylidene-7-(propan-2-yl)-
CCMSLIB0O0005725033 1,2,3,3a,4,5,6,8a-octahydroazulen-1-ol M-H20+H 203.179 0.883698 365.317 203.179
1-methyl-4-methylidene-7-(propan-2-yl)-
CCMSLIBO0005725033 1,2,3,3a,4,5,6,8a-octahydroazulen-1-o| M-H20+H 203.179 0.831559 388.246 203.179
1-methyl-4-methylidene-7-(propan-2-yl)-
CCMSLIB0O0005725033 1,2,3,3a,4,5,6,8a-octahydroazulen-1-o| M-H20+H 203.179 0.811458 348.908 203.179
2-(3-carboxypropanoylamino)hexanoic acid
CCMSLIB00010120723 .. M+H 232.118 0.870157 266.575 232.118
CollisionEnergy:205060
CCMSLIBO0O005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.970204 111.107 165.076
CCMSLIBO0O005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.943108 89.109 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.93905 79.795 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.93905 42.546 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.906686 131.45 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.895641 893.075 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.888106 175.043 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.876774 744.501 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.873492 216.453 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.865006 61.011 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.83461 847.851 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.80154 203.999 165.076
CCMSLIBO0005883983 2-DEOXY-D-GLUCOSE - 40.0 eV M+H 165.076 0.75902 16.435 165.076
CCMSLIB0O0006682458 2-ISOPROPYLMALIC ACID M-H 175.061 0.85045 124.009 175.061
CCMSLIBO0004692351 2-methyl-3-{(25,3R,45,55,6R)-3,4,5-trihydroxy-6- [M+H]+ 289.092 0.8858 60.317 | 289.092

(hydroxymethyl)oxan-2-ylJoxypyran-4-one
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CCMSLIBO0004708653

3-[(1-Carboxyvinyl)oxy]benzoic acid

[M-H]-

207.03

0.966901

302.368

207.03

CCMSLIBO0004708392

3-[3-[3,4-dihydroxy-5-(6-oxo-3H-purin-9-yl)oxolan-2-
yl]propanoyl]benzoic acid

[M+H]+

415.125

0.947425

275.279

415.125

CCMSLIBO0004708380

3-[3-[3,4-dihydroxy-5-(6-oxo-3H-purin-9-yl)oxolan-2-
yl]propanoyl]benzoic acid

[M-H]-

413.11

0.943486

272.79

413.11

CCMSLIB0O0010123099

32449-99-3 CollisionEnergy:205060

289.083

0.85287

273.326

289.083

CCMSLIBO0004714368

3-oxo-3-[[(10E,20€E)-5,7,9,19,23,25,27,31,33,34,35-
undecahydroxy-8,10,14,18,22,26,30-heptamethyl-15-[(Z)-
4-methyl-10-[(N'-methylcarbamimidoyl)amino]dec-4-en-
2-yl]-17-0x0-16,37-dioxabicyclo[31.3.1]heptatriaconta-
10,20-dien-3-ylloxy]propanoic acid

[M-H]-

1128.72

0.889571

379.394

1128.72

CCMSLIBO0004714368

3-oxo-3-[[(10E,20€E)-5,7,9,19,23,25,27,31,33,34,35-
undecahydroxy-8,10,14,18,22,26,30-heptamethyl-15-[(Z)-
4-methyl-10-[(N'-methylcarbamimidoyl)amino]dec-4-en-
2-yl]-17-0x0-16,37-dioxabicyclo[31.3.1]heptatriaconta-
10,20-dien-3-ylloxy]propanoic acid

[M-H]-

1128.72

0.774325

367.09

1128.72
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3-oxo0-3-[[(10E,20E)-5,7,9,19,23,25,27,31,33,34,35-
undecahydroxy-8,10,14,18,22,26,30-heptamethyl-15-[(Z)-

CCMSLIB0O0004714380 | 4-methyl-10-[(N'-methylcarbamimidoyl)amino]dec-4-en- [M+H]+ 1130.73 0.709862 370.816 1130.73
2-yl]-17-ox0-16,37-dioxabicyclo[31.3.1]heptatriaconta-
10,20-dien-3-ylJoxy]propanoic acid
3-oxo-3-[[(10E,20€E)-5,7,9,19,23,25,27,31,33,34,35-
undecahydroxy-8,10,14,18,22,26,30-heptamethyl-15-[(Z)-
CCMSLIB0O0004714380 | 4-methyl-10-[(N'-methylcarbamimidoyl)amino]dec-4-en- [M+H]+ 1130.73 0.673074 382.214 1130.73
2-yl]-17-0x0-16,37-dioxabicyclo[31.3.1]heptatriaconta-
10,20-dien-3-ylJoxy]propanoic acid
CCMSLIB00005467915 4-0-Caffeoylquinic acid M-H 353.09 0.842651 223.276 353.09
CCMSLIB0O0005467668 5'-Deoxy-5'-(methylsulfinyl)adenosine M+H 314.09 0.918501 37.805 314.09
7-hydroxy-2-(4-hydroxyphenyl)-5-[(2S,3R,4S,5S,6R)-3,4,5-
CCMSLIB0O0004720085 trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy-2,3- [M-H]- 433.114 0.918251 307.421 433.114
dihydrochromen-4-one
CCMSLIBO0006717995 8-5'-Benzofuran-diferulic acid M-H 385.094 0.711977 303.292 385.094
CCMSLIB0O0010114511 AC1L1X1Z CollisionEnergy:102040 M+Na 637.302 0.66412 530.756 637.302
CCMSLIB00004721671 ACARBOSE [M+K]+ 684.211 0.761446 729.707 684.211
CCMSLIB00006125720 alpha,alpha-Trehalose - 40.0 eV Unknown 387.115 0.863522 25.504 387.115
CCMSLIB00006125720 alpha,alpha-Trehalose - 40.0 eV Unknown 387.115 0.804176 48.744 387.115
CCMSLIB00006684604 ASP-PHE M-H 279.099 0.86843 97.646 279.099
CCMSLIB0O0006684604 ASP-PHE M-H 279.099 0.86843 79.628 279.099
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CCMSLIBO0006684604 ASP-PHE M-H 279.099 0.820568 123.645 | 279.099

CCMSLIBO0006684929 ASP-PHE M-+H 281.113 0.760378 102.056 | 281.113

CCMSLIBO0006684929 ASP-PHE M+H 281.113 0.734286 130.979 | 281.113

CCMSLIBO0011427783 BAICALIN M-H 445.078 0.943585 301.96 | 445.078

CCMSLIB00010113651 CHLOROGENIC ACID CollisionEnergy:102040 M+H 355.102 0.966854 222217 | 355.102

CCMSLIBO0006679584 CITRIC ACID M-H 191.02 0.983188 288319 | 191.02

CCMSLIBO0005436263 | COMtaminants septum "';f;erir;“o (4000-53 and C4000- M-+H 610.184 0.689031 684.863 | 610.184

CCMSLIBO0005436264 | COMtaminants septum "';ﬂ;‘i;ﬂo (4000-53 and C4000- M-+H 536.165 0.655019 649.398 | 536.165

CCMSLIBO0005436265 | Contaminants septum "';ﬂ;‘i;ﬂo (4000-53 and C4000- M-+H 758.222 0.653972 665.563 | 758.222

CCMSLIB00011430184 cryptochlorogenic acid M-H 353.089 0.885074 245594 | 353.089

CCMSLIBO0006113174 D-Galactitol - 40.0 eV M-H 181.072 0.928927 288.665 | 181.072

CCMSLIBO0006113174 D-Galactitol - 40.0 eV M-H 181.072 0.928927 300.891 | 181.072
. [M-

CCMSLIBO0005719626 D-Mannitol H+HCOOH] 227.077 0.938027 40054 | 227.077
. [M-

CCMSLIBO0005719017 D-Mannitol H+HCOOH] 227.077 0.93666 596.171 | 227.077
. [M-

CCMSLIBO0005719626 D-Mannitol H+HCOOH] 227.077 0.933502 890.964 | 227.077

CCMSLIBO0005719966 D-Mannitol [M+NH4] 200.113 0.932795 40328 | 200.113
. [M-

CCMSLIBO0005719017 D-Mannitol H+HCOOH] 227.077 0.932576 762.304 | 227.077
. [M-

CCMSLIBO0005719626 D-Mannitol H+HCOOH] 227.077 0.928404 188.743 | 227.077
. [M-

CCMSLIBO0005719626 D-Mannitol H+HCOOH] 227.077 0.92829 45879 | 227.077
. [M-

CCMSLIBO0005719626 D-Mannitol H+HCOOH] 227.077 0.92829 529.202 | 227.077
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(M-

CCMSLIBO0005719626 D-Mannitol H+HCOOH] 227.077 0.92753 799.398 227.077
CCMSLIB0O0005719017 D-Mannitol H+H[C'§/C|)-OH] 227.077 0.926874 476.084 227.077
CCMSLIB00005719017 D-Mannitol H+H[C'§/C|)-OH] 227.077 0.92607 11.377 227.077
CCMSLIBO0005719626 D-Mannitol H+H[(';/(|)_OH] 227.077 0.925384 340.739 227.077
CCMSLIBO0005719626 D-Mannitol H+H[(';/(|)_OH] 227.077 0.922889 313.768 227.077
CCMSLIBO0005719626 D-Mannitol H+H['CV|O_OH] 227.077 0.922721 353.836 227.077
CCMSLIBO0005719626 D-Mannitol H+H['CVIO-OH] 227.077 0.922705 172.138 227.077
CCMSLIBO0005719626 D-Mannitol H+H['CVIO-OH] 227.077 0.92264 263.073 227.077
CCMSLIBO0005719626 D-Mannitol H+H[(';/(I)-OH] 227.077 0.92264 280.066 227.077
CCMSLIBO0005719626 D-Mannitol H+H[(';/|O_OH] 227.077 0.919383 368.009 227.077
CCMSLIB0O0005719626 D-Mannitol H+H[(';/|O-OH] 227.077 0.917651 776.119 227.077
CCMSLIBO0005719017 D-Mannitol H+H[('§/(|)-OH] 227.077 0.914469 633.237 227.077
CCMSLIBO0005719017 D-Mannitol H+H[('§/(|)-OH] 227.077 0.914469 643.972 227.077
CCMSLIBO0005719017 D-Mannitol H+H[(';/|O-OH] 227.077 0.904716 433.101 227.077
CCMSLIB0O0005719017 D-Mannitol H+H[('§/C|)-OH] 227.077 0.903777 835.577 227.077
CCMSLIB0O0005719017 D-Mannitol H+H[(,§/C|)-OH] 227.077 0.900275 216.235 227.077
CCMSLIB00005719966 D-Mannitol [M+NH4] 200.113 0.899301 177.18 200.113
CCMSLIBO0005719017 D-Mannitol H+H[('§/C|)_OH] 227.077 0.898894 297.38 227.077
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(M-

