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Abstract

Global food security is under threat by plant-pathogenic oomycetes and fungi. The overuse
and misuse of pesticides against such pathogens triggers fungicide resistance and long-term
environmental contamination. This warrants exploration of sustainable and eco-friendly
alternative strategies to chemical pesticides. Biological agents over synthetic pesticides have been
considered an attractive alternative for plant and crop protection. In particular, bacteria inhabiting
plant rhizospheres are well-suited as biopesticides and biofertilizers due to their ability to suppress
root-associated plant pathogens and enhance plant growth through the production of various
secondary metabolites, phytohormones, and lytic enzymes. To date, many bacteria-derived
secondary metabolites have been shown to control plant pathogens and promote plant growth by
direct or indirect mechanisms. Such secondary metabolites are produced by a tightly linked set of
enzymes encoded by biosynthetic gene clusters (BGCs). Bacillus species, prolific producers of
such metabolites, are commonly referred to as plant growth-promoting rhizobacteria (PGPR) for
their ability to spur plant growth and exert disease biocontrol. The secondary metabolites imparting
these properties are structurally and chemically diverse and include lipopeptides, bacteriocins,
polyketides, siderophores, and terpenes. Previous studies have demonstrated that secondary
metabolites within these classes directly contribute to Bacillus biological activity against plant
pathogens. Accordingly, secondary metabolites with growth-promotional and antimicrobial
potential continue to be of great interest for controlling plant diseases, promoting plant health, and

developing drugs against infectious and chronic diseases.

For more than a century, numerous antibiotics and antibiotic scaffolds have been

discovered in bacteria, fungi, and plants. Bacillus species living in the soil and plant rhizosphere
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are a potential source of novel and industrially relevant antimicrobial compounds. The full
potential of such natural products is only recently becoming known due to advances in genome
sequencing, bioinformatics algorithms, and analytical instrumentation such as HPLC, LC-MS, and
NMR. These advances have facilitated the identification of novel enzymes with primary and
accessory roles in natural product biosynthesis, including their catalytic mechanisms and the
regulatory systems associated with their activity. Studies have revealed a great diversity of
biosynthetic accessory enzymes in soil-borne bacteria including Streptomyces, Pseudomonas, and
Bacillus. In particular, cytochromes P450 are often found as accessory enzymes in natural product
biosynthetic pathways. To date, more than 20 P450s have been identified in the biosynthesis of
different classes of natural products, including macrolides (EryF and EryK), polyenes (PimD and
CYPI105P1), glycopeptides (OxyB, OxyC, and OxyD), polyketides (AurH, CalO2, and CYP158),
alkaloids (StaP), and fatty acids (P450gi,i and CYP74). These P450s have been reported to catalyze
broad diversity of reactions, including hydroxylation, epoxidation, heterocyclization, and ring-
coupling. Although these P450s have been characterized structurally and functionally, their
physiological roles are far less understood. They are anticipated to be involved in either
functionalization of structurally diverse natural products to establish/maintain a competing
advantage or in the metabolic breakdown of antibiotic compounds to reduce cellular toxicity. Thus,
investigations of accessory P450s for physiological, catalytic, and structural properties have
continued to be of great interest. Previously, analysis of 128 Bacillus genomes identified 112
accessory P450 enzymes in the biosynthetic of various classes of secondary metabolites. However,

little is known about the structural, catalytic, and physiological roles of these enzymes.



The long-term goal of this research is to exploit Bacillus species as probiotics and
biocontrol agents and develop their antimicrobial secondary metabolites as potential
pesticides/fungicides. A deeper understanding of their biocontrol potential, through the lens of
their secondary metabolite diversity in genomic, enzymatic, and chemical space, is a major step in
that direction. Toward achieving these ends, the objective of this research is to identify Bacillus
secondary metabolites, evaluate Bacillus biological activity against plant pathogens, and elucidate
the functional roles of associated cytochrome P450 enzymes. In this study, a total of 288 novel
PGPR Bacillus strains were evaluated as commercially viable biological agents against root-
associated plant pathogens. A comprehensive discovery framework incorporating genome mining,
antibiosis, chemical, and phenotypic screening was established to evaluate Bacillus biocontrol
potential. In addition, 1,562 Bacillus genome sequences were analyzed to identify BGC-affiliated
P450s that may be involved in functional modification of secondary metabolites. The P450s were
further studied in silico for structural and functional features and a representative CYP102A2
predicted to be associated with plantazolicin biosynthesis was further investigated in vitro towards

elucidating its catalytic role.

Our antibiosis screening of 288 Bacillus strains against a plant-pathogenic oomycete,
Phytophthora nicotianae showed 59 strains with strong antibiosis activity, whereas 41 and 188
strains were weak and non-inhibitors, respectively. Importantly, fifty-six out of 59 strong-
inhibitory strains were distributed within only five species: B. velezensis, B. subtilis, B. pumilus,
B. safensis, and B. altitudinis. The high concentration of anti-P. nicotianae activity among five
Bacillus species suggested these species may carry common factors responsible for this antibiosis

activity. In order to investigate the breadth of antibiosis activity, the most promising 59 P.



nicotianae-inhibitory Bacillus strains were further evaluated against three root-associated plant-
pathogenic fungi: Fusarium oxysporum, F. graminearum, and Rhizoctonia solani. All strains from
B. velezensis and all but one B. subtilis strain exhibited strong antibiosis activity against all three
fungi; however, strains from B. pumilus, B. safensis, and B. altitudinis exhibited no or weak
inhibition against these fungi. Accounting for the breadth of inhibition, B. velezensis and B. subtilis
were classified as “generalists” while B. pumilus, B. safensis, and B. altitudinis were classified as

specialists for their relatively narrow inhibitory properties.

BGC analysis of all 288 Bacillus strains showed that highly conserved antimicrobial
peptide and polyketide-producing BGCs were distributed among the generalists and specialists
but virtually absent among non-inhibitory species. In addition, generalists invariably carried 2 or
3 lipopeptide BGCs that were predicted to produce fengycin and surfactin or iturin, fengycin, and
surfactin, respectively. Consistent with BGC predictions, chemical analyses of extracts from the
culture media of representative strains showed that iturin/bacillomycin L, fengycin, and surfactin
were produced by B. velezensis while fengycin and surfactin were produced by B. subtilis. As a
contrast, only surfactin among these three was produced by B. pumilus, B. safensis, and B.
altitudinis. Evaluation of purified bacillomycin L (an iturin), fengycin, and surfactin for antibiosis
activity against P. nicotianae and F. oxysporum in plate-based and 96-well plate microtiter-based

assays showed each compound exerted antibiosis activity against the target pathogens.

Eighteen strains from the most promising antifungal/anti-oomycete species, Bacillus
velezensis, were further compared for their abilities to exert intraspecies inhibition, mount
intraspecies resistance, and in addition, to show antifungal activity, biofilm formation, and extent

of antimicrobial secondary metabolite production. Interestingly, a wide range of intraspecies
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inhibition and resistance responses were observed. The ABO1 and JJ951 strains showed the most
robust antibacterial activity against other B. velezensis strains, while ABO1, JJ951, AP46, and
JJ747 showed the greatest resistance to inhibition by other strains. Phylogenetic analyses based on
16S rRNA sequence from all 18 strains indicated that conserved regulatory/resistance factors may
be responsible for these observed intraspecies interactions. Further, evaluation of antibiosis
activity of each B. velezensis strain against F. oxysporum, F. graminearum, and R. solani showed
a variable inhibitory response depending on the fungus being evaluated. Accounting for overall
antifungal activity, AP215 exhibited more robust inhibition than any of the other strains evaluated,
but substantial antifungal inhibition was also observed for ABO1, JJ1284, AP52, JIM204, APS81,
AP202, IM199, and JJ747. Comparison of the production of three polyketides (bacillaene,
difficidin, and macrolactin W) and three lipopeptides (iturin/bacillomycin L, fengycin, and
surfactin) showed that ABO1 and JJ951 produced larger quantities of these antimicrobial

compounds than any other strains.

From mammals to bacteria, cytochromes P450 typically play one (or both) of two roles in
metabolism, the derivatization of metabolites to specialize their function (e.g., steroid hormone
biosynthesis) or to facilitate detoxification/excretion of xenobiotic compounds. Both functions
could play an important role in secondary metabolite biosynthesis and resistance to toxicity exerted
by the same. In order to investigate the diversity of antimicrobial secondary metabolite scaffolds,
how that influences the variation in their bioactivity, and to what extent this is mediated by
cytochromes P450, a comprehensive analysis was carried out using 1,562 Bacillus genomes. From
a total of 5,051 cytochrome P450 genes, we identified 614 integrated within biosynthetic gene

clusters (BGCs) as “accessory genes”. The most common BGC-affiliated P450 families were



CYPI113,CYP134,CYP109, CYP107, and CYP102 and these were associated with the secondary
metabolite BGCs of difficidin, cyclodipeptide, bacillibactin, bacillaene, and plantazolicin,
respectively. Interestingly, amino acid sequence conservation of enzymes within each P450 family
showed CYP113 and CYP134 were the most highly conserved, whereas CYP107 and CYP109
were the least conserved. This observation indicated that phylogenetically-related amino acid
sequence conservation of each P450 family may be linked with substrate specificity with
respective biosynthetic pathway. High-resolution homology models of a representative enzyme
from each BGC-affiliated P450 family showed distinct structural features at the active site that
may be related to substrate specificity with the respective biosynthetic pathway. Molecular
docking simulations of each P450 with candidate substrates showed favorable binding of CYP113,
CYP134, CYPI109, CYP107, and CYP102 with the putative substrates difficidin, cyclodipeptide,

dihydroxybenzoate, bacillaene, and plantazolicin, respectively.

To facilitate elucidation of a functional role for a CYP102 in plantazolicin biosynthesis, a
representative  CYP102A2 (P450sm3) protein from Bacillus amyloliquefaciens FZB42
(BaCYP102A2) (NCBI accession: WP _012117030) was synthesized, cloned into a pET21 vector,
and used to transform E. coli (BL21-[DE3]) for expression. The enzyme was purified using Ni-
NTA affinity, anion-exchange, and size-exclusion chromatographies. The identity of full-length
BaCYP102A2 enzyme was confirmed by the presence of a major band at ~120 kDa in SDS-PAGE
gel, a heme-based Soret band at 418.5 nm in UV-vis spectra, along with the type-I spectral shift
upon substrate binding and sigmoidal and hyperbolic kinetic responses of NADPH oxidation by
BaCYP102A2 in the presence of the archetypal substrates sodium dodecyl sulfate (SDS) and oleic

acid (OA), respectively. Fitting of substrate titration curves and steady-state kinetic responses of



BaCYP102A2 using the substrates SDS, myristic acid (MA), and palmitic acid (PA) produced

sigmoidal responses while OA produced a hyperbolic response.

In summary, the research of this dissertation has revealed that Bacillus antibiosis against P.
nicotianae is highly conserved within five Bacillus species (B. velezensis, B. subtilis, B. pumilus,
B. safensis, and B. altitudinis). B. velezensis and B. subtilis exhibited broad antibiosis activity
against P. nicotianae as well as multiple fungal pathogens. Comparison of genomic, antibiosis,
and chemical profiles showed that the production of phylogenetically conversed lipopeptides
correlates with these observed antibiotic abilities. Further quantitative evaluation of 18 B.
velezensis strains showed wide range of intraspecies inhibition activity, resistance to such
inhibition, and antifungal activity that may be linked with the expression of regulatory/resistance
factors and/or production of antimicrobial compounds. Strains ABO1 and JJ951 exhibited robust
intraspecies inhibition activity, and strains ABO1, JJ951, AP46, and JJ747 exhibited the greatest
resistance to inhibition by other B. velezensis strains. Strain AP215 exhibited the most robust
antifungal activity. Evaluation of phylogeny and amino acid sequence conservation of 614 BGC-
affiliated Bacillus P450s showed enzymes from each P450 family may be linked with specific
secondary metabolite biosynthesis. /n silico structural and substrate-binding evaluation of a
representative enzyme from five BGC-affiliated P450 families showed distinct structural features
that matched with favorable substrate binding associated with the respective secondary metabolite
biosynthesis. Finally, a representative BaCYP102A2 enzyme predicted to be involved in
plantazolicin biosynthesis was expressed, purified, and further evaluated for substrate binding

titration and steady-state kinetic responses with typical CYP102 substrates.



Acknowledgments

“If I have seen further, it is by standing on the shoulders of giants.”— Isaac Newton

It’s been an honor and great privilege to work with you, Dr. Goodwin. I’ve learned from
each of your actions (and inactions) throughout my stay at Auburn. You have been decisive,
precise, clear, bold, and patient in each step to guide me in the right direction. I am truly indebted
to your contribution to making me a scientist. You have been the light in the darkness, steadfast in
turmoil, and a force in the face of obstacles. I came to Auburn not only for a degree but also to
learn communication, leadership, and collaboration. You provided me a great platform to learn
and collaborate more than what I could ever ask for. You taught me how to be a good man,
husband, father, son, and responsible human being. I couldn’t ask anything better. You’ve become

a mentor and a role model for rest of my life. Thank you.

My sincere thanks to my committee members, Dr. Mansoorabadi, Dr. Ellis, and Dr.
Calderon. Dr. Mansoorabadi, thanks for your guidance and suggestions in many aspects of my
research. Also thank you for providing opportunities to meet with guest lecturers and fellow
graduate students to discuss science and prospective careers. You always have been a cheerful
person in our biochemistry seminar, coming up with critical questions and suggestions. Thanks for
your support throughout my stay at Auburn. Dr. Ellis, thanks for your help and advice in my
research as well as my career. You never hesitated to give me suggestions, and you were always
ready to take any questions and concerns related to my research as well as personal matters. You

were very helpful and approachable with questions and suggestions. Dr. Calderon, thanks for your



critical questions, suggestions, and feedback on my research. I have immensely benefitted from

your guidance and your mass spectrometry class.

Dr. Liles, it’s been a great opportunity to work with you. You helped me to become a good
scientist, critical thinker, storyteller, and leader. I learned a great deal from each of our meetings.
You have been a force of nature in lifting me up and showing great interest in my work. In each
of our meetings and e-mail correspondence, I felt that my effort and research were worthwhile.
You are an exceptional scientist, mentor, and leader who always encourage students to become
independent scientists. Thank you for providing the necessary training and opportunity to work in
your lab. Dr. Noel, you have been a great person to work with and talk to. You have always been
open to any question and happy to provide the resources I needed. Also, thanks for giving me
access to your lab. Thank you for being very supportive throughout my stay at Auburn. Many
thanks to Dr. Kloepper for his effort in collecting Bacillus strains and allowing us to research on
them. Also, thanks for your huge contribution to the field of plant-growth promotion and

rhizobacteria.

I am grateful forever to my parents who brought me into this world and raise me to be a
strong, independent, and kind human being. I am truly grateful to my wife, Maliha. Thank you for
your patience and sacrifices. I wouldn’t be able to come to this stage without your constant support
and encouragement. Areebah, my dear daughter, you are a blessing in my life. Watching you grow
up inspired me to keep working and pushing through good and bad days. You have been my

inspiration and my reason to work as hard as I could.

10



I would like to thank my lab mates, Hui Xu, Jessica Krewall, Tarfi Aziz, Callie Barton,
Rejaul Islam, and Chidozie Ugochukwu. Hui, thanks for sharing your ideas on doing research and
writing the dissertation. Jessica, thanks for teaching so many lab techniques, being always
supportive, and helping me whenever I needed it. You’ve been a great trainer on instrumentation,
a great teacher of scientific concepts, and a role model. Tarfi, thanks for the many discussions we
had on science and career. You helped me to keep my feet on the ground and taught me many lab
techniques and preparation for the future. Callie, thanks for being so helpful and providing support
in our lab. You have been the most reliable person to talk about many aspects of our lab. Rejaul,
thank you for training me on how to work in a biochemistry lab. You’ve been a tremendous help
throughout my stay at Auburn. You’ve made my research easier. You trained me to work on
protein expression, purification, and characterization. Chidozie, thanks for your time in discussing
so many topics, including research, science, scientist, career, and mentorship. I learned immensely
about so many aspects of your life and experiences. You have been my go-to buddy to share my
thoughts and get immediate feedback on almost anything. Rene Fuanta, thanks for the frequent
visits and helpful discussions about my research and career choices. You have been a role model

throughout my stay at Auburn.

I would like to thank the three undergrad students who worked with me over the past two
years. Raegan, I am not sure how much you’ve learned from me, but I learned a lot from you. [ am
impressed with your persistence, eagerness to keep trying, and not to give up. Ben, thanks for
showing up, and keep trying on the task that I gave you. You taught me how not to give up and

how to show up even though things are not working. You are a great person to work with. Nina,

11



it’s been a great opportunity to work with you. I learned a lot from you about how to speak

convincingly, how to present, how to multitask, and in fact, how to sell.

I would like to thank the Bangladeshi student community at Auburn University for
supporting me in many aspects of my personal and academic life. Many thanks to Shamim Igbal,
Nirob Saha, and all current Bangladeshi students in the Chemistry and Biochemistry department

for helping me throughout my stay at Auburn.

12



Table of Contents

AADSITACT ..ttt ettt sttt b e s a e e bt e s h bt e bt e sat e e bt e ehte e beesabe e beeeaeeebeesareen 2
ACKNOWIEAZIMENES. ...eeiiiieiiiieiiiee ettt ettt e e st e e s abe e e sabeesnabeesbbeesabaeesaneeesanes 9
LISt OF FIGUIS ...eiieiee ettt s 19
LISt OF TADIES ..ot e nees 22
Chapter ©: LItEratlire TEVIEW ....cceevieiiirieiiieiieiiesttete sttt sttt s sre ettt s sbe e s be s 25
Ll INErOAUCTION ..ttt ettt ettt et e b e e eeas 25

1.2, Plant pathOZENS .......cccuieriiiiiieiieeie ettt et e esaeeneeas 28

1.2.1. Plant-pathogenic fungi and 00MYCELES........ceevervvirieriiriiniiienicneceeeeeee 28

1.2.2. Existing treatments against plant-pathogenic fungi and oomycetes............... 31

1.2.3. Pesticide resistance mechanism and cOnSEqUENCES .........cceevververreenvereennennnen 32

1.2.4. The urgency of alternative and sustainable Strate€gies ..........cceeveerveerueereennnen. 33

1.3.  PGPR as promising biofertilizers and biopesticides ..........c.ccevveerviiencrieenreeennne. 35

1.3.1. PGPR as bIOfertiliZers .....ccceeevieriiiniiiieesieeeee e 36

1.3.2. PGPR as biopestiCides ......ccuerueeriiriiiriiniiiieiicieeicseeie e 38

1.3.3. Commercial PGPR bioproducts for agricultural applications.........c..cccceu...... 39

1.4.  Bacillus as promising alternatives to synthetic fungicides..........c.cccocerveriennennne. 41

1.4.1. Economically important Bacillus phenotypes .......ccceevveerrveeriveeriieenireeenineen 42

1.4.2. Common Bacillus species with economic Importance ...........coceveeveereennenne. 43

1.4.3. Bacillus as plant growth-promoting agents ........c.ccceeevveerrveerireerieeesieeenineens 43

1.4.4. Bacillus as biocONtrol aZents ..........ccceeverierieiiniienieni et 44

1.4.5. Bacillus secondary metabolites: chemical and antimicrobial properties........ 46

1.4.6. Bacillus secondary metabolite biosynthetic pathways .........cccccevveviinienennne. 53

1.5, DiISCOVEIY PIPELINES ....eeeuvieiiieiieeiiieiieeie ettt ettt ettt et e e eteesaaeebeessaeeneeas 58

1.5.1. Bioassay-based chemical SCIeening..........cceceevveriuerienieriienieienicneeieseeseee 59

1.5.2. GENOME MININE +eeevuvrieiiieeriieeniieerieeesteeesteessieeessnseessiseessseeesssseesseeesaseessaseens 60

1.5.3. Bioassays and chemical analyses guided by genome mining............cccceueee. 62

1.5.4. Functional, synthetic, and meta-genomic approaches.........cccceerevveeriveeenuneen. 62

13



1.6.  Bacillus cytochromes P450: Catalysis and contribution in secondary metabolite

[ TES) 2811 1 TS USSP 63
1.6.1.  Catalytic MEChANISML.....cc.eiiiiiiiiiiiiiieeeee s 68
1.6.2. BaACIIIUS PASOS ..ottt 69
L0603, PSS OBMS3uteetieeieeett ettt ettt ettt sttt st e e b st e neas 71
1.6.4. CYPX (CYPI34AT) oottt s 72
L.0.5. PSS et et 73
1.6.6. CYPI109 “the versatile MONOOXYZENASE™ ....ccovveerrureerireeriireeriiieenieeesieeesneens 73

Chapter 2: Broad antibiosis activity of Bacillus velezensis and Bacillus subtilis is accounted for by

a conserved capacity for lipopeptide bioSyNthesiS.......cuirviiiriiieiriiieiiieiiee e 75
2010 ADSITACE .ttt ettt sb e 75

2.2, INETOAUCHION ..ttt ettt ettt e s eeeas 76

2.3.  Materials and Methods .........coouiiiiiiiiiiiiii e 79

2.3.1. Strains, chemicals, and culture conditions...........ccccueeeeeiiieeeeeeiieeeeecireee e 79

2.3.2. Antibiosis assay of Bacillus strains against Phytophthora nicotianae and fungal

PANOZEIIS ..ottt sttt b e st e e nans 80
2.3.3. Calculation of bioactivity INAEX ......ccceeverieriiriiiinieiecieseeeeee e 81
2.3.4. Genome mining and bioinformatics analyses of Bacillus strains................... 81
2.3.5. Extraction of secondary metabolites from bioactive Bacillus strains............. 82
2.3.6. Evaluation of antibiosis of total extracts against P. nicotianae...................... 82

2.3.7. Evaluation of chemical properties of total extract by UV-vis absorption and LC-

1Y OO P TP U PSR PROUPUPRTRRPOO 83

2.3.8. Isolation of bioactive secondary metabolites using HPLC.............cccccccuenneee. 84
2.3.9. Antibiosis evaluation of isolated lipopeptides and target pathogens.............. 84
2.4, RESUILS ittt st st 85

2.4.1. Concentration of Phytophthora nicotianae antibiosis activity among five
BACTIIUS SPECIES....eevveiiiiieiieittetesiteste ettt st s 85
2.4.2. Phytophthora nicotianae-inhibitory Bacillus species divide into specialists and

o0 115 1 1T OO PRUT P OTPRP 88



2.4.3. Number, type, and distribution of BGCs are distinct between strongly inhibitory
and nonihibitory Bacillts SPECIES .....eevvvveeriiiiriieeriie ettt 89
2.4.4. Specific lipopeptide BGCs are highly conserved among generalists versus
SPECIALISTS 1.ttt ritiee sttt ettt ettt e st e st e st e e sbae e e 95
2.4.5. Antibiosis generalists produce at least two out of three lipopeptides: iturin,
fengycin, and SUTTACHIN ......cveiiiiieiiiiiiniece e 98

2.4.6. Inhibitory capacity of bacillomycin L, fengycin, and surfactin against P.

nicotianae and F. OXYSPOFUM ........cceevercuereeseniiinieiieeeesieesre et 103

2.5, DISCUSSION ..ottt ettt ettt ettt ettt sttt sae et e sae e sanens 105
Chapter 3: Toward identifying promising Bacillus strains as commercially viable biological agents
against plant PAthOZENS .....cc.eiiviiiiiiiiici e 111
3l ADSIIACT e 111

320 INEFOAUCTION c..eouiiiiiiieiecec ettt st sbe e 112

3.3.  Materials and MethodS .........cc.eeieriiiiiiiiniiieeeeeee e 115

3.3.1. Bacillus species, strains, and culture conditions..........ccoecueervveeriieerieeenneen. 115

3.3.2. Antibiosis assay of Bacillus species against fungal pathogens .................... 116

3.3.3.  Bacillus biofilm formation..........cccevviviiiiiniiiiiniiiic 117

3.3.4. Bacillus interspecies and intraspecies interaction assay .........cccceeevereerverunens 117

3.3.5. Genomic and bioinformatics analyses of Bacillus strains...........cccceeveerunee.. 118

3.3.6. Extraction of secondary metabolites from Bacillus strains ............ccccceuee.e. 119

3.3.7. Analysis of secondary metabolites using UV-vis absorption, HPLC, and LC-

1Y PSPPI 119

34, RESUIES e 121
3.4.1. B. velezensis and B. subtilis are strong inhibitors of fungi.........c.ccceevevuerneee 121
3.4.2. Robust biofilm production by Bacillus velezensis and Bacillus subtilis ...... 122

3.4.3. B. velezensis shows relatively higher interspecies inhibition and resistance
compared to other Bacillus SPECIES .......cueveevuerieriiiiinieniceeeeseeie e 123
3.4.4. Bacillus velezensis produced the highest number of antimicrobial secondary

INICEADOIIEES -t eeeeeeeeee et e ettt e e e e ettt e e eeeeeeeeeeaa e eeeeeeeeeaae e aaeeeeeeeeennnnaas 127



3.4.5.

Intraspecies inhibition and resistance among 18 B. velezensis strains ......... 132

3.4.6. Bacillus velezensis intraspecies interaction revealed several strains with high
antibacterial and resiStance aCtiVILY ....ccvveevvieeeriieeiriee e 134

3.4.7. Antifungal activity of B. velezensis Strains..........cceceeververieeneenienieeneeniennens 136
3.4.8. Representation of BGCs across 18 B. velezensis Strains .........ccecceevevveeneneen. 139
3.4.9. Production of antimicrobial secondary metabolite by 18 B. velezensis strain141
3.4.10. Comparison of growth phenotype of 18 Bacillus velezensis strains ............ 143
3.5, DISCUSSION weutiiuiieiiiiieteeite sttt ettt ettt et sbe et st e b e sbe e 144

Chapter 4: Structural and functional insights into Bacillus cytochromes P450 associated with

secondary metabolite bloSYNtRESIS. ....c.uiiriiiiiiiiiriieee e 148
A.1. ADSITACE .ttt ettt et 148
4.2, INErOAUCTION ..eeieiiiiee et e e e e et e e e eaae e e e earaeaeas 149
4.3. Materials and Methods ..........cocuiiiiiiiiiiiiiie e 152

4.3.1. Bacillus genomes and P450 SEQUENCES........ceeverririirieniriiesieireeieseesie s 152
4.3.2. Bacillus P450 sequence analysis ......ccoccveeriueeerieeeniieennieesiiee e sieeesneee s 153
4.3.3. Bacillus P450-containing BGCs analysis.........ccoceevvirieniniieniiininicnecienens 153
4.3.4. Bacillus BGC-affiliated P450 analyses .......ccceceeevieeriieeniieenieesiiee e 154
4.3.5. High-resolution homology modeling of five BGC-affiliated P450s ............ 155
4.3.6. Molecular docking SIMUIAtIONS ....cceeeervieiriiiieniieeiiieeiee e 156
4.3.7. BaCYP102A2 construct for heterologous expression.........coeeveeceereenvennnens 157
4.3.8. Transformation of the BaCYP102A2 construct .......ccceevvveeveerverseereeenneenne 157
4.3.9. Chemicals, buffers, and growth conditions ...........ccceeceervieineiniieinecniieeneene 158
4.3.10. BaCYPI102A2 eNZyme EXPIeSSION.....ceruirrirruirrienreeierieeniesresseesreseesieessesanens 158
4.3.11. BaCYP102A2 enzyme purifiCation .........cccueeerueeenueeenieesiieesnieeesineeesveeesanes 159
4.3.12. SDS-PAGE analysis .....ccceevieiuiriiiiieiiiieneeieseesie sttt 160
4.3.13. UV-vis SpectroSCOPIC analySiS.....ccccueerrurreriureeriieeenieeerieensiieesiieeesineeesneeesans 160
4.3.14. Substrate-binding tItration .......ccceeveerierieriiiiiniese e 161
4.3.15. Steady-state KINetic analysiS......cceevueeriiieiniiieiniiieeiieeeriee e 161
4.4.  Results and diSCUSSION.......co.eiruiriiriiiiiiiieriee ettt 162



4.4.1. Diversity of BGC-affiliated cytochromes P450 in Bacillus species............. 162

4.4.2. Each BGC-affiliated P450 family is involved in a specific secondary metabolite
b10SYNthetic PAthWaY ...cc..viiiiiiiiiieee e 167

4.4.3. High-resolution homology models of representative BGC-affiliated P450s

showed distinct structural features ..........coeceerierieeniieeiieeeeee e 169

4.4.4. Favorable binding of BGC-affiliated P450s with candidate substrates........ 171

4.4.5. Expression, purification, and identification of BaCYP102A2 ..................... 174

4.4.6. Substrate binding and NADPH oxidation activity of BaCYP102A2........... 175

Chapter 5: Summary and future Work.........coooieiiiiiiiiiiie e 179
S.1. SUIMMATY (it ettt e et e et e et eesat e e sbeeesabeeesans 179

5.1.1. Broad biological activity of B. velezensis and B. subtilis is accounted for by
conserved ability for secondary metabolite biosynthesis .........cccocveerueennnee. 180

5.1.2. Toward identifying promising Bacillus strains for developing commercially

viable biological AZENtS ......c.ceeviriiriiiiiiiiiie e 183

5.1.3.  Structural and functional insights of Bacillus cytochromes P450 associated with

secondary metabolite biosynthesis .........cccceeveriiiiniiiniiniiiceecee, 184

5.2 FUture WOTK ...oouiiiii e e 185

5.2.1. Identification and characterization of novel secondary metabolites produced by

BaACTIIUS SPECICS....evveiiiiieiieeitete ettt sttt sttt s sbe e ne e 186

5.2.2. Develop commercially viable Bacillus biological agents against plant

PANOZENS .ttt e 188

5.2.3. Elucidate the structural and functional properties of Bacillus BGC-affiliated

PASOS ettt sae s 189

RETRIEIICES ...ttt ettt ettt e b e sttt e e sat e e b e e sateebeesateebeenaee 193
F N 0] 81S) 116 (o SO UPOTUOR PRSP 222
APPENAIX A ..ottt et ettt ettt et e e at e et e e teeeabe e beeenbeesaennraens 224
APPENAIX B ..o et e e et e e ebaeeereee e 227

PN 07 81S) 116 ' PSR SRRPRSRPRP 247
APPENAIX D oottt ettt e et e e bt e enbeeteeenraen 252



Appendix E
Appendix F
Appendix G

18



List of Figures

Figure 1.1 Phylogeny and growth morphology of oomycetes and fungi............ccceeeevveeecrveennenn. 30
Figure 1.2 Direct and indirect modes of plant growth promotion by PGPR. ............c...cccoc..... 36
Figure 1.3 Structures and core peptide sequences of iturins, fengycins, and surfactins............. 49