CCMSLIB00005719017 D-Mannitol H+HCOOH] 227.077 0.895382 390.587 227.077
. [M-

CCMSLIBO0005719017 D-Mannitol H+HCOOH] 227.077 0.894696 850.765 227.077
. [M-

CCMSLIBO0005719017 D-Mannitol H+HCOOH] 227.077 0.893691 419.423 227.077
. [M-

CCMSLIB00005719017 D-Mannitol H+HCOOH] 227.077 0.892862 489.827 227.077
. [M-

CCMSLIB0O0005719017 D-Mannitol H+HCOOH] 227.077 0.88957 207.035 227.077
. [M-

CCMSLIB0O0005719017 D-Mannitol H+HCOOH] 227.077 0.889544 663.763 227.077
. [M-

CCMSLIBO0005719017 D-Mannitol H+HCOOH] 227.077 0.884776 55.848 227.077
. [M-

CCMSLIBO0005719017 D-Mannitol H+HCOOH] 227.077 0.884776 75.119 227.077
. [M-

CCMSLIB0O0005719017 D-Mannitol H+HCOOH] 227.077 0.884776 32.08 227.077

CCMSLIBO0005719966 D-Mannitol [M+NH4] 200.113 0.876411 142.143 200.113
. [M-

CCMSLIBO0005719017 D-Mannitol H+HCOOH] 227.077 0.869275 874.406 227.077
. [M-

CCMSLIBO0005719626 D-Mannitol H+HCOOH] 227.077 0.828416 234.15 227.077

CCMSLIB00005719965 D-Mannitol [M+H] 183.087 0.826453 184.04 183.087
. [M-

CCMSLIB00005719626 D-Mannitol H+HCOOH] 227.077 0.818211 104.948 227.077

CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.951635 786.669 181.072

CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.951253 653.778 181.072

CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.951253 664.514 181.072

CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.944974 478.903 181.072

CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.944843 893.184 181.072

CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.943247 131.262 181.072

CCMSLIB00010102807 D-mannitol CollisionEnergy:102040 M-H 181.072 0.926956 878.671 181.072
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CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.769253 392.093 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.766002 871.18 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.746849 820.549 183.086
CCMSLIB0O0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.738694 848.591 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.737873 10.783 183.086
CCMSLIB0O0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.720844 328.529 183.086
CCMSLIB00005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.69769 792.524 183.086
CCMSLIB0O0005884962 D-SORBITOL - 20.0 eV M+H 183.086 0.691414 892.884 183.086
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.979074 490.632 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.97079 710.689 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.963725 67.813 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.961654 838.961 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.955316 336.424 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.953522 468.044 181.072
CCMSLIB0O0010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.936859 598.572 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.935195 51.422 181.072
CCMSLIB0O0010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.923746 641.934 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.922891 199.76 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.920409 385.444 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.912134 501.26 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.908952 772.981 181.072
CCMSLIB0O0010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.888271 371.062 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.884154 447.818 181.072
CCMSLIB00010102811 D-Sorbitol CollisionEnergy:102040 M-H 181.072 0.876649 117.243 181.072
CCMSLIB00006679960 ELAIDIC ACID M+H 283.263 0.796219 507.023 283.263
CCMSLIB0O0006679960 ELAIDIC ACID M+H 283.263 0.767402 521.248 283.263
CCMSLIB00006126861 Formylkynurenine M+H 237.087 0.677175 57.28 237.087
CCMSLIB00005464191 GALACTITOL M-H 181.072 0.899188 855.149 181.072
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CCMSLIB0O0005464191 GALACTITOL M-H 181.072 0.86618 9.705 181.072
CCMSLIB0O0005464191 GALACTITOL M-H 181.072 0.849164 624.621 181.072
CCMSLIB00005464191 GALACTITOL M-H 181.072 0.845158 687.399 181.072
CCMSLIB0O0005464191 GALACTITOL M-H 181.072 0.820859 800.631 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.950579 167.87 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.950579 180.927 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.946514 279.639 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.935704 85.625 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.930481 586.796 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.927953 149.855 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.923985 430.423 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.920075 244.469 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.913925 260.011 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.894604 357.028 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.894604 316.854 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.871624 829.36 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.858368 512.559 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.795193 749.983 181.072
CCMSLIB00010102810 galactitol CollisionEnergy:102040 M-H 181.072 0.714044 418.006 181.072
CCMsLIB00004683268 |  OICGlc-octadecatrienoyl-sn-glycerol (isomer 1) (PUT) - M-H 721.361 0724997 | 437.058 | 721.361
45.8016eV
CCMSLIBO0005788066 Glochidone M+H 423.362 0.677196 405.425 423.362
CCMSLIB00010102601 gluconic acid CollisionEnergy:102040 M-H 195.051 0.970915 32.278 195.051
CCMSLIB00010102601 gluconic acid CollisionEnergy:102040 M-H 195.051 0.81431 43.116 195.051
CCMSLIB0O0000479622 Glucose M-H 179.063 0.976854 31.534 179.063
CCMSLIBO0006553955 linoleic acid [M+Na]+ 303.23 0.614522 509.72 303.23
CCMSLIB0O0006124011 Maltotriose - 40.0 eV Unknown 549.168 0.785992 27.583 549.168
CCMSLIB00006679572 MANNITOL M+H 183.086 0.953244 79.955 183.086
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CCMSLIBO0006679572 MANNITOL M+H 183.086 0.953244 104.732 | 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.952789 38.002 | 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.935926 272.607 | 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.918042 156.57 | 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.917664 62.549 | 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.905709 749.453 | 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.898728 291.906 | 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.898514 481.958 | 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.890024 547.164 | 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.881946 120.887 | 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.875748 147.437 | 183.086
CCMSLIBO0006679572 MANNITOL M+H 183.086 0.869585 518.97 | 183.086
CCMSLIBO0006680924 MANNITOL M+H 183.086 0.820014 224.285 | 183.086
CCMSLIBO0006680924 MANNITOL M+H 183.086 0.777597 209.935 | 183.086
CCMSLIBO0006680924 MANNITOL M+H 183.086 0.750813 352.506 | 183.086
CCMSLIBOO006684047 MANNITOL M+H 183.086 0.724129 261.391 | 183.086
CCMSLIBO0005884956 MANNITOL - 20.0 eV M+H 183.086 0.729788 780.829 | 183.086
Massbank: Lauramidopropyl betaine|3-
CCMSLIB00005726579 | (Podecanoylaminojpropyl(carboxymethyl)dimethylammo M 343.296 0.951167 400.843 | 343.296
nium | carboxymethyl-[3-(dodecanoylamino)propyll-
dimethylazanium
CCMSLIBO0005731255 | M2ssbankiEQ331603 Linoleic acid| (92,122)-octadeca- M+H 281.247 0.750611 | 535.839 | 281.247
9,12-dienoic acid
CCMSLIB00005732848 Massbank:EQ367252 Diethyl-phthalate | Diethyl M-H 221.082 0.817245 3765 | 221.082

phthalate | Diethyl benzene-1,2-dicarboxylate
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Massbank:LU052302 Acetyl tributyl citrate | tributyl 2-

CCMSLIBO0005760659 . M+H 403.233 0.930061 501.84 403.233
acetyloxypropane-1,2,3-tricarboxylate
CCMSLIB00000221707 | M3ssPank:PBO00416 Tryptophan|2-amino-3-(1H-indol-3- |y, . 205.098 0.818149 90.735 | 205.098
yl)propanoic acid
CCMSLIBO0005739405 Massbank:PR308349 Soyasaponin Ba M-H 957.506 0.771791 392.545 957.506
CCMSLIBO0005740058 Massbank:PR309076 FA 18:4+20 M-H 307.19 0.777294 389.189 307.19
CCMSLIBO0005746967 Massbank:PR309108 FA 18:1+30 M-H 329.231 0.8031 361.494 329.231
CCMSLIBO0005740091 | M1ssPankiPR309201 Coumaroyl + C6HI08 (isomer of M-H 355.066 0.709291 97.464 | 355.066
843, 844, 846)
CCMSLIBO0005746433 Massbank:PR309340 12:4+30 fatty acyl hexoside M-H 387.166 0.633121 263.415 387.166
CCMSLIBO0005739356 Massbank:PR310846 LPC 18:1 M+H 522.356 0.769107 508.33 522.356
CCMSLIBO0005748443 | Massbank:PR311013 Feruloyl putrescine (isomer of 1173) M+H 265.155 0.809876 164.256 265.155
CCMSLIBO0005739084 Massbank:PR311142 Cyclo(leucylprolyl) M+H 211.144 0.746827 273.615 211.144
Massbank:RP030402 ?-linolenic acid | linolenic
CCMSLIBO0005738623 acid|[(92,122,157)-octadeca-9,12,15-trienoic acid M+H 279.232 0.662896 518.19 279.232
CCMSLIBO0000567955 MoNA:790536 Linoleic acid M+H 281.247 0.635426 438.209 281.247
MoNA:947057 2-{6-[(2-{5-[6-hydroxy-6-(hydroxymethyl)-
3,5-dimethyltetrahydro-2h-pyran-2-yl]-2,3"-
CCMSLIBO0000568813 dimethyloctahydro-2,2 -bifuran-5-yl}-9-methoxy-2,4,10- M-H 723.469 0.892811 519.817 723.469
trimethyl-1,6-dioxaspiro[4.5]dec-7-yl)methyl]-3-
methyltetrahydro-2h-pyran-2-yl}propanoic acid
CCMSLIBO0006684384 N-ACETYLTRYPTOPHAN M-H 245.093 0.926712 290.262 245.093
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CCMSLIBO0000850011

NCGC00168953-02_C47H76017_(3beta,5xi,9xi,22beta)-
22,24-Dihydroxyolean-12-en-3-yl 6-deoxy-alpha-L-
mannopyranosyl-(1->2)-alpha-L-arabinopyranosyl-(1->2)-
beta-D-glucopyranosiduronic acid

M+H

913.516

0.753354

402.292

913.516

CCMSLIBO0O000848957

NCGC00169122-02!2-oct-1-en-3-yloxy-6-[(3,4,5-
trihydroxyoxan-2-yl)oxymethylloxane-3,4,5-triol

M+NH4

440.249

0.655273

323.434

440.249

CCMSLIBO0O000853933

NCGC00380376-01_C22H4003_1-Naphthalenepentanol,
decahydro-2-hydroxy-gamma,2,5,5,8a-pentamethyl-,
alpha-acetate

M-H20+H

335.294

0.785621

398.76

335.294

CCMSLIBO0000853933

NCGC00380376-01_C22H4003_1-Naphthalenepentanol,
decahydro-2-hydroxy-gamma,2,5,5,8a-pentamethyl-,
alpha-acetate

M-H20+H

335.294

0.747295

386.562

335.294

CCMSLIBO0000851506

NCGC00380522-01_C20H3004_1-
Phenanthrenecarboxylic acid,
1,2,3,4,4a,4b,5,6,7,9,10,10a-dodecahydro-7-hydroxy-
1,4a-dimethyl-7-(1-methylethyl)-9-oxo-

M-H20+H

317.211

0.608048

445.162

317.211

CCMSLIBO0000852268

NCGC00380878-01_C18H2809_Cyclopentaneacetic acid,
2-[(22)-5-(hexopyranosyloxy)-2-penten-1-yl]-3-oxo-,
(1R,2R)-

M+NH4

406.207

0.621225

264.208

406.207

CCMSLIBO0000852714

NCGC00380976-01_C28H42N207_(4E,10E)-13,20-
Dihydroxy-8,14-dimethoxy-4,10,12,16-tetramethyl-3-oxo-
2-azabicyclo[16.3.1]docosa-1(22),4,10,18,20-pentaen-9-yl

carbamate

M+NH4

536.333

0.777354

337.938

536.333
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NCGC00381308-
01_C47H76017_(3beta,5xi,9xi,18xi,22beta)-22,25-