Figure 1.4 Structures and observed core peptide sequence of rhizomide, locillomycin, and kannurin

Figure 1.5 Structures and core peptide sequences of bacillibactin and plantazolicin................. 52
Figure 1.6 Structures of prominent antimicrobial polyketides produced by Bacillus species.... 53
Figure 1.7 Biosynthetic steps catalyzed by the surfactin NRPS found in Bacillus species........ 55

Figure 1.8 Proposed model of the biosynthetic pathway of a PKS BGC that produce difficidin in

BACIIIUS SPECIES ..ttt ettt ettt ettt et s e et estt e e ebeesste et e eseeesbeeseesnseenseessseeseennsaens 57
Figure 1.9 Schematics of the biosynthetic pathways of RiPPs and terpenes.............cccccueennenee. 58
Figure 1.10 Structure of a cytochrome P450 .........cocooviiiiiiiniiiiieee e 67
Figure 1.11 A generalized scheme of the P450 catalytic mechanism............cccevceevenviiniencnnns 69
Figure 1.12 Crystal structures of Bacillus PAS0S. .......c.cocoiieriiiiiiiiiiienieseeesceeee e 70
Figure 1.13 Examples of substrates of P450s from Bacillus SPecies..........ccceevueveevercueneenuennns 74
Figure 2.1 Bacillus antibiosis against Phytophthora nicotianae ...................ccccceeeeevveeeceeenneanne. 87
Figure 2.2 Antibiosis activity of Bacillus species against Phytophthora nicotianae ................. 90
Figure 2.3 Antibiosis activity of fifty-nine P. nicotianae-active Bacillus Species..................... 91

Figure 2.4 Bacillus BGC diversity as related to strength and breadth of antibiosis activity ...... 93
Figure 2.5 Correlations of bioactivity index and the number of BGCs from each of six major

LSS, i 94

19



Figure 2.6 Similarity analysis of Bacillus BGCS ...........cocvveeiiieeiiieeieeecee e 97
Figure 2.7 Comparison of lipopeptide BGC gene organization ............ccceevvveevveeecveeeeneeennneenn 98
Figure 2.8 Separation and spectral properties of total extracts from representative bioactive
BACTITUS SPECIES ....veeeevee et ettt e e et e et e e st e e st eessbee e sbeeesseeensseeessseeensseesnseaesnseeennsenns 100
Figure 2.9 Chromatograms (A) and mass spectra (B) for bacillomycin L (an iturin), fengycin, and
SUTTACTII. ...ttt ettt et h e et e s bt e et e e s beeeabeesbteeabeesabeenbeesabeenbeenaneans 101
Figure 2.10 Plate-based evaluation of antibiosis exerted by isolated lipopeptides against P.
nicotianae and fungal pathoZENS ...........coocuiiiiiiiiiie e 104

Figure 2.11 Inhibition of P. nicotianae (A) and F. oxysporum (B) by bacillomycin L, fengycin,

AN SUTTACTII ..ottt ettt sbt e e bt e s ateebeesabeenbeesaeeens 105
Figure 3.1 Antifungal activity of five Bacillus SPECIES........cccvuveeviieeiiieeeiieeeiee e e 122
Figure 3.2 Bacillus biofilm fOrmation ............cceeeevieiiiieeiiiecie e 123
Figure 3.3 Bacillus interspecies interaction observed for intact cells and total extracts .......... 124
Figure 3.4 Diversity of predicted secondary metabolites among five Bacillus species............ 126
Figure 3.5 LC elution profile of Bacillus secondary metabolites ..........cccveervieeriieeiieenneeennne. 129

Figure 3.6 Extracted ion chromatograms (EIC) and molecular ion peak mass spectra of seven
antimicrobial compounds produced by Bacillus velezensis .............ccueeevueeeevveeeccueeecieeecreeennne 130
Figure 3.7 Overview of Bacillus velezensis intraspecies inhibition ...........cccccceeveveeeiieenneeennne. 133

Figure 3.8 Quantitative intraspecies inhibition and resistance activity of Bacillus velezensis strains

Figure 3.9 Overview of quantitative antifungal activity of 18 B. velezensis strains against F.
oxysporum, F. graminearum, and R. SOIANI ...............ccc.cocvueeeeiiieiiiieeiieeeiee e 138

Figure 3.10 Antifungal activity of B. velezensis strains across three fungi.........c.cccccveeeveennne. 139
20



Figure 3.11 Distribution of secondary metabolites-producing BGCs in Bacillus velezensis strains

Figure 3.12 Comparison of antimicrobial secondary metabolites produced by 18 B. velezensis

SETATIIS .t ettt ettt ettt ettt et e et e bt e e ab e e bt e e ab e e bt e e ab e e eh e e e a bt e bt e e a bt e bt e eabeeehte e bt e nhteenbeeeabeebeenateans 143
Figure 3.13 Bacillus velezensis growth morphology and biofilm formation............................ 144
Figure 4.1 Distribution of BGC-affiliated P450s in Bacillus SPeCies.........ccvvveeevveeeeveeecrveennne. 163
Figure 4.2 Distribution of each BGC-aftiliated P450 family among various BGC classes ..... 164

Figure 4.3 Amino acid sequence conservation (score from 0 to 9) of each BGC-affiliated P450

Figure 4.4 Phylogenetic tree showing the distribution of BGC-affiliated P450s among P450

families and BGEC LYPES ....uvieiiiiieiiee ettt et site e et e e tae e e taeeesaeeentaeeenaeeesnnaeenanes 167
Figure 4.5 Network analysis and visualization of 614 P450-containing BGCs ....................... 169
Figure 4.6 Homology models of five BGC-affiliated P450S .......c..ccooveeviiieniiieiieeieeeeeee 171

Figure 4.7 Favorable docked pose of a putative substrate in each BGC-affiliated P450 model173
Figure 4.8 Putative role of BaCYP102A2 in plantazolicin biosynthesis .........cccccceeeveervreenee. 174
Figure 4.9 SDS-PAGE and UV-vis absorbance of BaCYP102A2.......cccoveeviiievciieeieeeieeene 175
Figure 4.10 UV-vis absorption difference spectra and substrate binding spectral fitting of full-
1enGth BACYPTOZAZ ..ottt ettt sttt et e et e st enseeneenseeneas 176

Figure 4.11 The steady-state Kinetic analysis .........ccecvuveeiiieeiieeiiiieciee et 177

21



List of Tables

Table 1.1 Prominent commercial PGPR-based biofertilizers and biopesticides............... 40
Table 1.2 Prominent antimicrobial secondary metabolites produced by Bacillus species 47
Table 1.3 Current state-of-the-art bioinformatics toolset for bacterial genome mining ... 61

Table 2.1 Diversity of PGPR strains of Bacillus species evaluated for biocontrol ability 86

Table 2.2 Ions of bacillomycin L, fengycin, and surfactin detected by LC-MS"............ 102
Table 3.1 Secondary metabolites identified from five Bacillus species ............c........... 131
Table 4.1 Amino acid sequence conservation of 614 BGC-affiliated P450s.................. 155

22



PGPR

BGC

NRPS

PKS
PKS-NRPS
RiPP

CDPS
antiSMASH
BiG-SCAPE
P. nicotianae
F. oxysporum
F. graminearum
R. solani
ISR

EPA

VOC

HPLC

MS
ESI

List of Abbreviations

Plant Growth-Promoting Rhizobacteria

Biosynthetic Gene Cluster

Non-Ribosomal Peptide Synthetases

Polyketide Synthases

Polyketide Synthases-Non-Ribosomal Peptide Synthetases hybrid
Ribosomally synthesized and Post-translationally modified Peptide
Cyclodipeptide Synthases

antibiotics & Secondary Metabolite Analysis Shell

Biosynthetic Gene Similarity Clustering and Prospecting Engine
Phytophthora nicotianae

Fusarium oxysporum

Fusarium graminearum

Rhizoctonia solani

Induced Systemic Resistance

Environmental Protection Agency

Volatile Organic Compound

High-Pressure Liquid Chromatography

Mass Spectrometry

Electrospray Ionization

23



LC Liquid Chromatography

DAD Diode Array Detector

TIC Total Ion Current

EIC Extracted Ion Chromatogram
NMR Nuclear Magnetic Resonance
SDS Sodium dodecyl sulfate

MA Myristic Acid

PA Palmitic Acid

OA Oleic Acid

AMP Ampicillin

CAM Chloramphenicol

IPTG Isopropyl-B-d-thiogalactopyranoside
PMSF Phenylmethylsulphonyl fluoride

24



Chapter 1: Literature review

1.1. Introduction

Global food production must increase to feed the increasing populations in the future (1).
In order to enhance crop yield, improve food quality, and control plant diseases, there is an urgent
need for effective and sustainable fertilizers and pesticides. Along with the abiotic stresses (i.e.,
excessive heat, drought, and cold), the biotic stresses imposed by plant pathogens such as bacteria,
fungi, oomycetes, and viruses need to be controlled effectively (2, 3). In particular, plant-
pathogenic fungi and oomycetes cause substantial economic loss worldwide (4). In addition to
known plant pathogens, emerging pathogens are considered a rising threat to global food security
(4). Use of chemical pesticides to combat plant pathogens, a century-old disease control strategy,
is no longer working effectively. Since the 1960s, the efficacy of multi-site and single-site
pesticides has been declining rapidly due to the loss of plant pathogen sensitivity to these agents
(5). In particular, pesticide resistance has been detected in plant pathogens against the most
effective single-site pesticides, including benzimidazoles, phenylamines, dicarboximides, and
quinone outside inhibitors (Qols) (6, 7). The lack of novel modes of action accompanied by
declining innovations in pesticide discovery warrants exploration of effective and alternative

strategies for sustainable pathogen control.

Bacteria living in the plant-rhizosphere develop various chemical interactions with plants;
these include beneficial, neutral, and detrimental interactions. Some bacteria that inhabit soil and
plant-rhizosphere promote plant growth directly or indirectly. For such beneficial roles, they are
known as plant growth-promoting rhizobacteria (PGPR) (8, 9). PGPR serve as biofertilizers

through one or more of multiple mechanisms, including nitrogen fixation, phosphate
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solubilization, iron acquisition, and modulation of phytohormones such as indole acetic acid
(TAA), cytokinin, gibberellin, and ethylene (10, 11). In addition, they act as biocontrol agents by
producing antibiotics and lytic enzymes, competing against pathogenic microorganisms for
nutrients, and triggering induced systemic resistance (ISR) against plant pathogens (9). An
enormous effort initiated by public research institutions and agrochemical companies has yielded
several commercial bioproducts as biofertilizers and biocontrol agents in the past three decades.
Some prominent PGPR strains registered with the U.S. Environmental Protection Agency (EPA)
include Agrobacterium radiobacter K84, Aspergillus flavus AF36, Bacillus licheniformis SB3086,

Bacillus pumilus GB34, Pseudomonas chlororaphis 63-28, and Streptomyces griseoviridis K61
(12).

Bacteria from the genus Bacillus are rod-shaped, Gram-positive, and endospore-forming
microbes that inhabit soil, water, plant-rhizosphere, and extreme environments (13, 14). They are
well known as a predominant PGPR due to their inherent ability in plant growth and disease
biocontrol, facilitated by their well-adapted physiology in the plant-rhizosphere. Past studies have
demonstrated that strains from Bacillus subtilis, Bacillus velezensis, Bacillus pumilus, and Bacillus
thuringiensis have excellent abilities in plant growth promotion and disease suppression (15). This
ability is primarily attributed to their role in phosphate solubilization, nitrogen fixation,
siderophore production, phytohormone modulation, and production of volatile organic compounds
(VOCs) (15, 16). To date, more than two dozen antimicrobial and industrially-relevant compounds
with diverse physicochemical properties have been identified in the Bacillus species (15). The
most common classes of such natural products are cyclic lipopeptides, macrolides, bacteriocins,

and terpenes (17). These are widely known as secondary or specialized metabolites since they are
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nonobligatory for growth and reproduction; however, they are advantageous in specific ecological
niches. Some of the Bacillus-based commercial biological agents distributed worldwide are
Avogreen (B. subtilis), Ballad Plus i Sonata (B. pumilus), RhizoVital 42 (B. amyloliquefeciens),

EcoGuard TM (B. licheniformis), and Botrybel (B. velezensis) (15).

Since the early 20™ century, bioassay-based chemical fermentation has been the primary
strategy for natural product discovery (18, 19). However, this process became inefficient over time
due to a high rate of compound rediscovery coupled with a lack of novelty of bioactive compounds.
This caused a rapid decline in the rate of novel antibiotic discovery in the 1970s (19, 20).
Fortuitously, the genomic revolution, accompanying the advancement of computation and
bioinformatics algorithms in the early 21% century has promised to restore the progress in natural
product discovery (21, 22). An increasing amount of publicly accessible genome sequences, fueled
by low sequencing cost, has allowed virtually anyone to predict the biosynthetic pathways of
natural products encoded by organisms of interest. Today, hundreds of bioinformatics tools,
databases, and specialized discovery pipelines are publicly available, enabling investigators to
identify, analyze, compare, and dereplicate biosynthetic gene clusters (BGCs) that may produce
antibiotic natural products (23-25). In parallel, significant advances have taken place in analytical
instrumentations for high-throughput and reliable chemical screening and /or unequivocal
chemical identification. These include NMR, MS, and HPLC. In addition, several integrated and
streamlined genomic (PRISM4, GNP) and chemoinformatic (NPClassifier, NC-MFP, MAP4)
pipelines have been developed in this area for a more specialized discovery pipeline (26-30). This
allows reliable predictions of natural product structure from genome sequences as well as analysis

of a large amount of chemical data produced by analytical instrumentation (26, 31). Over the past
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two decades, several multi-faceted technologies have also been developed to discover untapped
microbial biosynthetic potential at a large scale, including functional genomics, synthetic

genomics, and metagenomics.

1.2. Plant pathogens

Continued and sustainable improvement in crop yield and food quality is crucial to ensure
global food security into the foreseeable future (4). Since the agricultural revolution, plants and
crops have always been under threat from various abiotic and biotic stresses (3). Major abiotic
stresses include drought, heat, salinity, and cold cause crop failure and food scarcity. Biotic
stresses such as insects, weeds, and plant-pathogenic organisms are equally, if not more,
destructive to crop yield and food quality. Plant-pathogenic microorganisms are found across
multiple kingdoms, including bacteria, viruses, fungi, oomycetes, and nematodes (2). In
agriculture, each pathogen or a combination of pathogens, brings unique challenges to detection,
treatment, and sustainable protection of plants and crops. In particular, some of the planet’s most
prolific and destructive plant-pathogens are fungi and oomycetes and account for enormous losses
in crop yield on an annual basis (32). In 2008, the projected economic loss from the crop failure

due to invasive fungal pathogen was estimated to be $21 billion per year in the United States (33).

1.2.1. Plant-pathogenic fungi and oomycetes

Fungi and oomycetes are the most notorious eukaryotic plant pathogens (32). They cause
substantial economic loss in agriculture and lead to hunger, starvation, and famines by triggering
total crop failure. These two pathogens have been a threat to plants and crops throughout the
history of agriculture. Among many, two major famines that were caused by these two pathogens

are the great Irish potato famine in 1845 and the great Bengal famine in 1943 (34, 35). The Irish
28



potato famine was originally triggered by an oomycete, Phytophthora infestans, the cause of potato
late blight. The Bengal famine was triggered by a fungus, Cochliobolus miyabeanus, the causative
agent of brown spot disease of rice and maize. Based on their scientific/economic impact, Dean et
al. recently ranked fungal pathogens from a survey of the international community (36). According
to the survey, the top 10 fungi are, in order from first to tenth, Magnaporthe oryzae, Botrytis
cinerea, Puccinia spp., Fusarium graminearum, F. oxysporum, Blumeria graminis,
Mycosphaerella graminicola, Colletotrichum spp., Ustilago maydis, and Melampsora lini.
Another similar survey was conducted by Kamoun et al. to rank the oomycete pathogens based on
their scientific and economic impact (37). In order from first to tenth, the top ten are Phytophthora
infestans, Hyaloperonospora arabidopsidis, P. ramorum, P. sojae, P. capsica, Plasmopara
viticola, P. cinnamomi, P. parasitica, Pythium ultimum, and Albugo candida.

Major crops that are affected by fungal pathogens include rice, wheat, corn, and many
vegetables (38). Magnaporthe oryzae is the most destructive disease of rice that causes rice blast,
a threat to approximately one-half of the world’s population (39). Botrytis cinerea, known as grey
mold, is the second most significant fungal species in terms of pathogenic destruction, that can
infect more than 500 plant genera and 150 botanical families (40). Fusarium graminearum is a
highly destructive fungal pathogen that causes enormous economic loss by infecting many cereal
species (e.g., wheat, barley, oats, and corn) (41). Fusarium oxysporum is a ubiquitous soil-borne
fungal pathogen that causes a wide range of plant diseases (42, 43). Rhizoctonia solani causes a
variety of diseases in soybean, sugar beet, rice, turfgrass, and potatoes (44—46).

Fungal-like pathogens called oomycetes (also known as water molds) are a eukaryotic

organisms that causes enormous economic loss in agriculture (32). They resemble fungi in some
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aspects of phenotype including mycelial growth and mode of nutrition; however, they are

phylogenetically distantly related (Fig. 1.1A) (47).

Green algae

Land plants

_Ij Heterokont algae

Ciliates

Dinoflagellates

Red algae

Animals

4 Basidiomycete fungi]

Ascomycete fungi

Pythium ultimum Rhizoctonia solani

Figure 1.1: Phylogeny and growth morphology of oomycetes and fungi. (A) The phylogenetic tree
shows evolutionary relationships between the major eukaryotic groups; reproduced from (48) and
adapted from (49) (B) Growth morphology of plant-pathogenic oomycetes (Phytophthora
nicotianae and Pythium ultimum) and fungi (Fusarium graminearum, and Rhizoctonia solani).

Plant-pathogenic oomycetes cause root rot in a wide range of hosts, including soybean,
tomato, pea, sugar beet, and tomato (50). The two most economically important oomycetes genera
in terms of plant pathogenicity are Phytophthora and Pythium (51). Diseases caused by
Phytophthora include late blight of potato and tomato, and root/stem rots of many plant species
(52). Pythium causes a wide range of diseases, including root rots, blight, and seed damping-off of
many types of plants (53). The Phytophthora infestans is a very destructive plant pathogen that
causes potato late blight (54). The Phytophthora sojae is known as a root rot pathogen that causes

destructive diseases to soybean and various agriculturally and ornamentally important plants (55).
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Phytophthora capsici is known as a highly dynamic and destructive pathogen of vegetables,
including cucurbits, pepper, tomato, eggplants, snap, and lima beans (56). Pythium ultimum causes
damping-off and root rot diseases of diverse plant species, including corn, soybean, potato, wheat,

and ornamental plants (37).

Fungi and oomycetes are highly similar in their growth morphology, but they are
phylogenetically distantly related (Fig. 1.1A) (32). They are fundamentally different in their
physiology, biochemistry, and genetics. For instance, fungi are generally haploid, whereas
oomycetes are diploid; fungal hyphae are septate, whereas oomycete hyphae are non-septate;
fungal cell walls consist of chitin, whereas oomycete cell walls mainly consist of 1,3-/1-6- or 1-4-
B glucans (cellulose) (57, 58). Even with these differences, both organisms are remarkably similar
in their mode of action to attack plants and defend toxic compounds produced by plants. Both
groups of organisms utilize an extensive toolbox of virulence factors, including cell-wall-
degrading enzymes (CWDESs) and elicitors (pathogen-derived molecules) (59—61). The primary
roles of these factors include loosening and otherwise compromising the plant cell wall, to
facilitate successful penetration and acquisition of nutrients, countering/nullifying plant defense
compounds/mechanisms, and disrupting/silencing the defense-related genes of the host plant (62,
63). In addition, they have an incredible ability to rapidly evolve their pathogenicity factors to

counter the plant defense or hostile environment created by plant (64, 65).

1.2.2. Existing treatments against plant-pathogenic fungi and oomycetes
Crop-destroying pathogens, including fungi and oomycetes, account for nearly 30% of
combined pre and post-harvesting agricultural loss (66). The five most heavily-produced foods

worldwide (rice, wheat, sugarcane, maize, and soybean) are all under threat from these pathogens.
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For more than a century, fungicides (including oomycides) have been used against plant-
pathogenic fungi and oomycetes for crop protection (67).

Since the early 19" century, inorganic chemicals/materials such as saltwater, copper,
sulfur, and phosphorous have been used as fungicides as a plant protection strategy (68). The use
of organic fungicides began in the 1940s (6). To develop highly efficient, less toxic compounds
for protecting plants and improving crop yield, the agrochemical industry has engaged further
research on organic fungicides. Their efforts have led to the commercialization of several organic
fungicides between the 1940s and 1970s with a multi-site mode of action. Some of these broad-
spectrum fungicide families are dithiocarbamates, phthalimides, and chlorothalonil (6). In the
1960s, new fungicides with a site-specific modes of action were developed to boost crop protection
(6). Prominent single-site fungicides are methyl benzimidazole, carbamates, demethylation
inhibitors, the quinone outside inhibitors, and succinate dehydrogenase inhibitors (67). Currently,
fungicides with more than forty-five different modes of action are commercially available for

controlling plant pathogenic fungi and oomycetes (6).

1.2.3. Pesticide resistance mechanism and consequences

The multi-target fungicides and inorganic chemicals have remained effective and less
susceptible to resistance against plant-pathogenic fungi and oomycetes. This is mainly because the
resistance development is slow and unfavorable against the non-systematic fungicides with
multiple modes of action. However, the site-specific fungicides are highly susceptible to resistance
development due to their single modes of action, such as disrupting a particular cellular process or
binding to a specific protein in an important cellular process (67). The confirmed case of resistance

against site-specific fungicides was first documented in the 1960s, a few years after the use of site-
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specific fungicides (67). Since then, fungicide resistance among fungi and oomycetes has remained
a challenge to food and crop protection.

Major factors contributing to the development of resistance are the chemistry and mode of
action of the fungicidal compound, the biology and reproductive ability of the target pathogen, and
the frequency of fungicide application (69). The most common resistance mechanism of site-
specific fungicides is the development of a single mutation in the target protein (altered target site)
that reduce the sensitivity of the target protein to the fungicide in question (70, 5). Other
mechanisms include (a) synthesis of an alternative enzyme that substitutes for the target enzyme,
(b) overproduction of the fungicide target, (c) an active efflux or reduced uptake of the fungicide,
and (d) a metabolic breakdown of the fungicide (5). Fungicide resistance against the non-specific,
multi-site fungicides is less common; however, their appearance has been reported as well. One
of the main mechanisms of the resistance development involves the overexpression of drug efflux
transporters, including the ABC transporter AtrB and the MFS transporter MfsM2 (69). Resistance
to demethylation inhibitors (DMIs) was observed due to the mutation in the 14a demethylase
(CYP51) gene and the overexpression of the CYPS51 gene (5). Further, resistance to benzimidazole
was reported to be correlated with point mutations at the benzimidazole-binding site of the target

protein B-tubulin (71).

1.2.4. The urgency of alternative and sustainable strategies

Fungicide resistance is considered a rising threat pose by plant-pathogenic fungi and
oomycetes. A recent case study showed that Botrytis cinerea, a major pathogen of cultivated fruits,
vegetables, and ornamental flowers is a “high risk” organism for rapid resistance development

(72). This fungus poses a high resistance risk to major fungicides, including benzimidazoles,
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dicarboximides, anilinopyrimidines, strobilurins, and SDHIs (boscalid). Hahn et al. reported that
there are no equivalent alternative chemical protection against this highly destructive pathogen
(69). Most commonly applied fungicides for crop protection inhibit either sterol biosynthesis,
respiration, methionine biosynthesis, tubulin function, or signal transduction. Fungicide resistance
to all these modes of action has already been reported. It has been speculated that the lack of
alternative modes of action may seriously confront the durability of anti-resistance strategies (6).
For a sustainable fungal control system, a better understanding of the biochemistry of the
development of resistance and pathogenicity would provide sufficient resources to identify novel
targets and develop effective strategies to exploit them. Along with finding novel modes of action,
preventative measures such as risk assessment and resistance management with integrated disease
management should be considered. Another protective measure is the early diagnosis in molecular
detection of gene expression associated with fungicide resistance using PCR-based detection
technologies (5).

The biological agents are defined as the disease-suppressive microorganisms that can
improve plant health and suppress plant pathogens (73). To date, biocontrol is one of the poorly
understood areas of plant-microbe interactions since it involves interactions among the plant, the
pathogen, the biocontrol agent, and the microbial community. Despite the complexity and lack of
understanding, the rate of implementation of commercial biocontrol products is increasing rapidly.
As 0of 2017, biological control represented about 5% of the total agrochemical pesticide sales, and

this figure is expected to increase by 10-15% per year (74).
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1.3. PGPR as promising biofertilizers and biopesticides

Biological agents have been considered promising alternatives to synthetic fungicides
against plant-pathogenic fungi and oomycetes. Bacteria inhabiting plant rhizospheres have been
shown to suppress plant pathogens and promote plant growth (8, 9), earning them the title plant
growth-promoting rhizobacteria (PGPR) (8). In recent years, an increasing interest in the
biological control of plant pathogens has been observed due to the urgency of environmentally
friendly alternatives to chemical pesticides (75). Biological agents have been considered more
sustainable than synthetic fungicides and are anticipated to be more specific to target pathogens as
compared to the chemical fungicides (76, 77). In addition to the efficacy in protection, many strains
from the genera Bacillus, Pseudomonas, and Agrobacterium play an important role in plant growth
(15). Moreover, these PGPR can produce heat and desiccation-tolerant endospores, maintain high

cell viability, and have a prolonged shelf-life (78).

It has been shown that PGPR can increase crop yield by as high as 57%, depending on the
type of crop (78). The mechanisms to increase plant growth fall into two main categories: direct
and indirect (Fig. 1.2). For direct growth promotion, they can serve as sources of growth factors,
nutrients, and/or hormones. Examples of the direct growth promotion mechanisms include
nitrogen fixation, phosphate solubilization, iron acquisition by bacterially-generated siderophores,
and regulation of hormones (indole acetic acid, cytokinin, and gibberellin) (78—83). On the other
hand, indirect plant growth promotion occurs by suppressing the growth or activity of pathogenic
microorganisms inhabiting plant rhizosphere through the production of antibiotics, and lytic
enzymes, competing for nutrients, and triggering induced systemic resistance (ISR) against

pathogens (9, 84-86). In the future, PGPR are expected to be used widely as alternatives to
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chemical pesticides in agriculture, horticulture, silviculture, and environmental cleanup strategies

(86).

Mechanism of PGPR

Direct Indirect

Nitrogen fixation Antibiotic production

Phosphate solubilization

Lytic enzymes production

Phytohormone production Competition for nutrients

Siderophore production Induced systemic resistance

Figure 1.2: Direct and indirect modes of plant growth promotion by PGPR (9, 86, 87).

1.3.1. PGPR as biofertilizers

PGPR from the genera Sinorhizobia, Bradyrhizobia, Mesorhizobia, Azotobacter,
Azospirillum, Burkholderia, and Bacillus fix atmospheric nitrogen in soil and make it available to
plants. By utilizing nitrogenase enzyme (nifHH) PGPR reduce atmospheric nitrogen (N2) to
ammonia (NH3) in the first step of nitrogen fixation process. Although phosphorus is abundant in
the plant rhizosphere, it is largely inaccessible due to its poor solubility (10). PGPR from the genera
Azospirillum, Bacillus, Rhizobium, and Pseudomonas produce organic acids such as gluconic and
citric acids as well as phosphatases that solubilize inorganic phosphate and make it accessible to

plants. PGPR also play important roles in modulating phytohormone homeostasis that facilitate
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plant growth and development (88). It has been confirmed that PGPR can produce plant growth-
promoting phytohormones such as auxin, cytokinins, ethylene, gibberellins, abscisic acid, salicylic
acid, and jasmonic acid (86). Aeromonas punctata, Serratia macrcescens, and Azospirillum
brasilense have been shown to stimulate and induce morphological changes of plant root through
the production of auxin (89). Burkholderia and Phyllobacterium have been shown to influence
plant ethylene homeostasis (90, 91). Bacillus subtilis, Pseudomonas fluorescens, and Burkholderia
phytofirmans synthesize the phytohormone cytokinin and influence the level of plant cytokinin
concentration. Pseudomonas, Bacillus, Stenotrophomonas, Serratia, and Arthrobacter have been
shown to influence plant growth by producing volatile organic compounds, including 2,3-
butanediol, acetoin, 2-pentylfuran, E-11, 13-tetradecadien-1-ol, 2-butanone, and 2-methyl-n-1-
tridecene (92). In addition, some PGPR directly produce indoleacetic acid and ethylene and/or
stimulate plants to do the same. These are two of the most important biostimulants that affect plant
growth, cell division, extension, differentiation, photosynthesis, pigment formation, biosynthesis

of various metabolites, and nodule formation (93, 94).

In the plant rhizosphere, PGPR take up otherwise insoluble ferric iron (Fe*") through the
action of various siderophores, and subsequently supply it to the plants in a soluble and
bioavailable form (95). This can contribute to a deficiency of iron in the rhizosphere for other
competing and/or pathogenic microbiomes on one hand and benefits plants with iron uptake on
the other. Indeed, iron is a limiting factor for growth in nearly all biological contexts. Siderophores
are invariably constructed to orient multiple functional groups for the near ideal coordination of
Fe. In chemical terms, siderophores rely on four types of functional moieties for metal

coordination: catecholates, phenolates, hydroxamates, and carboxylates (96). Siderophores forms
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tight (association constant ~10%° to 10*® M) and stable complexes with ferric iron which are then
transported into the cytosol (97). In addition to iron scavenging, siderophores can have alternative
functions, including non-iron metal transport, toxic metal sequestration, signaling, protection from
oxidative stress, and antibiotic activity (96). In light of the importance of iron acquisition for
growth and survival, it should come as no surprise that more than 500 siderophores of bacterial
origin have been identified (88). Among PGPR, Bacillus velezensis, Bacillus amyloliquefaciens,
and Pseudomonas fluorescens are but a handful of examples of bacteria whose siderophore
production and excretion produces a net benefit to the plants with which they associate (98). It has
been shown that Pseudomonas can exert plant-growth-promotion ability by depriving native

microflora of iron, and at the same time, stimulate increases in crop yield of 144% (95).