CCMSLIB0O0000851295 Dihydroxyolean-12-en-3-yl 6-deoxy-alpha-L- M-H 911.501 0.725936 405.823 911.501
mannopyranosyl-(1->2)-beta-D-xylopyranosyl-(1->2)-beta-
D-glucopyranosiduronic acid
NCGC00385106-01_C18H26010_beta-D-
CCMSLIBO0000854306 Glucopyranoside, phenylmethyl 6-O-[(2R, 3R, 4R)- M+NH4 420.186 0.699108 254.153 | 420.186
tetrahydro-3,4-dihydroxy-4-(hydroxymethyl)-2-furanyl]-
CCMSLIB00000855491 | NCOC00385952-01_C15H260_1,7-Dimethyl-7-(4-methyl- |\ o0, 205.195 0.700096 457.132 | 205.195
3-penten-1-yl)bicyclo[2.2.1]heptan-2-ol
CCMSLIB00010099321 PC(18:2/0:0); [M+H]+ C26H51N107P1 M+H 520.34 0.94987 480.235 | 520.34
CCMSLIB00010099315 PE(18:2/0:0); [M+H]+ C23H45N107P1 M+H 478.293 0.811195 462.844 | 478.293
CCMSLIBO0006684394 RIBOFLAVIN M-+H 377.146 0.918556 265.609 | 377.146
CCMSLIBO0004702149 Salidroside [M+NHA4]+ 318.155 0.89282 131.588 | 318.155
CCMSLIBO0006112641 Sorbitol - 30.0 eV M-H 181.072 0.85512 407.901 | 181.072
CCMSLIBO0006112641 Sorbitol - 30.0 eV M-H 181.072 0.808789 21924 | 181.072
CCMSLIBO0003136757 Spectral Match to .alpha.-L-Asp-L-Phe from NIST14 M+H 281.112 0.66815 121.762 | 281.112
CCMSLIB00003138070 | Pectral Match to 'a'pha'l\'“L;”T‘ifnoyl ethanolamide from M+H 322.273 0.887435 425916 | 322.273
CCMSLIBO0003137471 |  SPectral Match to 1-(9Z-Octadecenoyl)-sn-glycero-3- M+Na 544.337 0.973119 533.541 | 544.337
phosphocholine from NIST14
CCMSLIBO0003137820 |  SPectral Match to 12(13)-Epoxy-9Z-octadecenoic acid M+H-H20 279.232 0.89533 424163 | 279.232
from NIST14
CCMSLIBO0003134969 Spectral Match to 12,13-DiHOME from NIST14 M+H-H20 297.242 0.849298 425.401 | 297.242
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Spectral Match to 13-Keto-9Z,11E-octadecadienoic acid

CCMSLIB00003137023 M+H-H20 277.216 0.902924 430.785 | 277.216
from NIST14

CCMSLIB00003134668 | ~Pectral Match to 13-Keto-9Z,11E-octadecadienoic acid M+H 295.226 0.725462 430.16 | 295.226
from NIST14

CCMSLIB00003134668 | ~Pectral Match to 13-Keto-92,11E-octadecadienoic acid M+H 295.226 0.725462 442734 | 295.226
from NIST14

CCMSLIB00003137868 | ~Pectral Match to 13-Keto-92,11E-octadecadienoic acid M+H 295.227 0.702886 366.238 | 295.227
from NIST14

CCMSLIBO0003137992 | SPectral Match to 13-Keto-9Z,11E-octadecadienoic acid M+H 295.227 0.600545 391.526 | 295.227
from NIST14

CCMSLIBO0003136761 spectral Match to 135-Hydroxy-92,11€,152- M+H-H20 277.216 0.930717 449719 | 277.216

octadecatrienoic acid from NIST14
CCMSLIB00003136761 spectral Match to 135-Hydroxy-92,11€,152- M+H-H20 277.216 0.880876 476.135 | 277.216
octadecatrienoic acid from NIST14
CCMSLIB00003139504 Spectral Match to 1-Hexadecanoyl-sn-glycero-3- M+Na 518.321 0.972804 516.431 | 518.321
phosphocholine from NIST14

CCMSLIB00003138475 Spectral Match to 1-Linoleoylglycerol from NIST14 M+H 355.284 0.757779 455.935 355.284

CCMSLIB00003138475 Spectral Match to 1-Linoleoylglycerol from NIST14 M+H 355.284 0.645589 518.744 355.284

CCMSLIB00003138475 Spectral Match to 1-Linoleoylglycerol from NIST14 M+H 355.284 0.60102 483.493 355.284

CCMSLIBO0003139823 spectral Match to 1-Myristoyl-sn-glycero-3- M+H 468.308 0.905015 457379 | 468.308

phosphocholine from NIST14
CCMSLIBO0003135997 | SPectral Match to 3’5'D'”;T;Tl’fdama”ta”'l'am'”e from |\ 1H-NH3 163.148 0.892895 348.682 | 163.148
CCMSLIBO0003140107 |  ~Pectral Match to 3-Hydroxyoctadecanoic Acid from M+H-H20 283.26 0.671987 554.292 | 283.26

NIST14
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CCMSLIB00003134812 Spectral Match to 9(10)-EpOME from NIST14 M+H-H20 279.231 0.924502 462.116 | 279.231
CCMSLIBO0003139203 Spectral Match to 9(10)-EpOME from NIST14 M+H 297.243 0.792804 404.816 | 297.243
CCMSLIB00003135516 | SPectral Match to 9,10-Dihydroxy-12Z-octadecenoic acid M+H 315.253 0.717771 425613 | 315.253
from NIST14
CCMSLIB00003135516 | Pectral Match to 9,10-Dihydroxy-12z-octadecenoic acid M+H 315.253 0.696521 399.926 | 315.253
from NIST14
CCMSLIB00003135516 | SPectral Match to 3,10-Dihydroxy-12Z-octadecenoic acid M+H 315.253 0.66634 360.847 | 315.253
from NIST14
CCMSLIBO0003137650 |  Spectral Match to 9-Octadecenamide, (Z)- from NIST14 M-+H 282.28 0.927294 536.871 | 282.28
CCMSLIB00003139019 Spectral Match to 9-OxoOTrE from NIST14 M+H-H20 275.201 0.707286 368.548 | 275.201
CCMSLIBO0003136996 Spectral Match to 97,11E,13E-Octadecatrienoic acid M+H 293.247 0.939929 502.349 | 293.247
methyl ester from NIST14
CCMSLIBO0003140066 Spectral Match to Arg-lle from NIST14 M-+H 288.202 0.819403 38.194 | 288.202
CCMSLIB00003139461 Spectral Match to Arg-Phe from NIST14 M+H 322.187 0.847995 47379 | 322.187
CCMSLIB00003135381 Spectral Match to Asn-Phe from NIST14 M+H 280.129 0.712178 73.069 | 280.129
CCMSLIB0O0003137753 Spectral Match to Asp-Leu from NIST14 M+H 247.128 0.736195 69.757 247.128
CCMSLIB0O0003137753 Spectral Match to Asp-Leu from NIST14 M+H 247.128 0.712457 88.315 247.128
CCMSLIB0O0003137753 Spectral Match to Asp-Leu from NIST14 M+H 247.128 0.64983 59.17 247.128
CCMSLIB00003138617 | ~Pectral Match to Didodecyl 3,3"-thiodipropionate oxide M-+H 531.406 0.890097 637.187 | 531.406
from NIST14
CCMSLIBO0003140080 Spectral Match to D-Mannitol from NIST14 M-+H 183.086 0.829778 224743 | 183.086
CCMSLIB00003136040 Spectral Match to Dodecanedioic acid from NIST14 M+H-H20 213.147 0.820731 367.738 213.147
CCMSLIBO0003136083 Spectral Match to D-Sorbitol from NIST14 M-+H 183.086 0.888185 457.164 | 183.086
CCMSLIB00003136083 Spectral Match to D-Sorbitol from NIST14 M+H 183.086 0.758578 424.147 183.086
CCMSLIBO0003136083 Spectral Match to D-Sorbitol from NIST14 M-+H 183.086 0.752965 437.321 | 183.086
CCMSLIBO0003139467 Spectral Match to Glu Phe from METLIN M-+H 295.128 0.948773 144.462 | 295.128
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CCMSLIBO0003140059 Spectral Match to Glu-Val-Phe from NIST14 M+H 394.197 0.638619 255.926 394.197
CCMSLIB00003137762 Spectral Match to lle-Arg from NIST14 M+H 288.203 0.611141 53.333 288.203
CCMSLIB0O0003139641 Spectral Match to lle-Gly-lle from NIST14 M+H 302.207 0.9441 268.224 302.207
CCMSLIBO0003136608 Spectral Match to lle-Val-Lys from NIST14 M+H 359.268 0.641842 59.15 359.268
CCMSLIB0O0003137120 Spectral Match to Linoleoyl ethanolamide from NIST14 M+H 324.289 0.925841 499.773 324.289
CCMSLIB00003136698 Spectral Match to Lys-Leu from NIST14 M+H 260.197 0.913716 38.813 260.197
CCMSLIB00003138418 Spectral Match to Morl‘\fl’g?i’!‘e”'" (9¢,12¢,15¢) from M-+H 353.269 0.80204 442.608 | 353.269
CCMSLIB00003138418 Spectral Match to Morl‘\fl’g?i’!‘e”'" (9¢,12¢,15¢) from M-+H 353.269 0.765179 468.11 | 353.269
CCMSLIB00003138418 Spectral Match to Morl‘\fl’g?i’!‘e”'" (9¢,12¢,15¢) from M-+H 353.269 0.631379 398.163 | 353.269
CCMSLIBO0003137681 Spectral Match to N-Oleoylethanolamine from NIST14 M+H 326.305 0.92625 523.745 326.305
CCMSLIB00003137028 Spectral Match to Pantothenic acid from NIST14 M+H 220.118 0.902976 55.107 220.118
CCMSLIB00003137028 Spectral Match to Pantothenic acid from NIST14 M+H 220.118 0.902976 71.046 220.118
CCMSLIBO0003137597 Spectral Match to PyroGlu-lle from NIST14 M+H 243.134 0.690784 243.216 243.134
CCMSLIB0O0003137597 Spectral Match to PyroGlu-lle from NIST14 M+H 243.134 0.66628 222.658 243.134
CCMSLIB00003137591 Spectral Match to PyroGlu-Phe from NIST14 M+H 277.119 0.913438 279.973 277.119
CCMSLIBO0003135329 Spectral Match to Ser-lle from NIST14 M+H 219.134 0.846718 51.295 219.134
CCMSLIB0O0003137578 Spectral Match to Thr-lle from NIST14 M+H 233.15 0.931988 41.914 233.15
CCMSLIBO0003140084 Spectral Match to Thr-Leu from NIST14 M+H 233.149 0.961403 57.848 233.149
CCMSLIB00003140084 Spectral Match to Thr-Leu from NIST14 M+H 233.149 0.931762 109.642 233.149
CCMSLIBO0003135017 Spectral Match to Thr-Phe from NIST14 M+H 267.134 0.949036 82.483 267.134
CCMSLIBO0003136298 Spectral Match to Tropic acid from NIST14 M+H-H20 149.06 0.961715 52.08 149.06
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CCMSLIB00003139901 Spectral Match to Tyr-Pro from NIST14 M+H 279.133 0.926564 56.628 279.133
CCMSLIB0O0003136764 Spectral Match to Tyr-Pro from NIST14 M+H-H20 261.123 0.667202 156.103 261.123
CCMSLIB00003135481 Spectral Match to Val-Arg from NIST14 M+H 274.187 0.644522 33.629 274.187
CCMSLIB00003134519 Spectral Match to Val-Gly-Val from NIST14 M+H 274.176 0.823784 71.901 274.176
CCMSLIB0O0003139580 Spectral Match to Val-Leu from NIST14 M+H 231.17 0.902491 64.129 231.17
CCMSLIB00003138480 Spectral Match to Val-Met from NIST14 M+H 249.126 0.92198 52.93 249.126
CCMSLIB00003136667 Spectral Match to Val-Val from NIST14 M+H 217.155 0.894688 42.938 217.155
CCMSLIB00010114542 stearic acid CollisionEnergy:102040 M+H-H20 267.268 0.775069 502.049 267.268
CCMSLIB00005464529 TREHALOSE M-H 341.109 0.926405 28.403 341.109
CCMSLIBO0004719766 Trehalose [M-H]- 341.109 0.864239 48.725 341.109
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region_31_echA