1.3.2. PGPR as biopesticides

Several PGPR have been reported to be antagonistic against insects, fungi, bacteria, viruses,
weeds, and/or nematodes. Their biocontrol abilities are mainly mediated by the production of
antibiotics, lytic enzymes, siderophores, competition for nutrients, niche exclusion, and through
the triggering of a plant’s induced systemic resistance (ISR) (9). Pseudomonas, Bacillus,
Azospirillum, Rhizobium, and Serratia produce one or more of the following antibiotics:
phenazine-1-carboxyclic acid, 2,4-diacetyl phloroglucinol, oomycin, pyoluteorin, pyrrolnitrin,
kanosamine, zwittermicin-A, and pantocin (99). Some PGPR produce lytic enzymes such as
chitinases, cellulases, B-1,3-glucanases, proteases, and lipases to disrupt the cell wall, cell
membrane and associated proteins of many pathogenic organisms (100). These lytic enzyme-
producing PGPR strains have shown bioactivity against a range of phytopathogens, including B.

cinerea, Sclerotium rolfsii, F. oxysporum, Phytophthora spp., R. solani, and Pythium. ultimum.
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Chitinase of B. thuringiensis has been demonstrated to exhibit insecticidal activity through the
hydrolysis of chitin (101). Production of chitinase by Pseudomonas strains has been shown to be
correlated with antifungal activity (102). PGPR-derived cellulase has been reported to enhance
root colonization through the increase of nodulation. Cellulases have also been reported to
contribute to cytolytic effects in Phytophthora parasitica (103). Some PGPR exert antibiosis
activity against plant pathogens by producing a variety of volatile organic compounds (VOCs).
Examples of prominent fungicidal VOCs include S-methyl methanethiosulfonate, 1,3,5-trichloro-

2-methoxy benzene, dimethyl sulfide, S-methyl thioacetate, and methyl thiocyanate (104, 105).

1.3.3. Commercial PGPR bioproducts for agricultural applications

The first commercial biological agent against plant pathogens is Agrobacterium
radiobacter, developed in 1979 in the U.S. (12). Since then, the most successful bioproducts
against plant diseases have been developed based on the PGPR Bacillus species, including B.
thuringiensis and B. subtilis (106, 107). Bacillus-based bioproducts are most effective against
Fusarium and Rhizoctonia and could be used in cotton, peanut, soybean, corn, vegetables, and
small grain crops. Besides Bacillus spp., other PGPR used as active ingredients in commercial
bioproducts are Agrobacterium, Azospirillum, Burkholderia, Pseudomonas, and Streptomyces
(12). Some of the most important commercial biological agents, associated bioproducts, and

intended crops are presented in Table 1.1.
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Table 1.1: Prominent commercial PGPR-based biofertilizers and biopesticides (9, 12, 15, 108)

PGPR Strains Name of bioproducts Intended crop
Agrobacterium Diegall, Galltrol-A, Nogall, Fruit, nut, ornamental nursery stock, and
radiobacter Norbac 84 C trees
Ampelomyces Quisqualis | AQ10 BioFungicide Fruit, vegetable, and ornamental crops
Aspergillus flavus Aspergillus flavus AF36, Cotton, Peanut

Afla-guard
Azospirillum brasilense Azo-Green Turf and forage crops

Bacillus licheniformis

Ecoguard; Novozymes
Biofungicide Green Relief

Ornamental plants and ornamental turf

Bacillus pumilus GB34 Concentrate Biological | Soybean
Fungicide
Bacillus amyloliquefaciens | Quantum 4000 Broccoli, cabbage, cantaloupe,

cauliflower, celery, cucumber, lettuce,
ornamentals, peppers, tomato, and
watermelon

Bacillus subtilis

Epic, HiStick N/T, Kodiak,
Rhizo-Plus, Serenade,
Subtilex, Taegro

Barley, beans, cotton, legumes peanut,
pea, rice, and soybean

Bacillus thuringiensis

Biobit, Dipel, Delfin, Certan,
Acrobe, Skeetal, Vectobc,
Trident, Novodor, Foil

Vegetables,
mosquito control

forestry, apiculture,

Burlkholderia cepacian

Blue Circle, Deny, Intercep

Alfalfa, barley, beans, clover, cotton,
maize, peas, sorghum, vegetables, and
wheat

Candida oleophila Aspire Postharvest diseases

Gliocladium catenulatum | Primastop Soilborne pathogens

Gliocladium virens Soilgard Ornamentals, vegetables, cotton
Pseudomonas Bio-Ject Spot-Less Golf course turf

aureofaciens

Pseudomonas AtEze Vegetables and  ornamentals  in
chlororaphis greenhouses

Pseudomonas syringae Bio-savel0 Citrus and pome fruit

Pseudomonas fluorescens | BlightBan A506, Conquer, Almond, apple, cherry, mushroom,

Victus, MVP, M-trak

peach, pear, potato, strawberry, and
tomato

Pseudozyma flocculosa

Sporodex L

Roses and cucumbers in greenhouses

Streptomyces griseovirdis

Mycostop

Field, ornamental, and vegetable crops

Trichoderma harzianum

Binab T, Root Shield; Plant
Shield, Trichodex

Wounds in the ornamental, shade, and
forest trees, Greenhouses, nurseries, turf,
home gardens, planting boxes, and
outdoor soil, Most food crops,
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In order to commercialize PGPR for plant growth promotion (biofertilizer) and disease
control (biopesticide), it is important to understand how they modulate plant defense mechanisms,
deploy biocontrol actions, and control plant pathogens (109). Major criteria of successful
commercial PGPR are (a) demand for an economical and viable market, (b) consistent and broad-
spectrum action, (c) safety and stability, (d) longer shelf life, (e) low capital costs, and (f) easy
availability (108). A comprehensive strategy for evaluating PGPR as a commercially viable
biological agent include, but not limited to (i) understanding the effects of environmental
parameters, (i1) mechanisms of action and ecology, (iii) field testing, (iv) production of biocontrol
agents, (v) formulation, (vi) delivery, and (vii) registration (12). Further, a proposed model for
biocontrol research and development program includes (a) collecting diverse microorganisms, (b)
screening for bioactivity, (¢) identifying biocontrol mechanism, (d) collecting new strains with

conserved biocontrol mechanism, and (e) utilizing new strains to expand biocontrol program (73).

1.4. Bacillus as promising alternatives to synthetic fungicides

Bacteria from the genus Bacillus are Gram-positive, rod-shaped, endospore-forming,
catalase-positive, and aerobic microorganisms of the phylum Firmicutes (110). They are
ubiquitous in nature and can inhabit soil, water, and the plant rhizosphere. They can also survive
in extreme environments such as high pH (7.0 to 9.0), high temperature, and high salt
concentrations. Most Bacillus species are non-pathogenic, with only two exceptions: Bacillus
anthracis, the causative agent of anthrax, and Bacillus cereus, a causative agent of foodborne
illness (111, 112). B. subtilis is the model Bacillus species and is one of the most studied
prokaryotes in laboratories (113). The whole genome of Bacillus is approximately 4.2 Mb,

comprising nearly 4,100 protein-coding genes (114). Many Bacillus species produce industrially
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relevant enzymes, including the protein barnase (a ribonuclease), a-amylase, protease subtilisin,
and the restriction enzyme BamHI1 (115-117). Several Bacillus species, including B.
amyloliquefaciens, B. licheniformis, B. pumilus, and B. subtilis have been used as active
ingredients in commercial biofungicides (118). B. thuringiensis has been considered a highly
specific, safe and effective bioinsecticide (119). The former group has been used against broad
range of pathogens/diseases, including, rust, powdery mildew, downy mildews, blast, Rhizoctonia,
Phytophthora, Fusarium, Pythium, Aspergillus, and Botryodiplodia. The latter was the first
commercial biopesticide developed based on B. thuringiensis to control lepidopteran, dipteran, and
coleopteran pests (120). Its pesticidal ability is mainly mediated by the production of proteins o6-

endotoxins or Cry proteins (121).

1.4.1. Economically important Bacillus phenotypes

Bacillus species can produce endospore, a dormant, tough, and non-productive structure
that enables them to lie dormant in unfavorable conditions for extended periods (122). Bacillus
endospores are highly resistant to ultraviolet (UV) radiation, abiotic stresses, extreme heat, and
chemicals such as peroxide and hypochlorite, which make them useful in agriculture,
biotechnology, and medicine (122). In addition, Bacillus species can produce biofilm, which
allows them to cluster into non-biological surfaces as a protected mode of growth and defense in
hostile environments (123). Such biofilm is a dynamic and structurally complex system with
characteristics of a multicellular organism and a complete ecosystem that has applications in
medicine, agrochemical, food, and aquaculture industry (124). Bacillus species produce a higher
quantity of useful enzymes such as amylase, xylanase, lichenase, lipase, cellulase, and pectinase,

which are routinely used in industry to produce important chemicals, including riboflavin,
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menaquinone-7, inositol, or N-acetylglucosamine (125—127). Importantly, some Bacillus species
produce various classes of antibiotics, siderophore, and phytohormones that could potentially be

used in agriculture, medicine, and biotechnological applications (127, 128).

1.4.2. Common Bacillus species with economic importance

Bacillus species are widely considered for agricultural and biotechnological applications
due to their potential use as biofertilizers, biopesticides, and producers of industrially-relevant
enzymes and biofilms (15, 107, 126, 129). Several PGPR Bacillus species are used as active
ingredients in commercial biofertilizers and biopesticides, including B. subtilis (Kodiak, Subtilex,
VAULT, SERENADE, RhizoPlus, Taegro, POMEX), B. pumilus (Yield Shield, SONATA), B.
amyloliquefaciens (BioYield, RhizoVital 42), B. licheniformis (EcoGuard TM), and B. velezensis
(Botrybel) (15, 107). Bacillus species with the ability to produce higher quantities of industrially-
relevant enzymes are B. subtilis, B. amyloliquefaciens, B. licheniformis, and B. pumilus (116, 126,
127). The most commonly known Bacillus species for robust biofilm and spore formation is B.
subtilis (130). Other Bacillus species known for biofilm production are B. velezensis and B.

amyloliquefaciens (131, 132).

1.4.3. Bacillus as plant growth-promoting agents

It has been shown that a commercial Bacillus bioproduct developed from B. subtilis could
increase crop yield by 40% (133). Bacillus species are predominant plant growth-promoting
bacteria (8, 134). Their endospore-forming ability allows them to survive for very long periods of
time under highly unfavorable conditions. Bacillus species produce exopolysaccharides and
siderophores at the time of water scarcity and salinity in order to prevent movement of toxic ions

and adjust the ionic balance and water transport in plant tissues. They have an innate ability to
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colonize plant roots and interact symbiotically or synergistically with plants in the plant
rhizosphere. Bacillus take up nutrients from the roots and, in exchange, provide various antibiotics,
biostimulants, and phytohormones for growth as well as protection against abiotic and biotic
stresses. They stimulate plant immunity against stresses by altering stress-responsive genes,
proteins, phytohormones. Bacillus species regulate intracellular phytohormone metabolism and
increase plant stress tolerance by synthesizing indole-3-acetic acid, gibberellic acid, and 1-
aminocyclopropane-1-carboxylate (ACC) deaminase (15). Further, Bacillus species provide
nitrogen, phosphorus, and iron to plants as a soluble form by utilizing their own enzymes and
producing organic acids and siderophores (135). In addition, they prime plants by creating hostile
environments and produce less toxic compounds that trigger induce systemic resistance (ISR)
(136). Bacillus species with ISR ability include B. amyloliquefaciens, B. subtilis, B. pasteurii, B.

cereus, B. pumilus, B. mycoides, and B. sphaericus (136).

1.4.4. Bacillus as biocontrol agents

Bacillus species produce several classes of structurally diverse secondary (or specialized)
metabolites that could be used as biocontrol agents, fungicides, drugs, and biosurfactants (17). On
average, Bacillus species devote 4 to 8% of their total genomes to the biosynthesis of secondary
metabolites that are not directly associated with their reproduction, growth, or survival (17, 137).
The most important class of bioactive secondary metabolites produced by Bacillus species are
ribosomal and non-ribosomal peptides (including lipopeptides), polyketides, bacteriocins, and
siderophores (15). The non-ribosomal peptides, especially lipopeptides, have broad-spectrum
antagonistic activity against plant-pathogenic bacteria, viruses, fungi, and oomycetes. The most

commonly observed Bacillus cyclic lipopeptides are surfactin, iturin, and fengycin. Each of them
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purportedly kill target pathogens by disrupting cell membranes though the precise mechanisms by

which each does so are not identical. (75).

Surfactin, a broad-spectrum antimicrobial, causes cell membrane disruption by repetitive
hydrophobic and hydrophilic integrations through a process of membrane destabilization (138).
The antagonistic activity of iturin is attributed to the formation of ion-conducting pores as opposed
to large-scale membrane disruption or solubilization (139). Fengycin exerts antagonistic activity
by interacting with the cell membrane, disrupting membrane structure, and increasing permeability
(140). Bacillus species also produce bacteriocin, a class of ribosomally-synthesized post-
translationally modified peptides (RiPP) (141). Bacteriocins are small, heat-stable, amphiphilic
peptides that cause cell damage to target pathogens. Generally, they exhibit narrow-spectrum
antibacterial activity against closely related bacteria (15). Other peptides with antagonistic activity
produced by Bacillus species are gageostatin, dihydroisocoumarins, bacilysin, and rhizocticins
(17). Some common polyketides produced by Bacillus species are bacillaene, difficidin, and
macrolactin. They are known as strong-inhibitor of protein biosynthesis, although their exact mode
of action is far less understood (17). Important secondary metabolites with antimicrobial activity

produced by Bacillus species are shown in Table 1.2.
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1.4.5. Bacillus secondary metabolites: chemical and antimicrobial properties

Bacillus-derived peptides and polyketides are the most extensively investigated secondary
metabolites due to their broad spectrum of antimicrobial properties (17). Compounds from these two
broad classes exhibit antibiosis activity against fungi, oomycetes, bacteria, and/or viruses. Non-
ribosomal peptides have exhibited a broad antibiosis activity that includes multiple groups of bacteria
(142); however, they are also among a more limited group of compounds that show potent antifungal
and/or anti-oomycete activity. The polyketides, discussed further below, also display rather broad
antibiosis activity, but they are typically most effective against bacteria rather than filamentous

eukaryotes like fungi and oomycetes.

A major class of non-ribosomal peptides are the lipopeptides. The term “lipopeptide”
accurately describes the two main components of these compounds. One is a core peptide composed
of seven to ten amino acids, many of which are canonical proteogenic L-amino acids; however,
owing to their non-ribosomal synthetic origin, these core peptides also often include D-amino acids
and other non-proteogenic species (e.g., L-ornithine). The core peptide is also invariably cyclized
(Fig. 1.3). The second main component is a fatty acid side chain. The most obvious variation in the
fatty acid is chain length, ranging from 14C to 20C or more. Variability also includes B-OH

derivatives, unsaturated chains, and branched (or iso) fatty acid derivatives.

The most commonly observed non-ribosomal peptides produced by Bacillus species are
iturin, fengycin, and surfactin (Fig. 1.3). Iturin contains seven amino acid residues in its core moiety

and a fatty acid side chain (143). The core peptide of all iturins starts with an *Asn-"Tyr-"Asn. The
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final four amino acids vary, giving rise to the most commonly observed iturin derivatives iturin,

bacillomycin D, bacillomycin F, bacillomycin L, mycosubtilin, and mojavensin. Each of these

iturinic compounds contains a single fatty acid whose chain length varies from C14-C18. Iturinic

compounds are widely known for strong antifungal/anti-oomycete activity against eukaryotic plant

pathogens (143). Some of them also display antibacterial activity (144).

Table 1.2: Prominent antimicrobial secondary metabolites produced by Bacillus species (15)

Secondary metabolite BGC class! Bioactivity(s)

Bacillaene PKS-NRPS Antibacterial

Bacillibactin NRPS Iron acquisition

Bacilysin Other Antifungal, antibacterial

Difficidin PKS Antibacterial

Fengycin/Plipastatin NRPS Antifungal

Gageostatin NRPS Antifungal

Iturin/Bacillomycin NRPS Antifungal

Lichenysin NRPS Hemolytic, cytotoxic

Locillomycin NRPS Antibacterial

Macrolactin PKS Antifungal, antibacterial, cytotoxic
Mycosubtilin PKS-NRPS Antifungal

Plantazolicin RiPP Antibacterial

Rhizocticin Other Antifungal

Subtilin RiPP Antibacterial

Surfactin NRPS Hemolytic, cytotoxic

Zwittermicin PKS-NRPS Antifungal, antibacterial

IBGC class: BGC classifications were based on the structural and chemical properties of secondary metabolites, where
non-ribosomal peptide synthetases (NRPS), polyketides (PKS), a hybrid of PKS and NRPS (PKS-NRPS),
ribosomally-synthesized and post-translationally modified peptides (RiPP), terpenes, and BGCs outside these five
classes (other).

Fengycin has a core peptide which consists of six proteogenic and four non-proteogenic

amino acids, including an invariant Pornithine at position two (145). Taking fengycin A as the



archetype for the group, the sequence of the core peptide is “Glu-"Orn-"Tyr-Thr-'Glu-PAla-"Pro-
LGIn-LTyr-le. A striking feature of fengycin is a lactone ring established between the carboxyl
group of amino acid 10 (Ile in fengycin A) and the phenol oxygen of PTyr which is invariant among
fengycins at position 3. The most common fengycin core peptides vary at positions six and ten, where
aliphatic side chains Ala, Val, Leu, and Ile are with variation in the core peptide amino acids
produced by Bacillus species are represented across the range of fengycin compounds. For example,
fengycin B is in all other ways identical to fengycin A, except that a PVal appears in place of PAla
at position six. Other less commonly observed fengycin derivatives are C, D, S, X, and Y (146). Each
of these derivatives also contains a variable-length B-hydroxy fatty acid side chain (14C to 21C or
more). Fengycins are widely known for strong antibiosis activity against filamentous fungi and

oomycetes (147-149).

Surfactin is a heptapeptide which consists of five proteogenic amino acids and two non-
proteogenic amino acids. The sequence of the core peptide is “Glu-"Leu-PLeu-"Val-"Asp-PLeu-"Leu
(150). Three surfactin derivatives have been described in literature: surfactin, pumilacidin, and
lichenysin (151). These are broadly referred as “surfactin-like” lipopeptides. Compared to surfactin,
pumilacidin has Leu in position four and an Ile/Val in position seven. Lichenysin differs from
surfactin by a change in the first amino acid, where Gln appears instead of a Glu. Each of these
derivatives also contain a single fatty side acid chain whose length varies from 12C to 19C. Surfactin-
like compounds are widely known as “biosurfactants” due to their strong amphiphilic properties
(152). They exhibit broad antibiosis activity against both eukaryotic and prokaryotic organisms,

including bacteria, fungi, and viruses (153—156).
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Figure 1.3: Structures (A) and core peptide sequences (B) of iturins, fengycins, and surfactins. The
structures of the quintessential lipopeptide in each group (iturin, fengycin A, and surfactin,
respectively) are shown. The fatty acid side chain in each compound is denoted as “R,” and the
observed chain length range is indicated.

Three less-frequently observed Bacillus lipopeptides are rhizomide, locillomycin, and
kannurin (Fig. 1.4). Rhizomide is a heptapeptide whose N-terminal “Leu residue is acetylated.
Rhizomide is also distinct from the other lipopeptides in that it is not derivatized with a long-chain

fatty acid (157). Three rhizomides (A-C) have been identified. Each rhizomide has the core peptide
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sequence N-acetyl-"Leu-"Thr-PTyr-PAla-X-Y-"Val, where X and Y are, respectively, “Ala PAla

(thizomide A), “Ala PSer (rthizomide B), or 'Ser PAla (rhizomide C). Rhizomide exhibits antibiosis

activity against Gram-positive bacteria, including B. subtilis and Staphylococcus aureus, and the

Gram-negative bacteria Escherichia coli (157, 158). Locillomycin contains a nonapeptide core

moiety and a fatty acid side chain (159). Its core peptide sequence is “Thr-"Gln-"Asp-Gly-"Asn-

LAsp-LGly-'Tyr-YVal. Only three locillomycin derivatives are known. All three of its derivatives

have the common core peptide, but they are varied in the fatty acid side chain.

A - -
Rhizomide A
OH
0 =
L0
o O.__NH HN
P X
Y N HN" 0
o ;ﬁ/ o 00 “””mf
B
Ehizamids Core peptide sequence
derivatives BER i
A Leu-Thr-PTyr-PAla-Ala-PAla-Val
B Leu-Thr-PTyr-PAla-Ala-CSer-Val
C Leu-Thr-PTyr-PAla-Ser-PAla-Val

Locillomycin

o0 O<.0H,

OY\NH NH,
@/INH NH NH
OH NH ™0 g 0

07 NH,

Locillomycin core peptide sequence

Thr-PGIn-Asp-Gly-Asn-Asp-Gly-Tyr-Val

Kannurin

oY ']:LR
NH
6 n‘?-m 0

0]

Kannurin core peptide sequence

Leu-Asp-Val-Leu-Leu-Leu-Leu

Figure 1.4: Structures (A) and observed core peptide sequences (B) of rhizomides, locillomycins,
and kannurins. The structures of rhizomide A, locillomycin, and kannurin are presented as the
quintessential representatives of each group. Locillomycins and kannurins vary only by the length of
their fatty acid side chains (denoted by R).



Locillomycin exhibits a wide range of antibiotic activity against pathogenic microorganisms,
including bacteria (Staphylococcus aureus and Xanthomonas oryzae) virus (porcine epidemic
diarrhea virus, PEDV) (160, 161). Kannurin is a heptapeptide whose core peptide sequence is Leu-
Asp-Val-Leu-Leu-Leu-Leu (162). It contains a single chain fatty acid. Three kannurin derivatives
are known and they are varied in the fatty acid chain length. Kannurin exhibits antifungal activity

against broad range of pathogens (163).

Bacillibactin, is also built on a non-ribosomal peptide foundation. Its core peptide structure
is built on three repeating Gly-Thr units (Fig. 1.5). This core is derivatized with three 2,3-
dihydroxybenzoate (DHB) groups (164). The function of bacillibactin contrasts starkly with the
lipopeptides described above; it is one of the most commonly observed siderophores produced by
Bacillus species. Typically, bacillibactin contributes to plant growth by sequestering sparingly
soluble iron (Fe') and supplying it to plant as soluble form (Fe'"). However, it has been suggested
that bacillibactin displays direct antibiosis activity against bacteria and plant-pathogenic fungi

through iron scavenging and /or yet unknown intercellular antibiotic activity (165).

Plantazolicin is a linear peptide that contains a series of azole rings produced by post-
translational modifications of a core peptide (166). It contrasts with all of the compounds described
above as it is a ribosomally-derived structure (Fig. 1.5). It possesses narrow-spectrum antibiosis

activity against Gram-positive bacteria, including B. anthracis and B. cereus (167).
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Figure 1.5: Structures and core peptide sequences of bacillibactin and plantazolicin.

Bacillus species also produce various structurally and chemically diverse polyketides,
including linear and cyclic compounds. Some polyketides contain additional amide-linked amino
acid-based moieties. Due to the nature of the BGCs which produce and the manner in which they are
constructed, these are referred to as hybrid polyketide/non-ribosomal peptides. The most commonly
observed polyketides produced by Bacillus species are bacillaene, difficidin, and macrolactin (160).
Bacillaene is a linear (hybrid) polyketide that contains Gly and Ala in its polyketide chain (Fig. 1.6)
(168). It exhibits broad-spectrum antibacterial activity against species ranging from E. coli, K
pneumoniae, B. thuringiensis, and S. aureus. Bacillaene antibacterial activity is linked with its ability
to inhibit prokaryotic protein synthesis (169). However, its exact target in the protein synthesis is yet
unknown. Difficidin is a phosphorylated cyclic polyketide that is widely known for antibacterial
activity against both Gram-positive and Gram-negative bacteria (170). Similar to bacillaene,
difficidin exerts antibacterial activity by inhibiting bacterial protein synthesis. Macrolactin is a cyclic

polyketide produced by Bacillus species. It exhibits strong bioactivity as antibacterial, antifungal,
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antiviral, anticancer, and anti-angiogenic (171). Zwittermicin is a hybrid polyketide-peptide
produced by Bacillus species (172). It has broad spectrum antibiosis activity against phytopathogens
and certain Gram-positive and Gram-negative organisms. Structurally, it is linear, containing 2,3-

diaminopropionate that is produced by two amino acids, serine and ornithine.
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Figure 1.6: Structures of prominent antimicrobial polyketides produced by Bacillus species.

1.4.6. Bacillus secondary metabolite biosynthetic pathways

The biosynthesis of a natural product generally involves optimally-regulated multi-step
enzymatic reactions in an assembly-line fashion (173). All core and accessory genes for the
biosynthesis of a secondary metabolite are typically arranged within an operon. The cluster of
genes in such an operon is collectively referred to as a biosynthetic gene cluster (BGC). Some of
the most common BGCs identified in Bacillus species are non-ribosomal peptide synthetases

(NRPS), polyketide synthases (PKS), PK-NRPS hybrids, ribosomally-synthesized and post-
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translationally modified peptides (RiPPs), and terpenes (174). An NRPS is a multi-modular mega-
enzyme complex that generally carries the bulk of the chemical steps necessary to produce the core
peptide product. Some of these peptides remain linear and some are cyclized. Note that the
biosynthesis of secondary metabolites by NRPS does not require any of the cell’s protein synthetic
machinery (i.e., ribosomes, mRNA, tRNA, etc.). Each NRPS module consists of multiple domains
capable of accepting, transferring, and/or modifying one amino acid residue. The major domains
of an NRPS module include formylation (F), adenylation (A), thiolation, peptide carrier protein
(PCP), condensation (C), termination, and/or thioesterase (TE) (150). Some NRPS also contain
additional enzymes for derivatization of the core peptide product and/or cyclization to form the
final product. Together, NRPS modules constitute an assembly line-like metabolic pathway as

illustrated for production of one of the most commonly observed lipopeptides, surfactin (Fig. 1.7).
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Figure 1.7: Biosynthetic steps catalyzed by the surfactin NRPS found in Bacillus species. The
gene organization of the surfactin-producing BGC is shown (A), identifying its three core
components, srfAA, srfAB, and srfAC as highlighted by the gray box. Biosynthetic steps for
surfactin production (150) are shown (B). Surfactin-producing BGC contains a total of seven
modules that are distributed within the three core domains, where each module contains necessary
genes for incorporating one amino acid at a time during the biosynthetic process. Abbreviations
corresponding to individual domains are shown inside the box on the lower left.

The production of multiple structurally diverse polyketides is also a feature commonly
observed in Bacillus species. These products often exhibit some level of antibacterial activity
(175). In a manner reminiscent of the NRPSs addressed above, such polyketides are produced by
mega-enzyme PKS (polyketide synthase) complexes where each module contains multiple

domains (176). The biosynthetic process for polyketide production is highly similar to that
55



necessary for standard, straight-chain, fully saturated fatty acids. Indeed, fatty acids themselves
are polyketides. Biosynthesis catalyzed by PKSs involves a stepwise condensation of a starter unit
such as acetyl-CoA or propionyl-CoA with an extender unit of malonyl-CoA or methylmalonyl-
CoA (177). The major domains which comprise each module in biosynthesis are acyltransferase
(AT), acyl carrier protein (ACP), B-ketoacyl-ACP synthase (KS), B-ketoacyl-ACP reductase (KR),
dehydratase (DH), enoylreductase (ER), and thioesterase (TE) (178, 179). A proposed model for

the biosynthesis of the polyketide difficidin requires seven core modules (Fig. 1.8).

In contrast to secondary metabolites generated by NRPS clusters, the RiPPs are peptides
produced by modification of precursor polypeptides that are initially produced by ribosomes via
standard cellular protein synthetic steps (180). In the first step of RiPP biosynthesis, the precursor
peptide containing a leader peptide and a recognition sequence (RS) is produced by the translation
of mRNA using the protein synthesis machine, ribosome (Fig. 1.9). The precursor peptide then
goes through the removal of the leader peptide and recognition sequence by the biosynthetic
enzymes. Finally, the initial core peptide is transformed into a matured peptide by a series of

modifications, including cyclization, dehydration, prenylation, and cyclodehydration.
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Figure 1.8: Proposed model of the biosynthetic pathway of a PKS BGC that produce difficidin in
Bacillus species. The gene organization of the difficidin-producing BGC includes seven PKS core
genes (F-L) marked off by the gray box (A). The proposed biosynthetic steps for difficidin
production by these seven core modules are shown (B) (178). Difficidin-producing modules are
subdivided into the necessary domains necessary for catalyzing the biosynthetic steps of the
process. Domains that are unable to contribute their typical catalytic function are crossed out in
the diagram. Abbreviations of associated domains are shown inside the box on the lower left.

Another commonly observed Bacillus secondary metabolite is terpene, consisting of a
building block of isoprene (181). The isoprene unit is provided in the form of dimethylallyl
pyrophosphate (DMAPP) and isopentenyl pyrophosphate (IPP) (Fig. 1.9) (182). These units are
produced by two distinct metabolic pathways: the mevalonate (MVA) pathway and the non-
mevalonate (MEP) pathway. In terpene biosynthesis, these two units are condensed by geranyl

pyrophosphate synthase to produce geranyl pyrophosphate (GPP), which is the precursor to all
terpenes (182).
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Figure 1.9: Schematics of the biosynthetic pathways of RiPPs (A) and terpenes (B) (180, 183). In
the RiPP biosynthetic process, an initial precursor peptide is produced by ribosome-based
translation. This initial intermediate contains a leader peptide, recognition sites (RS), and a core
peptide. In subsequent steps, the core peptide is modified and released as a mature peptide through
post-translational modifications and proteolysis. Terpene biosynthesis initiates with isoprene units
and gets transformed to geranyl pyrophosphate through series of biosynthetic reactions.

1.5. Discovery pipelines

Since the early 20" century, bioassay-based fermentation has been the key strategy for
discovering bioactive natural products. However, over time this process has become ineffective
due to the frequent rediscovery of existing compounds. As a consequence, rate of novel bioactive
compound slowed dramatically from the 1970s forward. Fortuitously, recent rapid advances in
genome sequencing technology, robust bioinformatics algorithms, and computational capacity for
“big data” has provided alternative pathways to address this challenge. In the past two decades, a
staggering number of genomes have been sequenced covering organisms from all domains of life.
The large proportion of these data are currently accessible in public databases. This has enabled

mining of the whole genome sequences of target organisms to predict biosynthetic pathway of
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antibiotic natural products. In addition, insight from the large-scale genomic analyses of target
organisms expedites the identification of novel compounds or known compound scaffolds with
novel derivatizations. These advances have already started to increase novel compound discovery
from biological sources, a trend that is expected to accelerate into the future. This is due at least in

part to diminishing redundant and unproductive compound rediscovery.