LPVITVLTAPSVRQLAARLGDG-GTPDAAVYDPVVPLQTGGEKTPLFCVHPGVGEVLVEV

693

terA R-M-5-8 LPVITVLTAPSVRQLAARLADG-GAPAAAAYDPVVPLOTGGRKTPLFCVHPGVGEVLVEV 692
sk kek kkaokk kok k. * k. ko okokkaokokkk ok kook ok ok ok ok ok ok e ko ok ok ok ok ok
region 4 echA NLAKYFTGERPFYALRARGFGAGETHFESFADMVSTYVEAIRRAQPSGPYAVAGYSYGGA 727
echA echosides BGC NLAKYFVGDRPFYALRARGFNEGEKPFTSFEEMVECYVEAIRARQPHGPYATIAGYSYGGA 771
region 31 echA NLAKYFVGDRPFYALRARGENEHEKPFTSFEEMVECYVEATRARQPHGPYAVAGYSYGGA 753
terA R-M-5-8 NLAKYFVGDRPFYALRARGFDEGEKPYTSFEEMVDCYVAATRARQPHGPYAVAGYSYGGA 752
**‘k**‘k.*:***********‘ ‘k. : * K :‘k‘k‘ Kk Kk Kk Kk * K ****:*******k
region 4 echA VAFEIAKRLEADGDQVGFVGVENLPPRISDRMNEITFTDGAINLALFLELIDASDIERLT 787
echA echosides BGC VAFEIAKALEAQGERVDFAGSFNLPPHIKYRMDELDFIETATNLAFFLDLINKKQSLDLP 831
region 31 echA VAFEIAKALEAQGERVDFVGSFNLPPHIKYRMEELDFVETATNLAFFLDLINKKQSLDLP 813
terA R-M-5-8 VAFEIAKALEAQGERVDFVGSFNLPPHIKYRMEELDFVETATNLAFFLDLINKKQSLDLP 812
dokkokkkok kkokek.e ok ok ok kkkkok .k kokek. ok ko ok okoks Kok, o *
region 4 echA ATLRPLPEADQLAYLIDHAPKRRLTELDLSVERFTAWVHLAQSMVHLGRTYEPSGSVGQV 847
echA echosides BGC AELRPLPREEQLAHLLRIAPRGRLDELDLDLGKFTAWAELAHGLTTLGRDYHPSGTTRSM 891
region 31 echA AELRPLPQAEQLAHLLRIAPRGRLDELDLDLDTFSAWAELAHGLTTLGRDYHPSGTTRSM 873
terA R-M-5-8 AELRPLPKEEQLARLLRIAPRGRLRELDLDLEKFTAWAELAHGLTALGRDYRPSGTTRSM 872
* ok kK okk skEkKk k. Kok e Kk kkkx . Faokkx kkae . kKK ok kkk. .
region 4 echA KVEYCTPLRGTKEEWLEGQLSHWDEFTRDPNTYIEVDGEHYTLMSPQHVQTFQATLRQEL 907
echA echosides BGC TVFYAIPLRGTKEDWLANELRRWDEFTTEPNRYLDVPGEHYTLMGPRHVAAFQAVLRREL 951
region 31 echA TVFYAIPLRGTKEDWLANELRRWDEHTTEPNRYLDVPGEHYTLMGPRHVAAFQAVLRREL 933
terA R-M-5-8 TVFYAIPLRGTKEDWLEHELRRWDEHTTEPNRYVDVPGEHYTLMGPRHVAAFQATILRREL 932
KRRk kokokok ok ok ok . kok sk akkk ok akk ke ek kkkokokkok ok akk aokk ok kk . kk
region 4 echA ARALG----—-—————— 912
echA echosides_BGC DRALGDADRARATGRA 967
region 31 echA DHALGDADRARTAGQG 949
terA R-M-5-8 DRALGDADRARTTGQA 948

. kKK

Figure S4.1. Clustal Omega alignment of the amino acid sequences of EchA homologues.
The EchA amino acid sequence from regions 4 and 31 of 11-1-2 and from the
terfestatin/echosides BGCs from Streptomyces sp. LZ35 and Streptomyces sp. R-M-5-8 were
used for the alignment. The boxes represent signature domains of the proteins.
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region 4 echB MOGKKILITGGTGQVARPVAESLATDNEVWCLGREFGDQSARKALQERGAHTAVWDMAT - — 58
terB _R-M-5-8 MEGKKILVTGGTGQVARPVAEALAERNEVWCLGRFGTPGVEKELNDRGITTFHWDMDDPG 60
echB echoside BGC MEGKKILVIGATGQVARPVAEALAGRNEVWCLGRFGTPGVEKELTDQGITTFHWDMNDQG 60
region 31 echB MEGKKILVIGGTGQVARPVAEALAERNEVWCLGRFGTPGVEKELNDQGITTFRWDMNDLG 60
Kook kokk ok kA kok Kok kkok s kk kkkokkkokkkk ok ok sak ok kkk
region 4 echB -DDLEGLPRDFTHVLHSAVHRGDGKDFEETARINAVGTARLMTHCSAAEAFLYVSSGVVY 117
terB R-M-5-8 AAAYEGLPDDFTHVLHSAVRRGEDGDVNAAVEVNSVACGRLMTHCRGAEAFLEFVSTGALY 120
echB_echoside BGC PAAYEGLPDDFTHVFHSAVRRGEDGDVNAAIEVNSVATGRLMTHCRSAEAFLEVSTGALY 120
region 31 echB AAAYEGLPDDFTHVFHSAVRRGEDGDVNAAIEVNSVATGRLMSHCRRAEAFLEVSTGALY 120
* Kk Kk k ‘k‘k‘k‘k‘k:‘k‘k‘k‘k:‘k‘k:. ‘k‘: : .:*:*‘ ‘***:** ‘k‘k‘k‘k‘k:‘k‘k:‘k.:*
region 4 echB NRADRTHRYRESDPLGGAAPWLPTYPVAKITAEGVARGLSEALALPTVIARLNIAYGPYG 177
terB _R-M-5-8 KRQTLDHAYTEDDPVDGVADWLPAYPVGKIAAEGAVRAFAQVLNLPTTIARLNIAYGPGG 180
echB echoside BGC KRQTLDHAYSEDDPVDGVADWLPAYPVGKIAAEGAVRAFAQVLGLPTTIARLNIAYGPGG 180
region 31 echB KRQTLDHAYTEDDPVDGVADWLPAYPVGKIAAEGAVRAFAQVLNLPTTIARLNIAYGPGG 180
sk KXok Kk kke kK kkkakkok kokakkk ke Kk K KKk KKk KKE K
region 4 echB HGGVPMILENQMRKGQPCAVPREGONYCDLLHTDDIVRQVPLLWGVAQAPARVVNWGGDE 237
terB R-M-5-8 YGGVPMLYFKRMLAGEPIPVPKEGONWCSLLHTDDLVAHVPRLWEAAATPATLVNWGGDE 240
echB _echoside BGC YGGVPMLYFKRMLAGEPIPVPMEGONWCSLLHTDDLIAHVPHLWQAASTPATLVNWGGDE 240
region 31 echB YGGVPMLYFKRMLAGEPIPVPMEGONWCSLLHTDDLVAHVPHLWKAASAPATLVNWGGDE 240
Rk kok s ks ek kk kok kokkk gk kkkkkkar kK KKk Kk kok kK kokkkok
region 4 echB AVGMTDLLEYMSALTGVPVQLDRGDYSRETATFDHGVRRDLIGDCSVGWKTGIARTVADL 297
terB R-M-5-8 AVGITDCVRYLEELTGVRARLVPSEVTRETYRFDPTRRREITGPCRVPWREGVRRTLQAL 300
echB _echoside BGC AVGITDCVRHLEELTGVRARLVPSEVTRETYHFDPTRRREITGPCRVPWREGVRRTLQAL 300
region 31 echB AVGMTDCVRHLEELTGVRARLVPSEVTRETYQFDPTRRREITGPCRVPWREGVRRTLQAL 300

region 4 echB

Kkkk e kK . .. Kk kK .« K . kKK * K KKk ..

Kk kK kK ke ke Kk *

FEEYRDRVDDYIDAHGAETSQ 318

terB R-M-5-8 HPEHLPSESRHSAV-————-— 314
echB echoside BGC HPEHLPS-—————————————— 307
region 31 echB HPEHLPSESRHSAV-—--—-— 314

* .

Figure S4.2. Clustal Omega alignment of the amino acid sequences of EchB homologues.
The EchB amino acid sequence from regions 4 and 31 of 11-1-2 and from the
terfestatin/echosides BGCs from Streptomyces sp. LZ35 and Streptomyces sp. R-M-5-8 were
used for the alignment. The boxes represent signature domains of the proteins.
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Agar cores

M4 PMA SA SFM OBA YMS
Figure S4.3. Control slices for the potato tuber slice assays using agar cores and organic
culture extracts.

EtOAc

MeOH

232



L -aIs-as@TuﬁlI
- s & s ¥ csGees e

I ®

csectosesearaioe s I-e-esawaI@?eGI‘woytD-:.ezuc ©s e
R R R - 2 I R I Te vl esetonteo DG e ey s weoos e
rsesoaeeI-;IﬁuIsy .4e;rs¢0t'suﬂuﬁiualvis'.)be{ielvsewaausro-
lobdesvwssactabocs R R L R R R N I A
9?9\?1@?.I@Ia~viv I:Guw?uioivoeiivulssusisavﬁe?wus’se
Gesbedinew®eeasansse ceetecanGed o Ncc AT easteboads 00T,
[EEEEEEEE R KRR .saae;onIo-wqowIeo.qeo@au-eqq-se
scdeseeBEoeee e es G e e s e de e e

ER R R I ) R I I R I e R I R O A A A A A I I A BT I R A )
R A ses st edbesE bt et EEhe e e e e n G e e
e Sh e aNE s w e eG e e e s e e B E e
C I I I O ) R R I I I I T B I I B B BRI )
R R B R I I I I I I I R I IR I I
T T Ve e G s eme e e e - G e e e
Shrr et et et be Y EEE ) % Phhah e
) @@ eG e s e e s ® B L) LR - % e e a9 s s 8@
L) "maEte et e e e * 0w @ 0@t e s s ee e @0 eaeas s
s ssbec et e s e e . T LY ) Y
LR R R R R R R R ] B s e L I LR
ecwseaatEw e en “ss s a6 eneten ssaesman
ceaesuesEn wEEET en v o caaeanesEw swemanaw
@@ e e e e en LR ] - - @ e e G e e e e e e w
IR R R REEEEEEEEEE NN > - @ et e 2 =] ° 8080 A
O R R Y awo ) sseasena
ceareREEE G e e EE s eD s e aveDT BB D T weoeen D
ToCeTEE LT ® OO0 Be @ < - . CECEEE e CceeeeaT e
G @B a e e e e e et *e B a3 e LI IR ® PP aee s e e
st esEbBE e s eE D e «ee R N ) ssassesa
SewbeT o tRwE B b B E R R D ® @ ame o % “B e e D Toeacwas
CeB LT e EE T T EE e OEY e 0Oe R 0 0e e o s CIRCINC AN L] toaee e e
LI I e - - A A R I - o 3 a2 e ] P e e e 3 a e
ae@bcabsbabebeb e e ebe e EDdB s s secsae ssces v
@80 B eGE®eEEBE e e eS0T e % s e e e ] 3 8o e e s G
®T e ateEc e e et s C e e e e e e ae . CIRCIRC I & e e eee s @G
@ e e a s b e R Cr e w e e e w