1.5.1. Bioassay-based chemical screening

Nearly a century ago, the discovery of penicillin from the fungus Penicillium rubens started
the golden age of natural product-based antibiotic discovery. Since then, numerous antibiotics have
been discovered in microorganisms and plants. Some major classes of microbiome-derived
antibiotics are tetracyclines, macrolides, glycopeptides, cycloserines, bacitracin, polymyxins,
mupirocin, and cephalosporins (19). The first successful antibiotic discovery platform, known as
the “Waksman platform”, launched the discovery of a substantial amount of antibiotics between
1940 and 1960 (184). This discovery platform consists of a dual-plate antibiosis assay of a
bacterium against target pathogens to measure zones of growth inhibition (18). Since the 1960s,
the rate of antibiotic discovery based on this platform has slowed significantly. This is due to the
increased rate of rediscovery of existing compounds and the lack of novelty in the bioactive
compound. This gap in novel antibiotic discovery has increased demands for antibiotic discoveries
against pathogenic microorganisms (19). Further, antibiotic resistance and the emergence of new
pathogens have continued to increase in the past three decades (185—188). These situations warrant
exploring an alternative and sustainable approach to discovering antibiotic natural products with

novel modes of action.
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1.5.2. Genome mining

The natural products produced in bacteria, fungi, and plants are encoded in one or
proximally located multiple operons that are widely known as biosynthetic gene clusters (BGCs).
Due to the advances in computational speed/capacity and the development of robust bioinformatics
algorithms/programs to capitalize on them, such BGCs can be reliably identified from whole-
genome sequence and their putative products predicted with high accuracy (23). Some of the most
comprehensive bioinformatics suites of programs for predicting BGCs are antiSMASH,
NP.searcher, SMURF, ClustScan, eSNaPD, ClusterFinder, EvoMining, NRPS-PKS/SBPKS,
NaPDoS, BAGEL, and RODEO (24). Table 1.3 shows prominent bioinformatics programs
currently available for bacterial genome mining. Among these, the most popular bioinformatics
program for predicting bacterial BGCs and secondary metabolites is antiSMASH (189). Itis a
comprehensive pipeline for identifying a variety of BGCs in bacterial genomes, including
polyketides (PKs), non-ribosomal peptides (NRPs), terpenes, ribosomally-synthesized and post-
translationally modified peptides (RiPPs), etc. Other prominent bioinformatics programs,
including BiG-SCAPE, BiG-MAP, and BiG-SLiCE have been developed recently in parallel to
simultaneously compare, analyze, and dereplicate a large number of BGCs. These comprehensive
toolsets have enabled dereplication and selection of novel metabolites or the existing metabolites
with novel derivatizations. The capacity to capitalize on these advances would be severely
diminished without commensurate innovations in analytical instrumentation and procedures
including but not limited to chromatography (e.g., HPLC), mass spectrometry, and NMR.
Simultaneous technological advances on both fronts has already enabled the expedited discovery
of novel natural products, and this is a trend that is expected to continue into the future. (22, 23,

190-193).
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Table 1.3: Current state-of-the-art bioinformatics toolset for bacterial genome mining (23, 24).

Bioinformatics Key features Available at Year
tool Released
antiSMASH Integrate multiple BGC prediction https://antismash.secondarymetabolites.or 2011
tools/algorithms: ClusterFinder, NaPDoS, g/
RODEO.
NP.searcher Predict 2D and 3D structure of NRPS/PKS. https://dna.sherman.lIsi.umich.edu/ 2009
ClustScan Employ pHMMs of signature genes for BGC obtain by request at novalis@novalis.hr 2008
prediction.
eSNaPD Uncover biosynthetic diversity from http://esnapd?2.rockefeller.edu/ 2014

metagenomic data.

ClusterFinder Prediction is based on Pfam domain https://github.com/petercim/ClusterFinder 2014
frequencies.

EvoMining Genome mining based on evolutionary https:/github.com/nselem/evomining 2019
principles.

NRPS-PKS/ Model 3D structures of individual PKS http://202.54.249.142/~pksdb/sbspks/mast 2010

SBPKS catalytic domains. er.html

NaPDoS Phylogenic approach for domain analysis, https:/npdomainseeker.sdsc.edu/ 2012

various query types including genome contig.

BAGEL Single-input whole-genome analysis for http://bagel.molgenrug.nl/ 2013
bacteriocin and RIPP BGC detection.

RODEO Combine hidden Markov model-based http://ripp.rodeo/ 2017
analysis, heuristic scoring, and machine
learning.

PRISM A comprehensive platform for the prediction https://prism.adapsyn.com/ 2015

of the chemical structures of gnomically
encoded antibiotics, including all classes of

RiPPER Identification of RiPP precursor peptides and | https:/github.com/streptomyces/ripper 2021
biosynthetic gene clusters.

PKMiner Genome mining for type II polyketide | http:/pks.kaist.ac.kr/pkminer 2012
synthases.
ARTS Specific and efficient genome mining for | https:/arts.ziemertlab.com 2017

antibiotics with interesting and novel targets.

CLUSEAN Automated analysis of bacterial secondary | https:/bitbucket.org/tilmweber/clusean 2009
metabolite biosynthetic gene clusters.
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1.5.3. Bioassays and chemical analyses guided by genome mining

In order to increase the rate of antibiotic discovery, combined bioassays and chemical
analyses guided by genomic analysis have been implemented in the past two decades (194, 195).
Implementation of this approach has been inspired by recent technological advances in genome
sequencing, computational algorithm, and analytical instrumentation (31, 196, 197). These
advancements have enabled the sequencing of a large number of whole genomes from various
organisms on one hand and improved the resolutions and capabilities of analytical instruments
such as MS, NMR, and HPLC on the other (22, 198-204). Currently, large-scale genomic analysis
allows the prediction of the biosynthetic pathway of antibiotic natural products, apriori. This
assists in focusing on natural products with novel properties/scaffolds from the target organism
before performing bioassay-based chemical analysis. In subsequent steps, the predicted novel
natural product is extracted and isolated from the culture of the target organism and analyzed using
analytical instruments, followed by screening for antibiosis activity. In parallel, data from both
genomic and chemical analysis are combined and analyzed simultaneously using comprehensive
bioinformatics platforms such as SMART algorithm, DP4-Al machine learning algorithm,
MixONat, ZODIAC, CANOPUS, Retip, MetFID, MASSST, Spec2Vec, FBMN, and BMDMS-
NP (26). This combined approach is anticipated to reduce the rate of rediscovery of existing

antibiotics and speed up the discovery of novel antibiotic natural products.

1.5.4. Functional, synthetic, and meta-genomic approaches
Fueled by the rapid advances in genome sequencing and bioinformatics algorithms, new
technologies such as functional, synthetic, and meta-genomics have been developed to expedite

novel antibiotic discovery. The functional genomics approach utilizes function-related aspects of
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genomes such as gene (and protein) and whole biosynthetic pathways to determine the function,
novelty, and related properties of a natural product (205-207). This technology has allowed
focusing on a specific protein or metabolite pathway to understand the biological process in a
specific context. In addition, it has enabled the transfer of BGCs of a whole biosynthetic pathway
of a natural product into a heterologous system to understand the intricate enzymatic steps within
the pathway by employing PCR and CRISPR technologies (208, 209). Currently, existing genomic
technologies have already enabled the synthesis of large DNA, gene clusters of a biosynthetic
pathway, or the whole genome of an organism using synthetic genomics on a large scale (210,
211). This approach has allowed genetic modification of existing genetic code or (custom) design
of a novel genetic code to produce a novel phenotype. The metagenomics approach has allowed
the recovery of the genetic material of target organisms directly from the environment that is
otherwise inaccessible outside of their natural conditions (212, 213). In this approach, DNA
sequences are extracted and cloned directly from the natural environment from as-yet-unculturable
microorganisms (212, 214). The metagenomic approach is expected to significantly enhance the
pace of antibiotic discovery from those inaccessible microbial communities commonly known as

microbial “dark matter” (215, 216).

1.6. Bacillus cytochromes P450: Catalysis and contribution in secondary metabolite
biosynthesis
Cytochromes P450 (CYPs or P450s) are heme-containing monooxygenase enzymes
comprising of one of the largest enzyme superfamilies (217, 218). Their “P450” designation is
derived from the appearance of a strong UV-visible absorption band at 450 nm when they are

bound with CO in their reduced state (i.e., Fe"-CO complex) (219). Currently, more than half a
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million P450 enzymes with distinct amino acid sequences have been deposited in the UniProt
database (220). P450 enzymes have been identified in all kingdoms of life, including Eukarya,
Archaea, and Bacteria (221). All P450s are divided into families and subfamilies. These are first
designated with the CYP root symbol to identify the superfamily followed by a number
representing the gene family (e.g., CYP3). A capital letter follows which identifies the subfamily
(e.g., CYP3A), and the individual gene is specified with the final number (e.g., CYP3A4) (222).
The enzymes of the P450 superfamily vary substantially in their structure, preferred substrates,
and function among the various organisms that utilize them (159). In humans, a total of 57 P450
enzymes catalyze critical reactions necessary for the biosynthesis of cholesterol and the
specialization of that scaffold for production of steroid hormones such as estrogen and
testosterone. CYPs are also central to the metabolism of vitamin D, many drug compounds, and
xenobiotics (223). Here the action of P450s is often to derivatize otherwise highly non-polar
compounds with oxygen-bearing substituents (e.g., -OH), making them more soluble and
facilitating their excretion. Prominent human P450s include CYP1A2, CYP2C9, CYP2CI19,
CYP3A4, CYP5AI1, CYP8AL, CYP7A1, CYP11A1l, CYP17Al, and CYP21A2 (223). The
distribution of P450s in bacteria is highly variable. For example, there are no P450 genes in E.
coli, but there are 20 P450s in Mycobacterium tuberculosis. Several P450s have been recently
discovered in giant viruses isolated from the deep ocean, terrestrial sources, and human patients

(224).

The catalytic process of P450 enzymes involves the tightly coordinated delivery of
electrons to the heme-dependent reaction center by either a fused or independent P450-reductase

(225, 226). The catalytic transformation of a given substrate takes place in the distal site of the
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heme-bearing CYP (P450) domain. This designation arises from the assignment of the heme’s so-
called proximal side as that face of the cofactor where the protein-derived Cys ligand coordinates
the heme’s iron. The so-called distal side of the heme is on the opposite side of the heme plane
(226). The canonical catalytic mechanism of P450 enzymes involves the insertion of one oxygen
atom into an otherwise highly non-polar and unreactive organic substrate (RH). Molecular oxygen
(O») is the source of the inserted oxygen atom. The O must be bound to and activated by the P450
heme center, and this requires an input of electrons derived from NAD(P)H as an electron donor.
This process is facilitated by the cytochrome P450 reductase. It is important to note that a broad
diversity of reactions outside of simple hydroxylations are catalyzed by P450s. These include
epoxidation, demethylation, and ring coupling (227).

In bacteria, enzymes from the P450 superfamily are one of the most diverse enzymes in
their structures and functions (159, 228). Due to their ability to catalyze the oxidative
transformation of a broad range of substrates, they are known as “promiscuous enzymes” (227,
228). Bacterial P450s play crucial roles in many biosynthetic and/or biodegradative processes that
include broad diversity of secondary metabolite biosynthesis and chemical transformations.
Prominent reactions known to be catalyzed by bacterial P450s are hydroxylation, aromatic
dehalogenation, ring formation, ring coupling, ring contraction, intramolecular rearrangement,
heteroatom release, epoxide formation, dimer coupling, demethylation, and decarboxylation (229).

Many bacterial P450s are involved in oxidative transformation of broad range of
physiologically important natural products that have potential applications as antibiotics,
immunosuppressants or anticancer agents. These P450s are often associated with several classes
of natural products generated through secondary biosynthetic pathways, including polyketides,

ribosomal and non-ribosomal peptides, alkaloids, terpenes, steroids, and fatty acids. In two
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examples from terpene biosynthesis, P450s catalyze an oxidative deamination reaction in
clavulanic acid biosynthesis as well as hydroxylation reaction in di- and sesquiterpene biosynthesis
(230). Some P450s catalyze oxygenation in monoterpenes, diterpenes, and steroids to facilitate
their biodegradation (159). Many P450s are reported to be involved in polyketide biosynthetic
pathways, with catalytic roles in simple oxidative transformations to complex, multi-site
transformations. Some important P450-associated bacterial-generated polyketides are
erythromycin A, bacillaene, pimaricin, candicidin, and griseoviridin (231-235). Several non-
ribosomal peptides have been reported to be modified through P450-catalyzed reactions. These
include vancomycin, balhimycin, teicoplanin, thaxtomin, nocardicin A, and rufomycin (236—-240).
Some P450s have been reported to be involved in biosynthesis of ribosomal peptides, including
microbisporicin bottromycin, thiostrepton, and thiomuracin (241-244).

P450s have a highly conserved tertiary structure with a characteristic protein fold where
only the protein-derived proximal ligand to the heme iron (a cysteine) is conserved across the
whole superfamily (218). The core scaffold consists of twelve helices (~40% residues), labeled A-
L and five antiparallel B pairs (10% residues) (Fig. 1.10) (245). Spatially, the secondary structural
elements subdivide the enzyme scaffold in a- and B-rich domains, where the helical rich domain

contains C-L helices and the helical poor domain contains A and B helices.
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Figure 1.10: Structure of a cytochrome P450. The crystal structure of Pseudomonas putida
CYPI01AT in complex with its preferred substrate, camphor (PDB: 1DZ4) (246).

Typically, P450 core structure consists of a four-helix bundle, D, E, I, and L that produces
a triagonal prism-shaped structure (247). The iron-containing heme prosthetic group is bound to
an invariant residue cysteine proximally situated at the N-terminus of L-helix. Within bacterial
P450s, the cysteine-containing GXXXC motif in the heme-binding loop is highly conserved. An
important feature of the P450 scaffold is that it contains a long I-helix running over the distal

surface of the heme. In addition, the interhelical BC- and FG-loops are highly flexible and known
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to accommodate substrate entry to the active site center. It is posited that the swinging of the F-

and G-helices transiently exposes the active site for substrate entry and product exit (248).

1.6.1. Catalytic mechanism

The catalytic mechanism of the cytochrome P450 enzyme is highly complex and varies
significantly depending on the type of reaction being catalyzed (226, 249). Even after an extensive
investigation of nearly sixty years, some aspects of their catalytic mechanism are still unknown
(226). Generally, the catalytic process begins with the substrate binding to the active site of the
P450 enzyme (Fig. 1.11). Upon substrate binding, a water molecule from the active site is
displaced, producing a transition from a hexacoordinate low-spin heme iron to a pentacoordinate
high-spin heme iron (250). The shift in heme coordination triggers a positive change in the
reduction potential of the Fe*" center. This event enables electron transfer from NAD(P)H via the
P450-reductase system, reducing the Fe’" heme to its Fe?" state (251). The facile binding of
molecular oxygen to the Fe?* heme produces an Fe''-O, complex. Subsequently, the transfer of a
second electron from NAD(P)H produces a short-lived peroxide-bound state. After the addition of
a proton, heterolytic scission of the O-O bond produces H>O and a highly reactive ferryl (i.e.,
Fe'V=O[porphyin'*]) species referred to as “compound I”. This highly reactive compound I then
abstracts another proton, leading to the formation of ferryl-hydroxo compound (referred to as
“compound I1”) (252). Finally, the reaction of the substrate radical with the hydroxyl group of
compound II generates the hydroxylated product. The release of the product from the active site
allowed a water molecule to reoccupy the active site to coordinate with Fe**. This event restores

the resting state and completes the catalytic cycle.
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Figure 1.11: A generalized scheme of the P450 catalytic mechanism (159).