Figure S4.4. Molecular networks for the ethyl acetate extracts in the first dataset (IIMN_6.2).
The pie chart represents a relative distribution of the peak area for different media: white =
mMYM-, black = mMYM-+, light grey = YMS-, dark grey = YMS+.
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Figure S4.5. Molecular networks for the ethyl acetate extracts
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Figure S4.6. Molecular networks for the methanol extracts in the second dataset
(IIMN_MeOH). The pie chart represents a relative distribution of the peak area for different
media: Red = M4, Yellow = OBA, Light green = PMA, Teal = SA, Blue = SFM, Violet =
YMS.
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Figure S4.7. Fragmentation pattern comparison plot for echosides. The plots for echoside C
(A), echoside D (B) and echoside E (C) are shown. Peaks in green represent matches between
predicted and experimental spectra, while peaks in blue did not match. Peaks in grey were
excluded from the comparison by MetFrag.
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Figure S4.8. Fragmentation pattern comparison plot for galbobolide B. Peaks in green

represent matches between predicted and experimental spectra, while peaks in blue did not
match. Peaks in grey were excluded from the comparison by MetFrag.
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Figure S4.9. Fragmentation pattern comparison plot for meridamycins. The plots for
meridamycin (A) and meridamycin A (B) are shown. Peaks in green represent matches
between predicted and experimental spectra, while peaks in blue did not match. Peaks in grey
were excluded from the comparison by MetFrag.
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Figure S4.10. Fragmentation pattern comparison plot for elaiophylins. The plots for
elaiophylin (A) and efomycin G (B) are shown. Peaks in green represent matches between
predicted and experimental spectra, while peaks in blue did not match. Peaks in grey were
excluded from the comparison by MetFrag.
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Figure S4.11. Fragmentation pattern comparison plot for musacin D. Peaks in green represent
matches between predicted and experimental spectra, while peaks in blue did not match.
Peaks in grey were excluded from the comparison by MetFrag.
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Figure S4.12. Standard curves for quantification of different molecules. A) Nigericin
standard curve for LC-MS quantification. B) Geldanamycin standard curve for RP-HPLC
quantification. C) Elaiophylin quantification using RP-HPLC for RP-HPLC quantification.
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Figure S4.13. Elaiophylin detection using RP-HPLC. Shown are the chromatograms of A)
the elaiophylin standard and B) a representative PMA organic extract. The inverted triangle
indicates the peak corresponding to elaiophylin. C) Absorbance spectrum of the elaiophylin
standard (left) and the elaiophylin peak from the PMA extract (right).
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Echoside C
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Figure S4.14. Top and side view of potato tuber slice treated with pure echoside C. The tuber
slice contained disks inoculated with 0 (control), 10, and 20 nmol of the respective compound
in a fixed volume of 20 pL. Three biological replicates per treatment were, with similar
results obtained each time.

Water MeOH DMSO 10 nmol 20 nmol 10 + 10 nmol
Echoside C EchC + EchC +
GDM NGN

Figure S4.15. Representative radish seedlings treated with different pure compounds. The
photos were taken after five days of incubation.
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Figure S4.16. Effect of echoside C (Ech) on radish seedlings. Geldanamycin (GDM) and
nigericin (NGN) were added for comparison to measure the effects on shoot (top), root
(middle) and total length (bottom) of radish seedlings. Each box represents the average of
the measurement + standard deviation. Seedlings were treated with 10 or 20 nmol of each
compound, or a combination of 10 nmol of each compound. The data was analyzed using an
ANOVA with Tukey’s test. Values with different letter are statistically different (P < 0.05).
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Figure S4.17. Effect of echoside C on the number of lateral roots/cm of root length in radish
seedlings. Geldanamycin (GDM) and nigericin (NGN) were added to test their combined
effects with echoside C. Each box represents the average of the measurement + standard
deviation. The data was analyzed using an ANOVA with Tukey’s test. Values with different
letter are statistically different (P < 0.05).
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CHAPTER 5

CONSTRUCTION OF STREPTOMYCES SP. 11-1-2 ENGINEERED STRAINS

5.1 Abstract

Plant pathogenic Streptomyces require pathogenicity and virulence factors to
establish infection and cause disease. These factors are often specialized metabolites
produced by biosynthetic gene clusters within the genome of the pathogen. Previously, the
plant pathogenic strain Streptomyces sp. 11-1-2 was shown to produce geldanamycin and
nigericin, two phytotoxic compounds that are putatively involved in causing common scab
disease. To establish the role of these molecules as pathogenicity or virulence factors, it is
necessary to generate strains of 11-1-2 that are unable to produce either metabolite. Targeted
gene replacement with an antibiotic-resistance marker is a common strategy used to generate
engineered strains for studying the function of a target gene or gene product. Here, the
creation of mutant strains of Streptomyces sp. 11-1-2 was attempted to investigate the role of
geldanamycin and nigericin in the plant-pathogenic phenotype of the organism, and to gain
insights into the regulation of nigericin biosynthesis. Plasmids were constructed to disrupt
two PKS genes, one located within the geldanamycin BGC and one within the nigericin BGC,
and two putative regulators located within the nigericin BGC. To determine the most efficient
method for introducing DNA into 11-1-2, intergeneric conjugation, mycelial electroporation,
and protoplast transformation were conducted using the Streptomyces integrative plasmid
pSET152. Of the methods tested, intergeneric conjugation using Escherichia coli as the

donor enabled the introduction of pSET152 into the 11-1-2 strain. However, conjugations
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using the geldanamycin PKS-targeting plasmid failed to generate the desired mutant strain
despite multiple attempts using different protocols. The presence of a unique restriction-
methylation system in 11-1-2 might be partially responsible for the difficulty in obtaining

exconjugants with the desired mutation.

5.2 Introduction

The biosynthesis of specialized metabolites (SM) in Streptomyces bacteria is typically
performed by the joint activity of multiple genes that are arranged in biosynthetic gene
clusters (BGC) (Osbourn 2010; Donald et al. 2022). Currently, the prediction of BGCs in
bacterial genomes is greatly facilitated by the availability of online resources such as
antiSMASH and the MiBIG database (Blin et al. 2021; Terlouw et al. 2022). However, the
biological activity of each gene must be experimentally determined by in vitro and/or in vivo
approaches. One of the most effective methods to elucidate the role of a gene is to remove it
from the chromosome using insertional inactivation (Kieser et al. 2000). Genes can be
disrupted or replaced using a non-replicating plasmid or cosmid containing flanking regions
of the target gene (= 1 kb each) and an antibiotic resistance gene cloned between those
regions. To introduce the plasmid or cosmid into Streptomyces, procedures such as
polyethylene glycol (PEG)-assisted protoplast transformation (Kieser et al. 2000), mycelial
electroporation (Kieser et al. 2000; Hamano et al. 2006), and E. coli-Streptomyces
intergeneric conjugation (Kieser et al. 2000; Du et al. 2012; Zhang et al. 2019) can be
performed. Once inside the cells, the flanking sequences on the plasmid/cosmid will enable
replacement of the target gene on the chromosome with the antibiotic resistance gene via
homologous recombination, and mutant strains can then be selected based on growth in the
presence of the corresponding antibiotic (Kieser et al. 2000; Liu et al. 2018; Kormanec et al.
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2019; Zhao et al. 2020b). A common strategy for creating gene deletion plasmids or cosmids
involves the Redirect PCR targeting method, which relies on the A Red proteins to mediate
replacement of the target gene in a plasmid or cosmid using short flanking sequences at the
ends of an antibiotic resistance cassette (Gust et al. 2003b, 2003a, 2004). More recently,
efforts have been made to develop clustered regularly interspaced short palindromic repeats-
Cas9 (CRISPR/Cas9) systems for the genetic manipulation of Streptomyces. However, there
are challenges regarding the edition stability, specificity of the methods, efficiency of
manipulations, and the toxicity of the Cas proteins for the host (Kormanec et al. 2019; Zhao

et al. 2020b).

The selection of the method to introduce DNA into Streptomyces has been based on
factors such as the efficiency of introducing DNA and the number of successful colonies, and
different variables have been adjusted to improve the methods in particular strains (Enriquez
et al. 2006; Luzhetskyy et al. 2006; Klimishin et al. 2007; Galm et al. 2008; Huiqun et al.
2010; Phornphisutthimas et al. 2010; Du et al. 2012; Wang and Jin 2014; Sun et al. 2014;
Zhang et al. 2019; Song et al. 2019; Makitrynskyy et al. 2022). A factor limiting the
incorporation of foreign DNA into Streptomyces is the presence of restriction-methylase
(RM) systems. The RMs can be divided into four types (I-IV) based on their architecture,
though their activity is generally similar. The endogenous DNA is methylated in a host-
specific way, which prevents its digestion by the restriction enzymes. On the other hand,
foreign DNA that is methylated in a different pattern is digested to prevent it from being
expressed in the cell (Bruijn et al. 1998; Suzuki 2012; Moreno 2018). To bypass the RM

systems of Streptomyces, the DNA can be passed through FE. coli strains lacking
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methyltransferase genes, thus preventing digestion of the newly introduced DNA by the host

RMs (Suzuki 2012).

Once deletion mutants of the target gene are isolated, it is possible to assess
phenotypical, physiological, and metabolic changes that can be correlated with the gene’s
activity. Similarly, the overexpression of specific genes can provide useful information on
the function of those genes within the organism (Kieser et al. 2000). In plant-pathogenic
Streptomyces, the ability to generate genetically engineered strains has been essential in
understanding the role of different specialized metabolites in the pathosystem. For example,
the deletion of #xt4 in S. acidiscabies resulted in the loss of thaxtomin A production and
virulence on potato tubers (Healy et al. 2000), indicating that thaxtomin A is a critical
pathogenicity factor in S. acidiscabies. On the other hand, higher production levels of the
CFA-Ile phytotoxin were obtained by creating an S. scabiei strain overexpressing the cfaR
regulator, and the resulting strain caused an increase in severity of disease symptoms on
potato tuber tissue, supporting the notion that CFA-Ile is a virulence factor in S. scabiei

(Cheng et al. 2019).

The strain Streptomyces sp. 11-1-2 was originally isolated from CS-infected potato
tubers on the island of Newfoundland, and it was shown to be highly pathogenic in bioassays
using different plant hosts (potato, radish, Nicotiana benthamiana) (Fyans et al. 2016).
However, this strain is not phylogenetically related to the known plant pathogenic
Streptomyces species (Chapter 3), and initial screening for specialized metabolite BGCs
confirmed that the strain does not harbour the genes for biosynthesizing thaxtomin A, CFA-
Ile, concanamycin A or borrelidin (Bown and Bignell 2017). Instead, the genomic analysis

of 11-1-2 predicted the presence of BGCs for the production of nigericin and geldanamycin,
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and LC-MS? analysis of 11-1-2 organic culture extracts confirmed that the strain produces
these metabolites (Chapters 3 and 4). Furthermore, it was demonstrated that both
geldanamycin and nigericin are phytotoxic against radish seedlings and potato tuber slices
(Chapters 3 and 4). Based on these results, it was hypothesized that the production of these
compounds contributes to the plant pathogenic phenotype of the 11-1-2 strain. The objective
of this study, therefore, was to investigate the potential role of geldanamycin and nigericin
as virulence factors by creating mutants of 11-1-2 that are impaired in the biosynthesis of one

or both compounds.

5.3 Results and Discussion

5.3.1 Plasmid construction for deletion of geldanamycin and nigericin biosynthetic

genes in Streptomyces sp. 11-1-2

The geldanamycin BGC is classified as a type I polyketide synthase, and its original
description was proposed to contain 23 genes, although the antiSMASH prediction for 11-1-
2 shows 38 genes (Fig. 5.1). The cluster contains three modular PKSs, namely, gdmAl,
gdmAll, and gdmAIIl, and at least three genes involved in the regulation of metabolite
production (He et al. 2008; Kim et al. 2010; Jiang et al. 2017). Previous studies using
Streptomyces sp. LZ35 (Zhao et al. 2013) and S. autolyticus CGMCCO0516 (Yin et al. 2011)
showed that deletion of the gdmAI gene, which ecodes the PKS involved in the first step of
geldanamycin biosynthesis, abolished the production of geldanamycin in these strains. Thus,
gdmAl was selected for construction of a geldanamycin-deficient mutant of 11-1-2 in the

current study.
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Figure 5.1. The biosynthetic gene cluster for geldanamycin as predicted using antiSMASH
7.0. The yellow arrows represent the PKS genes, while the red arrows indicate the regulatory
genes. White arrows indicate other genes. The direction of each arrow indicates the direction
of transcription of the corresponding gene.

To delete gdmAl, the plasmid pGDC1 was constructed as described in Chapter 2
(Section 2.2.7). The regions flanking the gene (~1 kb) in the chromosome were PCR-
amplified, and then they were ligated together following digestion with Ssp1, which cut each
fragment at one end. Following ligation, the ~2 kb DNA fragment was cloned into the
pCR™-Blunt [I-TOPO® vector, and the cloned DNA was sequenced to confirm the absence
of mutations. Then, an apramycin resistance cassette was cloned into the Sspl site between
the two gdmAI flanking sequences, resulting in the plasmid pGDC1 (Fig. 5.2A). Digestion
of pGDC1 with Ssp1 confirmed the presence of the apramycin resistance cassette (Fig. 5.2B),

and the plasmid was sequenced to determine the orientation of the cassette relative to the

flanking sequences.
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Figure 5.2. Map of plasmid pGDC1. A) The plasmid contains the flanking regions to gdmAI
and the apramycin cassette with the apramycin resistance gene aac(3)IV. B) Digestion of
pGDC1 with the restriction enzyme Sspl. Left lane: 1 kb DNA ladder. Right lane: digested
pGDCI1. The ~1.4 kb fragment represents the apramycin resistance cassette.

The nigericin BGC is classified as a type 1 polyketide synthase, and its original
description proposed the presence of 18 genes (Harvey et al. 2007), although the antiSMASH
prediction using the 11-1-2 genome extended the BGC to 47 genes (Fig. 5.3). The cluster
contains nine modular PKSs (nigA4/-1X), of which nigAI encodes the loading domain and the
first module involved in polyketide chain extension, while the remaining genes encode the
extension modules (Harvey et al. 2007). Thus, deletion of the nigAl gene is desirable, as it
would remove the loading module and prevent the initiation of molecule biosynthesis. This
was previously demonstrated in Streptomyces sp. LZ35, where deletion of nigAl was shown

to impair nigericin production (Zhao et al. 2013).
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Figure 5.3. The biosynthetic gene cluster for nigericin production in Streptomyces sp. 11-1-
2 as predicted by antiSMASH 7.0. The yellow arrows represent the PKS genes, while the red
genes represent the regulatory genes. The white arrows indicate other genes. The direction
of each arrow indicates the direction of transcription of the corresponding gene.

To generate a nigAl deletion mutant of the 11-1-2 strain, the plasmid pGDC2 (Fig.
5.4) was constructed as described in Chapter 2 (Section 2.2.7). The flanking regions of the
gene (~1 and 1.6 kb) were PCR-amplified, and the resulting products were digested with
Sspl, which cut each fragment at one end. The regions were ligated to generate a 2.6 kb
fragment, which was then cloned into pCR™-Blunt II-TOPO. After sequencing the cloned
insert, a hygromycin resistance cassette was cloned into the Sspl site between the nigAl
flanking sequences (Fig. 5.4A). Digestion of the pGDC2 plasmid confirmed the presence of

the hygromycin resistance cassette (Fig. 5.4B), and the plasmid was sequenced to determine

the orientation of the cassette relative to the flanking sequences.
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Figure 5.4. Map of plasmid pGDC2. A) The plasmid contains the flanking regions to nigAl
and the hygromycin cassette with the hygromycin resistance gene hyg. B) Digestion of
pGDC2 using the restriction enzyme Sspl. Left lane: 1 kb DNA ladder. Right lane: digested
pGDC2. The ~1.6 kb fragment represents the hygromycin resistance cassette.

Due to the interest in creating a AgdmAIl/AnigAI double mutant strain, the use of two
different selection markers (apramycin and hygromycin resistance) was planned. However,
preliminary conjugation attempts showed that the 11-1-2 strain is resistant to hygromycin B.
Therefore, the plasmid pGDC2 was redesigned. First, the kanamycin resistance gene on the
pCR™-Blunt II-TOPO® vector backbone was replaced with an apramycin resistance
cassette using the Redirect PCR targeting method (see Section 2.2.7). Then, a kanamycin
resistance gene was cloned into the Sspl site in between the flanking regions, resulting in
pGDC4 (Fig. 5.5A). To confirm the orientation of the kanamycin resistance gene, the plasmid
was digested with the restriction enzymes HindIIl and EcoRV. Clones with the expected

fragmentation pattern (Fig. 5.5B) were kept for further work.
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Figure 5.5. Map of plasmid pGDC4. A) The plasmid contains the flanking regions to nigAl
and the kanamycin/neomycin resistance gene aph(3°)-Il. B) Digestion of pGDC4 using the
restriction enzymes HindIIl and EcoRV. Left lane: 1 kb DNA ladder. Right lane: digested
pGDC4 showing the expected digestion pattern.

5.3.2 Plasmid construction for deletion of putative regulatory genes in the nigericin

BGC of Streptomyces sp. 11-1-2.

Previous studies examined the role of putative regulatory genes in the geldanamycin
BGC. The proteins encoded by gdmRI and gdmRII are similar to LuxR transcriptional
regulators, and the deletion of either gene resulted in the loss of geldanamycin biosynthesis,
as well as in no expression of the majority of genes involved in the biosynthesis of the
compound in S. hygroscopicus strains 17997 (He et al. 2008) and JCM4427 (Kim et al. 2010).
Another putative regulatory gene, gdmRIII, encodes a TetR family regulator. Deleting this
gene resulted in significantly lower geldanamycin production and decreased biosynthetic
gene expression in S. hygroscopicus JCM4427 (Kim et al. 2010) and S. autolyticus

CGMCCO0516 (Jiang et al. 2017). Given that all three genes are conserved in the 11-1-2
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geldanamycin BGC (Fig. 5.1), they likely play a similar role in controlling geldanamycin

production in this strain.

There is little known about the regulation of nigericin production in Streptomyces
spp. The first description of the nigericin BGC from Streptomyces sp. DSM 4137 analyzed
the similarity between the nigR protein product and the known regulators MonR 1 and NanR2,
which are encoded within the monensin and nanchagmycin BGCs, respectively (Harvey et
al. 2007). nigR is predicted to encode a Streptomyces antibiotic regulatory protein (SARP)
family regulator based on the antiSMASH prediction of the nigericin BGC. In Streptomyces,
the SARP regulators are characterized by the presence of a motif similar to the DNA-binding
domain of the OmpR protein (present in E. coli and other bacteria) and a winged HTH
configuration (Wietzorrek and Bibb 1997). On the other hand, the BTAD domain was first
described as part of the AfsR protein in S. coelicolor, and its disruption resulted in decreased
actinorhodin production (Horinouchi et al. 1990). Both domains are sufficient to exhibit
DNA-binding activity by AfsR, even when the other domains have been truncated (Tanaka
et al. 2007). An analysis of the nigR amino acid sequence using InterProScan revealed the
presence of two domains: an N-terminal OmpR/PhoB-type DNA-binding domain
(IPRO01867) and a C-terminal Bacterial transcriptional activator domain (BTAD;
IPR0O05158). Moreover, the nigR amino acid sequence shows high similarity to other SARP
regulators available in the MIBiG database (Fig. 5.6). The antiSMASH prediction also
showed the presence of a TTA codon within the beginning region of the nigR gene,
suggesting that the regulator’s expression is affected by the activity of the global regulator
bldA, a feature that has been reported in several antibiotic biosynthesis regulators (Leskiw et

al. 1991; Chandra and Chater 2008; Hackl and Bechthold 2015).
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Figure 5.6 Amino acid alignment of NigR from Streptomyces sp. 11-1-2 with the top 10 most
similar SARP sequences in the MIBiG database. Highly conserved amino acids are
highlighted as follows: black, 100% identity; dark grey, 80—-99% identity; gray, 60—79%
identity; light gray, <60% identity. The NCBI accession numbers are in the left column. The
OmpR/PhoB DNA binding domain (black) and the BTAD domain (red) are highlighted. 1:
Streptomyces sp. 11-1-2. 2: Streptomyces virginiae. 3: Streptomyces nanchangensis. 4:
Streptomyces antibioticus. 5: Streptomyces sp. NRRL 11266. 6: Streptomyces
longisporoflavus. 7. Amycolatopsis orientalis. 8: Streptomyces sp. CS684. 9: Streptomyces
versipellis. 10: Streptomyces virginiae. 11: Actinomadura sp.
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Given the location of nigR within the nigericin BGC (Fig. 5.3) and the similarity of
the protein product with known SARP regulators, it was hypothesized that nigR functions as
a positive activator of nigericin biosynthesis in the 11-1-2 strain. To investigate this further,
the plasmid pGDC6 (Fig. 5.7) was constructed as described in Chapter 2 (Section 2.2.7). in
order to create a AnigR deletion mutant of the 11-1-2 strain. In the process of creating this
plasmid, a publication was released showing that the deletion of nigR in S. malaysiensis
inactivates the expression of the nigericin BGC and, consequently, the biosynthesis of the
compound (Wei et al. 2022). However, it is unknown what effects this deletion would have
on nigericin biosynthesis and pathogenicity in 11-1-2, as there might be differences in the

regulation of the BGC in this strain.

Q00 2500
Al o Q‘M,;amycm Cassefyy 3 B)
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' o 3 kb ~2.8 kb
{?@Qf Ndel %d% .

e

(=]
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7,353 bp 1kb

Hindlll
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Figure 5.7. Map of plasmid pGDC6. A) The plasmid contains the flanking regions to nigR
and the apramycin cassette with the apramycin resistance gene aac(3)IV. B) Digestion of
pGDC6 using the restriction enzymes HindIIl and Ndel. Left lane: 1 kb DNA ladder. Right
lane: digested pGDC6 showing the expected digestion pattern.
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The antiSMASH prediction also expanded the number of genes that could be involved
in the nigericin BGC beyond the original description. One of the genes included in the
prediction is sigJ, which putatively encodes the RNA polymerase sigma factor SigJ. A
limited number of hits were obtained from the MIBiG database, which shows high similarity

to the SigJ amino acid sequence (Fig. 5.8).
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Figure 5.8. Amino acid alignment of SigJ from Streptomyces sp. 11-1-2 with similar proteins
in the MIBiG database. Highly conserved amino acids are highlighted as follows: black,

100% identity; dark grey, 80-99% identity; grey, 60—79% identity; light grey, <60% identity.

The RNA polymerase sigma-70 region 2 (black), region 4 type 2 (red) and Snoal-like domain
(blue) are highlighted. The NCBI accession numbers are in the left column. 1: Streptomyces
sp. 11-1-2. 2: Streptomyces atroolivaceus. 3: Streptomyces pactum. 4: Streptomyces sp.
CNQ-5009. 5: Streptomyces spp. 6: Uncultured bacterium. 7: Xenorhabdus szentirmaii DSM
16338. 8: Amycolatopsis sp.
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SigJ is part of the extracytoplasmic function (ECF) family of sigma factors, and an
InterProScan analysis revealed the presence of two conserved regions for ECFs: an RNA
polymerase sigma-70 region 2 (IPR007627) and an RNA polymerase sigma factor 70, region
4 type 2 (IPR013249), located in the N-terminus of the sequence. The region 2 domain binds
to DNA in the -10 promoter element of the non-template strand, while the region 4 domain
binds to DNA in the -35 region of the promoter (Heimann 2002; Sineva et al. 2017). The
InterProScan analysis also predicted the presence of a Snoal-like domain (IPR037401) within
the C-terminal region of SiglJ. This domain is also found in ¢’ proteins from Bacillus
licheniformes, Rhodobacter sphaeroides, and Mycobacterium tuberculosis, where it
facilitates the proper conformation of the DNA-binding domain for attachment and initiation

of transcription (Wecke et al. 2012; Goutam et al. 2017; Wu et al. 2019).

The presence of an additional domain in the C-terminal region is a characteristic of
the ECF41 family, thus making SiglJ part of this family. Furthermore, antiSMASH has
predicted a gene encoding a pyridine nucleotide-disulfide oxidoreductase immediately
downstream from sigJ. The ECF41 family is also characterized by the presence of genes
encoding carboxymuconolactone decarboxylases, oxidoreductases, or epimerases adjacent to
the ECF-encoding gene (Wecke et al. 2012). This contrasts with other types of ECF sigma
factors, which are usually encoded next to an anti-sigma factor-encoding gene (Mascher

2013).

The role of an ECF as a CSR for specialized metabolite production in Streptomyces
has only been reported once before. The gene antd encodes the ECF sigma factor ¢4,

which regulates the expression of antG and antH, two genes that are located in separate

operons within the antimycin BGC in Streptomyces albus (Seipke et al. 2014). The factor
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oM does not have an anti-sigma associated with it, but it is controlled by the ClpXP
protease, which also represents a novel mechanism of ECF regulation (Bilyk et al. 2020).
Thus, sigJ became a gene of interest for the present work. To investigate the role of sigJ as a
regulator of nigericin production in 11-1-2, the plasmid pGDC3 was constructed as described
in Chapter 2 (Section 2.2.7). The flanking regions of the gene (~1.2 and 1 kb) were PCR-
amplified and digested with Nhel, which cut the fragments at one end. The regions were then
ligated together to produce a single DNA fragment (~2.3 kb), which was cloned into the
pCR™-Blunt [I-TOPO®. Next, a hygromycin resistance cassette was inserted into the Nhel
site located in between the nigR flanking sequences (Fig. 5.9). Due to the resistance of 11-1-
2 to hygromycin B, an additional plasmid was constructed (pGDCS, Fig. 5.10) in which the
hygromycin resistance cassette was substituted for an apramycin resistance cassette. The
orientation of the apramycin resistance cassette was confirmed by digestion with the

restriction enzymes BamHI and Ndel.

A 2,500 B
) '1900\,\ romycin Cass,e&e '3:000 ) ~5.9 kb
S ~ & .
38 B, 3kb
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o égy
S5 % A ~1.6 kb
g

005y

Figure 5.9. Map of plasmid pGDC3. A) The plasmid contains the flanking regions to sigJ
and the hygromycin cassette with the hygromycin resistance gene hyg. B) Digestion of
pGDC3 using the restriction enzyme Nhel. Left lane: 1 kb DNA ladder. Right lane: digested
pGDC3. The ~1.6 kb fragment corresponds to the hygromycin cassette.
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Figure 5.10. Map of plasmid pGDCS5. A) The plasmid is identical to pGDC3 but containing
the apramycin cassette instead of the hygromycin cassette. B) Digestion of pGDCS5 using the
restriction enzymes BamHI and Ndel. Left lane: 1 kb DNA ladder. Right lane: digested
pGDCS5 showing the expected digestion pattern.

5.3.3 Introduction of DNA in Streptomyces sp. 11-1-2

To perform genetic manipulations of Streptomyces sp. 11-1-2, it was necessary to
develop a protocol because there were no previous attempts to introduce DNA into this strain.
For this purpose, the plasmid pSET152, which integrates into the Streptomyces chromosome
at the ¢C31 atB site and provides apramycin resistance, was used. pSET152 is widely
employed in the genetic engineering of Streptomyces as it is very stable and results in good
exconjugant efficiency (Bierman et al. 1992). The integration occurs due to the interaction
between the ¢C31 bacteriophage attB site in the Streptomyces chromosome and the

corresponding attP site on the plasmid (Bierman et al. 1992).
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The ¢C31 attB sequence from S. coelicolor was used as a query in a BLASTn analysis
against the Streptomyces sp. 11-1-2 genome, and this showed some minor differences
between the a#tB sequences from the two species (Fig. 5.11). Natural variation in the ¢C31
attB site has been previously shown for different Streptomyces strains (Combes et al. 2002),
and some mutations in the sequence have been associated with decreasing integrase activity
(Gupta et al. 2007). However, the differences seen in the 11-1-2 genome do not correspond
to the mutations reported. Further investigation is required to determine the impact of the

mutations in the 11-1-2 strain on the integration efficiency of the pSET152 plasmid.

Score Expect Identities Gaps Strand
70.7 bits{77) 3e-13 46/51(90%:) 0/51(0%) Plus/Minus
Query 1 CAETGCOGGETGCCAGGECGTGCCCTTEGGECTCCCCGGGCGCGTACTCCACC 51

|
Sbjct 5918157 CGGTGGGGGETGCCAGGGRGGETGCCCTTGEGCTCGCCCGGCGCGTAATCCACC 5918187

Figure 5.11. Nucleotide alignment of the ¢C31 attB site. The site from S. coelicolor (top;
NCBI accession number AL939117.1) was used as reference against the predicted ¢C31 a#tB
site from Streptomyces sp. 11-1-2 (bottom).

Intergeneric conjugation between E. coli and Streptomyces has been widely used to
genetically manipulate Streptomyces strains due to its effiency in comparison to other
methods such as protoplast transformation (Kieser et al. 2000). Thus, intergeneric
conjugation was first selected to create the mutant strains of 11-1-2. The plasmids pSET152
and pGDC1-pGDC6 were transformed into E. coli ET12567/pUZ8002 to perform
intergeneric conjugation (Section 2.1.11.1). Initially, plasmids pSET152 and pGDC1 were
utilized, but no successful exconjugants were obtained when tested with 11-1-2. The plasmid
pSET152 was used for conjugations with S. scabiei 87-22 as a positive control, which

resulted in colonies that were successfully transferred to fresh media with the selective
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antibiotic, suggesting that the lack of exconjugants with the 11-1-2 strain was not due to

errors with the conjugation protocol.

One modification that can facilitate intergeneric conjugation is subjecting spores to a
pregermination step with different liquid culture media and/or heat shock that would induce
germination (Kieser et al. 2000). To induce faster germination, 11-1-2 spores were added to
2xYT medium and then heat shocked at 50°C for ten minutes, followed by a cool down step.
Another method used was the use of pregermination medium inoculated with spores and
incubated at 30°C with shaking for 4 hours. Additionally, the use of culture media other than
SFM + 10 mM of MgCl, to incubate the E.coli-Streptomyces mixture has been reported for
other Streptomyces. Media AS-1 (Baltz 1999; Park and Choi 2014), GSY (Wang and Jin
2014), and YMS were tested. The latter was included since it has shown excellent
development of mycelia and spores of 11-1-2. However, none of these modifications

provided exconjugants when plasmids pSET152 and pGDC1 were tested.

Another modification for intergeneric conjugation is the use of mycelia instead of
spores. Different Streptomyces species have successfully incorporated DNA using this
method (Phornphisutthimas et al. 2010; Du et al. 2012; Zhang et al. 2019). Thus, a protocol
was adapted to the conditions of this study and evaluated for the incorporation of pSET152
into 11-1-2 (see Section 2.1.11.2). In order to identify the culture conditions that promote
suitable growth of 11-1-2 for mycelial conjugations, a modified methylene blue adsorption
assay was first used to generate growth curves of the strain in different liquid media (Section
2.1.10). Using SLB and SM resulted in more growth than the other media, while adding 1%
w/v soluble starch to TSB improved the growth 11-1-2 as compared to TSB without added

starch (Figure 5.12). Based on the growth curves, SLB and SM media were good choices for
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mycelia conjugation, as they provide more biomass in less time than the other media.
Multiple attempts at mycelial conjugation were performed; however, no apramycin-resistant

exconjugants were obtained.

1/Absorbance 660nm

“ /

———o
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Media SLB -#= SM == TSB TSBS

Figure 5.12. Growth curves of Streptomyces sp. 11-1-2 using different liquid culture media.
Each point is the average of three independent replicates + standard deviation.

The use of mycelial electroporation to introduce pSET152 into the 11-1-2 strain was
also evaluated. The protocol was adapted from a previously published study with
Streptomyces albulus that achieved the replacement of the gene s#H for an apramycin
resistance cassette (Hamano et al. 2006). To generate mycelia for the electroporation, SLB
liquid medium was used, since it supports good growth of 11-1-2 (Fig. 5.12). However, this

method also did not yield any apramycin-resistant exconjugants.

Then, a transformation of 11-1-2 with pSET152 was attempted using a protoplast

transformation protocol (Kieser et al. 2000) with some modifications (see Section 2.1.13).
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Frozen and fresh protoplasts were used, and denatured and non-denatured DNA were also

evaluated. The transformations did not result in apramycin-resistant exconjugants.

Lastly, a fourth modification of the intergeneric conjugation protocol was attempted,
in which the 11-1-2 plate cultures were incubated for at least 14 days to obtain more spores,
and these spores were mixed with an increased concentration of E. coli cells. This protocol
resulted in some visible Streptomyces colonies after four days of incubation following the
antibiotic selection overlay. From the original plates, 20 colonies were transferred and grew
successfully on ISP-4 containing nalidixic acid and apramycin, suggesting the successful
incorporation of pSET152 into the chromosome. To confirm this, four of the exconjugants
were transferred to an SLB agar plate containing apramycin, and following incubation, the
resulting vegetative cells from each were used for colony PCR (Section 2.2.3) with primers
targeting the apramycin resistance gene (Table 2.3). As shown in Figure 5.13, the expected
product was amplified from all four exconjugants, indicating that the conjugal transfer of the

pSET152 plasmid had been successful.

1kb

Expected

Figure 5.13. PCR verification of transfer of the apramycin resistance gene in Streptomyces
sp. 11-1-2. L: 1kb ladder. 1-4: 11-1-2 colonies. plJ773: positive control for the apramycin
resistance gene. Negative control: water.
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Given the success in introducing pSET152 into the 11-1-2 strain, the same protocol
was then attempted using plasmid pGDCI1 in order to obtain a geldanamycin-deficient

mutant. However, despite multiple attempts, no successful exconjugants were obtained.

The failed attempts to create mutant strains motivated an investigation into the
restriction-methylation (RM) systems of 11-1-2. Different organisms have evolved to use
RM systems that can distinguish foreign from endogenous DNA and degrade it using

restriction enzymes (Suzuki 2012).

An analysis of the 11-1-2 genome in the REBASE website showed that some genes
encoding different RM systems are present in the chromosome (Table 5.1). To avoid the
activity of these systems, the most common strategy is to first pass the DNA through a
methylation-deficient E. coli strain such as ET12567, and this was done using this particular
strain in the current study. Interestingly, S. hygroscopicus XM201 (closely related to 11-1-2)
and S. scabiei 87-22 (model plant-pathogenic Streptomyces) have been successfully modified
using the intergeneric conjugation protocol (Wang et al. 2017; Li et al. 2019b). An analysis
and comparison of their REBASE profile show that S. hygroscopicus XM201 has fewer RM
systems than 11-1-2, but S. scabiei has more RM systems than the other two strains (Table
5.2). Whether these differences could account for the failure to obtain mutant strains is
unknown. However, the strain Streptomyces xianamensis 318 contains eleven genes
predicted to encode for RM systems of the four types, and this was not a limitation for

performing intergeneric conjugation (Xu et al. 2016).
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Table 5.1. Restriction-methylation systems of Streptomyces sp. 11-1-2 annotated in the
REBASE database.

'11})’1;)/16 Gene* Name Predicgi((l]llf;fg eg nition Coordinates
R Ssp11121IP GACCNNNNNGCTG [NASEN
I | M M.Sspl1121I GACCNNNNNGCTG T r
S S.Sspl11211 GACCNNNNNGCTG [Eeeabey
M M.Sspl1121 TCGANNNNNNNVTCGC | 42802
I S S.Sspl1121 TCGANNNNNNNVTCGC 886666016935 62‘
R Sspl1121P TCGANNNNNNNVTCGC | 004
11 M | M.Sspl1120RF16350P ND** 3399308276711;
11 M | M.Sspl1120RF36785P ND** 886655%35 1222
IV | R | Sspll120RF25950P ND** 617ST15-

*The gene encodes for the R, M, or S subunit of the system
**Not determined

Table 5.2. Number of restriction-methylation systems annotated in the REBASE database for
three different Streptomyces strains.

T Streptomyces sp. S. hygroscopicus S. scabiei
ype 11-1-2 XM201 87-22
I 2 0 1
11 2 2 14
111 0 0 0
10Y 1 0 3

Using other E. coli strains that facilitate the DNA intake by the target bacteria is a
potential solution. For Streptomyces avermitilis, intergeneric conjugation is also performed
with E. coli F" dem A(sri-recA)306::Tnl(0 carrying pUB307-aph::Tn7 while unmethylated

DNA is obtained from E. coli GM2929 (dam13::Tn9 dcm-6) hsdS::Tnl0) (Kitani et al. 2009;
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Ulanova et al. 2013). The use of pUB307-aph::Tn7 seems to prevent the occurrence of Dam”
or Dem” phenotypes that would make the DNA susceptible to restriction by S. avermitilis
(Liot 2016). Another method previously evaluated involves transferring plasmids into a
different, non-methylating Streptomyces species prior to transformation, such as S. lividans

(MacNeil 1988).
54 Conclusions

Creating mutant strains of organisms of interest has been a method of understanding
the biological relevance of genes or gene clusters in producing specialized metabolites. To
investigate the role of two specialized metabolites, geldanamycin, and nigericin, in the
phytopathogenic phenotype of Streptomyces sp. 11-1-2, the creation of mutants was
attempted using different known genetic engineering methods suitable for Streptomyces
species. The gene replacement plasmids were designed and constructed using molecular
cloning and Redirect PCR targeting methods. However, the attempts of intergeneric
conjugation, electroporation, and protoplast transformation remained unsuccessful. The
modification of various factors regarding the donor and recipient strain preparation and
culture media was attempted, as these have been reported as critical in other Streptomyces
species. One modified protocol rendered successful exconjugants with pSET152, thus
conferring apramycin resistance to 11-1-2. This protocol was replicated with pGDCI1 to target
the deletion of the gene gdmAIl, which encodes for the first PKS in the geldanamycin
biosynthesis, but no colonies were obtained despite multiple attempts. Future work should
be focused on further modification of conjugation conditions and using alternative E. coli

and plasmids for conjugation to obtain 11-1-2 mutant strains.
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CHAPTER 6
CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Conclusions

Overall, this study provides new knowledge of the phytotoxic specialized metabolites
produced by the novel plant pathogen Streptomyces sp. 11-1-2, which was isolated in 2011
from a CS-infected potato tuber in Newfoundland, Canada. By using multiple bioassays
paired with genomic and metabolomic approaches, it was determined that at least two
specialized metabolites, geldanamycin and nigericin, can cause damage to potato tuber tissue
and affect radish seedling development. Importantly, this is the first description of these
molecules being associated with CS disease of potato. Geldanamycin is of particular interest
as it is known to be a potent inhibitor of the eukaryotic HSP90 chaperone, which in plants is
an essential component of the innate immune system (Sangster and Queitsch 2005; Kadota
and Shirasu 2012). The Gram-negative plant pathogen P. syringae produces the effector
HopBF1 that catalytically inactivates HSP90, and this is sufficient to induce severe disease
symptoms in plants infected with this pathogen (Lopez et al. 2019). Thus, geldanamycin
could possibly play a similar role during plant host infection by 11-1-2. Both geldanamycin
and nigericin are predicted to be co-produced with a number of closely related molecules that
could also potentially exhibit phytotoxic activity and contribute to the phytopathogenic
phenotype of 11-1-2. Moreover, this study showed that the production of geldanamycin and
nigericin is supressed by NAG, indicating that these molecules are subject to at least one
global regulatory mechanism in 11-1-2. It has been hypothesized that NAG supresses
specialized metabolite biosynthesis in Streptomyces due to the ability of the organism to

distinguish between NAG from external sources (i.e. chitin) from the internal sources (cell
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wall lysis). Under nutrient-rich conditions, NAG signals the organism to allocate resources
for the vegetative growth, but under nutrient-poor conditions, NAG induces specialized

metabolite production to outcompete other organisms for nutritional resources (Rigali et al.

2008).

The use of untargeted metabolomics and molecular networking predicted the
production of several other specialized metabolites and related molecules by 11-1-2,
including elaiophylin, echosides, niphimycins and galbonolides, which is consistent with the
predicted BGCs that are present in the 11-1-2 genome. Among these compounds, elaiophylin
and echoside C were evaluated for their bioactivity against plants, as they have structural
resemblance to plant bioactive molecules, something that had not been investigated before.
Elaiophylin was found to exhibit limited effects against potato tissue by itself, but when
combined with geldanamycin and nigericin, it increased the severity of the tissue damage
induced by these compounds. Importantly, the production of all three compounds was highest
when the strain was cultured on the potato-based PMA solid medium, which may indicate
that the production of these metabolites is upregulated during tuber colonization. Although
the untargeted LC-MS? analysis suggested that echoside C production is also highest on the
PMA medium, the presence of this compound in the organic culture extracts could not be
confirmed, and pure echoside C did not show any phytotoxicity in the plant bioassays
conducted in this study. Whether echosides have any role in mediating plant-pathogen

interactions will require further investigation.

The use of untargeted metabolomics also showed that many predicted compounds
were affected by the addition of NAG to the culture media, suggesting that this elicitor can

have a significant impact on the metabolic profile of 11-1-2, likely due to its role as a
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hypothetical signal of nutrient availability and as a global regulator. Furthermore, most
extracts displayed antimicrobial activity against Gram-positive bacteria and antifungal
activity against S. cerevisiae. Compounds such as guanidylfungin A, galbonolides,
elaiophylin, and efomycin G have some level of antimicrobial and antifungal activity; thus,
it is likely they are at least partially responsible for the activity recorded in this study.
Considering that Streptomyces generally encode for around thirty specialized metabolites
(Nett et al. 2009; Lee et al. 2020a), the presence of multiple antimicrobial compounds is
expected among Streptomyces, and it might represent a mechanism that helps with the
colonization of the environment (e.g. soil), and the diverse mode of action of these molecules

could expand the number and type of organisms that could compete with Streptomyces.

Different plasmids were designed and constructed for the creation of 11-1-2 mutant
strains impaired for geldanamycin and nigericin production. Additionally, two plasmids were
constructed to investigate the role of two different putative regulators in the nigericin BGC.
The creation of mutant strains of 11-1-2 was attempted in this study, but unfortunately all
efforts to create such strains were unsucessful and no mutants were obtained. However, a
protocol was developed that enabled the successful introdution of the integrative plasmid
pSET152 into the 11-1-2 strain. This protocol should serve as the basis for further attempts

at the creation of 11-1-2 mutants.

6.2 Future directions

The isolation and characterization of a non-thaxtomin producing strain unrelated to
S. scabiei is intriguing, as it indicates that different pathogenicity mechanisms have evolved
to establish infections. The identification of geldanamycin and nigericin as phytotoxins
produced by 11-1-2 leads to many questions. The nigericin mode of action in other organisms
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has been described, but its target in plant tissues is unknown. Also, it is unclear whether the
molecules predicted to be produced by 11-1-2 and which are closely related to nigericin also
contribute to the tissue damage observed. For example, monensin, an ionophore with
structural similarity to nigericin, has shown inhibition of gene expression associated with
salicylic acid and jasmonate in mutant Arabidopsis lines (Joglekar et al. 2018). Thus, how
nigericin affects the expression of genes associated with plant defence and how this correlates

with the effects recorded in this study should be explored.

The effect of NAG was tested in this study, which showed that geldanamycin and
nigericin production is diminished in a dose-dependant manner. Interestingly, the addition of
NAG to the YMS medium also resulted in a significant increase of 15-hydroxygeldanamycin
while the geldanamycin concentration was reduced. The use of transcriptomics would be
beneficial to understand how the expression of the geldanamycin BGC is affected and explain
the shift in the biosynthesis of the two compounds. Also, the phytotoxicity of

15-hydroxygeldanamycin remains unknown and should be the focus of future work.

The effect of plant-based compounds like suberin, cellotriose and cellobiose on
geldanamycin and nigericin production by the 11-1-2 strain remains unexplored. Thaxtomin
A production in S. scabiei and S. turgidiscabies is induced by cellobiose and cellotriose,
which are detected in root exudates during plant growth, suggesting that these organism can
sense live tissue as opposed to decaying matter (Johnson et al. 2007; Jourdan et al. 2017).
Furthermore, the addition of suberin to minimal medium induces the production of selected
specialized metabolites in different Streptomyces, most notably, thaxtomin A in S. scabiei

and geldanamycin in S. melanosporofaciens (Lerat et al. 2012). Thus, the role of these plant-
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based compounds should be investigated to determine if they modify the gene expression and

phytotoxic specialized metabolite biosynthesis in 11-1-2.

Likewise, the carbohydrate-degrading enzymes encoded by 11-1-2 should be
experimentally explored, as plant pathogens are expected to benefit from more effective
enzymes to colonize host tissues. It has been predicted that plant-associated Streptomyces,
including 11-1-2, contain an enhanced enzymatic machinery to interact with their hosts

(Gayrard et al. 2023), but their role in the pathogenic phenotype must be determined.

New surveys should be conducted to assess the presence of plant pathogenic strains
belonging to the S. violaceusniger clade in potato growing farms across the island of
Newfoundland and beyond. A new survey will provide information regarding how common
pathogenic strains related to 11-1-2 are, differences in severity and phytotoxin production,

and potential co-infection events.

The production of many different specialized metabolites by 11-1-2 was predicted in
this study, but their identity and production levels should be confirmed with targeted
metabolomics and chemical characterization. For example, guanidylfungin A is likely to be
involved in the antimicrobial and antifungal activity seen in the organic extracts. Similarly,
the presence of galbonolides should be confirmed in the extracts, as they can also exert
antifungal activity. In both cases, the plant bioactivity must also be determined. Furthermore,
the prediction of some molecules like 12-hydroxyjasmonic acid and musacin D is intriguing
and must be further explored to determine their contribution in the pathogenic phenotype of
the strain. These two compounds and those for which a structure could not be assigned with
chemoinformatics tools are a desirable target for further research. The addition of a

transcriptomics approach could also provide more evidence regarding the production of these
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uncharacterized specialized metabolites by revealing the gene expression profile of the
predicted BGCs in 11-1-2 under conditions that promote higher phytotoxicity (e.g. growing

on PMA medium).

The further optimization of a protocol for the construction of 11-1-2 mutant strains
would be a great development in furthering our understanding of this pathogen. It would
allow for the construction of mutant strains that are deficient in the production of putative
pathogenicity or virulence factors such as geldanamycin and nigericin in order to better
understand the molecular mechanisms of pathogenicity in the 11-1-2 strain. Likewise, the
creation of strains that overexpress regulatory genes in the nigericin and geldanamycin
BGCs, thus increasing their biosynthesis, would enable studies that could confirm their role
as virulence or pathogenicity factors. The investigation of sigJ and its potential role in the
regulation of nigericin production is of particular interest given that there is only one other
instance of an ECF sigma factor serving as a specialized metabolite CSR. Finally, the ability
to genetically engineer the 11-1-2 strain could facilitate future studies on the uncharacterized
specialized metabolites that were detected in this study along with those that are produced

by BGCs that are silent under lab conditions.

The characterization of non-thaxtomin producing plant pathogenic Streptomyces such
as 11-1-2 indicates that using potato varieties with tolerance or resistance to thaxtomin A
might be insufficient to avoid the development of CS, as the targets of geldanamycin and
nigericin are different from that of thaxtomin A. Similarly, the identification of plant
pathogenic Streptomyces by PCR amplification of the txt4B genes only provides genomic
evidence of thaxtomin A production, but it excludes potential phytopathogenic species that

use other phytotoxins to colonize and inflict damage to plant tissues. Thus, research programs
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in potato breeding, plant pathogenic Streptomyces identification, and CS disease
management should consider the outcomes of this study to better understand the

pathosystem.
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