1.6.2. Bacillus P450s

Bacillus cytochromes P450 have been of great interest since the discovery of a full-length
P450sMm3 in the 1970s (217, 253-255). Numerous studies have been conducted on P450pwm3 as a
tool to understand enzyme catalysis and engineer novel variants with enhanced and/or useful
properties for application in pharmaceutical and biotechnology, employing directed evolution or
rational design (256-259). This enzyme is known to catalyze the hydroxylation of medium to long-
chain fatty acids (257). However, the degree to which P450gm3 catalyzes this reaction in vivo, and
correspondingly, its exact physiological role is yet unknown. To date, only a handful of P450s

have been identified in secondary metabolite-producing BGCs from Bacillus species. These may
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contribute to the functional modification of respective secondary metabolites (159, 260). Examples

of such P450s enzymes are CypX, PksS, and CYP109 (Fig. 1.12) (231, 261, 262).

Figure 1.12: Crystal structures of Bacillus P450s. (A) CYP102 P450 domain (P450sm3), PDB:
47ZFA (263), (B) CypX (CYP134), PDB: 70W9 (264), (C) PksS, PDB: 4YZR (265), and (D)
CYPO9 (the versatile enzyme), PDB: 51.94 (266).

However, their distributions among biosynthetic pathways, sequence conservation, tertiary
structure, substrate preference, catalytic mechanism, and exact physiological roles are yet
unknown. New genomic, computational, and biotechnological tools and the data they have

generated make it an opportune time to investigate BGC-affiliated P450s through in silico gene
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comparison, structural modeling, molecular docking, molecular dynamics simulation, and in vitro

P450-catalyzed oxidative transformations of candidate substrates.

A previous study reported that cytochrome P450 genes are frequently observed as
accessory genes in the biosynthetic gene clusters (BGCs) of Bacillus species (260). These P450s
are anticipated to participate in the functional modification of associated secondary metabolites or
their precursors (267, 231). The PKsS gene codes one such P450. It was first identified in the B.
subtilis (strain 168) as part of a polyketide-producing BGC (231). Its proposed catalytic function
is the hydroxylation of a polyketide called dihydrobacillaene (231). CypX (CYP134A1) is another
B. subtilis P450 found within a BGC. Its putative function involves hydroxylation of various
cyclodipeptides (261). The CYP109 enzyme, also discovered in B. subtilis, is characterized as a
“versatile enzyme” due to its ability to oxidize various substrates, including fatty acids, n-alkanes,

primary alcohols, terpenoids, and the steroid testosterone (262).

1.6.3. P450Bm3

The P450sm3 enzyme (CYP102A1) was discovered over forty years ago in Bacillus
megaterium (254). It is referred to as P450gms3 since it was the third P450 enzyme isolated from
the B. megaterium species. It is a full-length enzyme comprised of a CYP domain as well as a
fused P450-reductase domain. Due to its catalytic role in the oxidative transformation of fatty acid
substrates, the P450sm3 is commonly referred to as “fatty acid hydroxylase” (257). However, the
catalytic ability of its laboratory variants has been extended to include the oxidation of many non-
natural substrates, including aniline, chlorostyrene, fluorene, hexane, indole, B-lactone,
phenanthrene, and many others (257). For fatty acid substrates, the hydroxylation of the substrate

takes place exclusively at the fully reduced alkyl end (i.e., the ®-1, ®-2, or ®-3 positions) (268).
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The P450sMm3’s substrates include 12 - 20 carbon fatty acids that can be saturated, unsaturated, or
branched-chain. Its preference is for pentadecanoic acid (257). The full-length P450pwm3 is a
continuous ~120-kDa polypeptide, consisting of a 55 kDa CYP domain fused with a 65 kDa
reductase domain (257). The CYP domain contains the heme prosthetic group which marks
monooxygenase active site, the reductase domain contains two prosthetic flavin groups, one FAD
(flavin adenine dinucleotide) and FMN (flavin mononucleotide), in an equivalent ratio (257). The
flavins facilitate electron transfer from the hydride-only NAD(P)H donor to the CYP domain heme
center which accepts two sequential one-electron transfers. A crystal structure for the full-length
P450sMm3 has not been obtained. This is likely due to difficulties in crystallizing the intact P450sm3
with its constituent cofactors and highly flexible linker which connects the CYP and reductase
domains (269). Further, the exact physiological role of P450gm3 is yet unknown even after

extensive investigations over four decades.

1.6.4. CypX (CYP134A1)

The CypX (CYP134A1) was first isolated from Bacillus subtilis (261). Its proposed
catalytic activity involves three-step oxidative transformations of a diketopiperazine, cyclo-
Yeucyl-teucyl into pulcherriminic acid, a precursor of extracellular siderophore pulcherrimun
(261). The oxidation of Meucyl-"leucyl by cypX focuses on the diketopiperazine amine nitrogen
atoms, converting them to the corresponding N-oxides, concomitant with the aromatization of the
diketopiperazine ring either via hydroxylation and elimination of water or directly via an electron
transfer reaction (261). Another study has shown that CypX could catalyze the oxidative
transformation of steroidal substrates such as androsta-1,4-diene-3,17-dione, methyltestosterone,

and progesterone (270). The CypX enzyme is one where the CYP domain is a stand-alone protein
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that requires a separate reductase system for electron delivery. Accordingly, CypX has a molecular
weight of about 45 kDa. CypX also bears the usual Cys thiolate-ligated heme center. Its catalytic
process requires a partner reductase system comprising ferredoxin reductase and ferredoxin. At
present, its precise catalytic mechanism and the range of its substrate preference for dipeptide

homologs are not well understood.

1.6.5. PksS

The PksS gene was first reported in 1993 as part of the bacillaene-producing BGC in
Bacillus subtilis (267). However, the link between the PksS enzyme and bacillaene biosynthesis
was not confirmed until 2006 (178). This is the first P450 from a Bacillus species reported to be
involved in a polyketide biosynthetic pathway. The molecular weight of PksS is approximately 47
kDa. In light of this, it is not surprising to find that the PksS consists of a stand-alone CYP domain
containing a Cys thiolate-ligated heme center, and it requires an external reductase system (e.g.,
ferredoxin/ferredoxin reductase) for catalysis. Reddick et al. reported that dihydrobacillaene, not
bacillaene, is as the preferred substrate of PksS (231). However, the substrate preference range and
the catalytic mechanism of PksS remain unknown. This is likely due to the difficulty with
performing substrate-binding and/or substrate-dependent kinetic studies. Such investigations are
complicated by the notorious instability of bacillaene and dihydrobacillaene under ambient
conditions. At present, elucidating the enzyme’s catalytic mechanism, structure, and substrate

preference range have not appeared in the literature.

1.6.6. CYP109 “the versatile monooxygenase”
The CYP109 was first identified in the complete genome sequence of Bacillus subtilis

strain 168 in 1997 (114, 262). Since then, several homologs of CYP109 have been identified,
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including A1, B1, C1, C2, D1, and E1, with the sequence identity between homologs ranging from
33 to 47% (266, 271, 272). This enzyme is commonly referred to as the “versatile
monooxygenase” due to its ability to bind and catalyze the oxidative transformation of a broad
range of substrates, including fatty acids, n-alkanes, primary n-alcohols, terpenoids like (+)-
valencene a- and B-ionone, and the steroid testosterone (262). A CYP109 subfamily, CYP109B1,
catalyzes the oxidative transformation of fatty acid substrates at the subterminal position. For the
terpenoid a-ionone, CYP109B1catalyzes a regioselective hydroxylation reaction to yield 3-
hydroxy-a-ionone and 4-hydroxy-B-ionone. In another subfamily, CYPI09EI, the enzyme
catalyzes the hydroxylation of testosterone, and it has been observed to bind testosterone and
corticosterone (266). The molecular weight of the heme-bearing CYP109 enzyme is approximately
47 kDa. Following the pattern of the CypX and PksS, it requires an external ferredoxin/ferredoxin

reductase system in order to carry out its catalytic mechanism.

cyclo-ILeu-"Leu) androsta-1,4-diene-3,17-dione methyltestosterone progesterone

dihydrobacillaene /&—4 a-ionone pentadecanoic acid B

Figure 1.13: Examples of substrates of P450s from Bacillus species.
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Chapter 2: Broad antibiosis activity of Bacillus velezensis and Bacillus subtilis is accounted

for by a conserved capacity for lipopeptide biosynthesis

2.1. Abstract

Bacillus species produce diverse secondary metabolites that are of great interest in
preventing disease due to plant pathogens. In this study, we evaluated 288 strains across 17
Bacillus species for antibiosis activity against the root-associated plant-pathogenic oomycete,
Phytophthora nicotianae. Fifty-nine (20%) out of 288 strains exhibited strong inhibition, while 41
and 188 exhibited weak and no inhibition, respectively. Bioactivity was highly concentrated
among only five species (B. pumilus, B. safensis, B. altitudinis, B. velezensis, and B. subtilis),
accounting for 56 out of the 59 strongly inhibitory strains. These observations prompted additional
investigation into the common biosynthetic gene clusters (BGCs) and secondary metabolites
produced by these organisms. Of the 59 P. nicotianae-inhibitory strains, all the B. velezensis strains
and all but one of the B. subtilis strains also showed strong antibiosis activity against three fungal
pathogens, Fusarium oxysporum, Fusarium graminearum, and Rhizoctonia solani and were thus
designated as generalists. Conversely, none of the B. pumilus, B. safensis, and B. altitudinis strains
showed any inhibition of F. oxysporum or F. graminearum and only weak inhibition of R. solani,
earning them the designation Qomycete specialists. Strains from specialist and generalist species
were predicted to contain, on average, 9 to 13 BGCs, whereas strains from the 12 non-inhibitory
species carried only 5 to 8 BGCs. Strikingly, lipopeptide BGCs (1 — 3 on average) were
prominently represented within the five bioactive species and virtually absent from the 12 non-
inhibitory species. Surfactin was evenly distributed across all specialists and generalists. However,

among the generalists B. subtilis strains also carried a fengycin BGC, and B. velezensis encoded a
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novel iturin and fengycin BGC. Iturin (including bacillomycin L), fengycin, and surfactin were the
most commonly observed lipopeptide BGCs among the most bioactive species, with many strains
containing all three. These lipopeptides from strongly inhibitory B. velezensis J1334 were isolated,
identified, and characterized by LC-MS. Each lipopeptide was also evaluated for its antibiosis
properties by disk diffusion and microtiter plate-based antibiosis assays. Fengycin and
bacillomycin L produced potent antibiosis activity against oomycetes and fungi as compared to
surfactin while fengycin was the strongest inhibitor among lipopeptides evaluated. Six to ten
derivatives of each lipopeptide were observed, accounted for primarily by the variable length of
the fatty acid side chain. This study is the first of its kind on the evaluation of diverse Bacillus
species against P. nicotianae and fungi in correlation with conserved capacity for the biosynthesis

of potent inhibitory lipopeptides.

2.2. Introduction

Plant-pathogenic fungi and oomycetes are the cause of serious and intractable diseases that
result in multiple billions of dollars in annual crop losses (273). Wheat stem rust, rice blast, corn
smut, soybean rust, and potato late blight destroy five of the most important global cash crops,
threatening global food security especially in developing nations (4). The agricultural impacts of
climate change combined with the overuse of synthetic fungicides have simultaneously produced
an increase in fungal diseases and fungicide resistance (38, 274, 275). Due to these concerns,
biological agents have been considered as an alternative and promising strategy for disease control
and crop management (276). Studies have shown bacteria from the genera Bacillus, Streptomyces,
Pseudomonas can be effective biocontrol agents against various plant pathogens (277, 278). In

particular, Bacillus species have shown strong bioactivity against plant pathogens (15, 279, 280).
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Currently, several Bacillus-based biological agents are commercially distributed worldwide,
including Avogreen (B. subtilis), Ballad Plus 1 Sonata (B. pumilus), RhizoVital 42 (B.

amyloliquefeciens), EcoGuard TM (B. licheniformis), and Botrybel (B. velezensis) (9—12).

Bacillus species inhabiting the soil and plant rhizosphere, are particularly well-suited as
biological agents due to their adapted physiology in that environment (15). They are known as
plant growth-promoting rhizobacteria (PGPR) for their contributions to plant growth and disease
biocontrol (8). Factors contributing to these aspects include abilities in plant-root colonization and
production of allelochemicals such as siderophores, antibiotics, biocidal volatiles, lytic and
detoxification enzymes (278). The most common antimicrobials produced by Bacillus species are
peptides, polyketides, betalactones, fatty-acid derivatives, and lytic enzymes (17). These
compounds are known as secondary (or specialized) metabolites, often encoded by biosynthetic

gene clusters (BGCs).

The most common bioactive secondary metabolites produced by Bacillus species are non-
ribosomal and ribosomal-peptides and polyketide-derived macrolides (17). The non-ribosomal
peptides (NRP) are produced by multimodular BGCs called non-ribosomal peptide synthetases
(NRPS) that accept proteinogenic or modified amino acids as substrates (282). The most
extensively studied Bacillus NRPs are cyclic lipopeptides (e.g., surfactin, fengycin, iturin, etc.),
and siderophores (e.g., bacillibactin) (17). In particular, Bacillus lipopeptides are known to be
strongly antagonistic against plant pathogenic fungi and oomycetes (283). Structurally, these
lipopeptides are small peptides (5 - 12 amino acids) consisting of a cyclic lactone ring with a linked
B-amino or B-hydroxy fatty acid of variable carbon chain length. The bioactivity of each

lipopeptide varies significantly, ranging from broad to narrow-spectrum antifungal or antibacterial
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activity, which may depend on the chemical properties of constituent amino acids as well as fatty
acid chain length and branching (283). The common modes of action of these lipopeptides are cell
lysis, cell membrane leakage, inhibition of enzymes, and inhibition of protein synthesis of target

pathogens (284).

Past studies have demonstrated an excellent biological activity of several Bacillus species
against plant pathogens in correlation with their abilities to produce single or multiple secondary
metabolites (147, 156, 285-288). However, the bioactivity of the Bacillus strain and derived
natural products are mostly studied either in a single strain or a few strains within the same species.
Consequently, a comparative overview of the conserved roles of such natural products in
correlation with their diversity and extent of expression in diverse Bacillus species is missing from
the literature. In particular, the breadth of Bacillus antibiosis activity across various plant
pathogens such as oomycete and fungi in connection with the ability for secondary metabolite

production is far less understood.

To address this gap, we carried out a comparative evaluation of the antibiosis activity of
288 strains of diverse Bacillus species in connection with their ability to produce antimicrobial
secondary metabolites. Antibiosis screening of these Bacilli against plant pathogenic oomycete,
Phytophthora nicotianae identified 59 (20%) strongly inhibitory strains. These were further
evaluated for broad-spectrum inhibitory properties against three plant pathogenic fungi: Fusarium
oxysporum, Fusarium graminearum, and Rhizoctonia solani. Genomic analysis of these Bacilli
showed a striking strong conservation of three lipopeptide BGCs (iturin/bacillomycin L, fengycin,
and surfactin) among strongly inhibitory but not non-inhibitory Bacillus species. All three

(bacillomycin L, fengycin, and surfactin) were produced, extracted, and isolated from a

78



representative strong inhibitory B. velezensis strain. Characteristic chemical properties and
antibiosis activity of each purified lipopeptide were further evaluated using UV-vis absorption
spectroscopy, liquid chromatography, high-resolution mass spectrometry, and plate-based

antibiosis assays.

2.3. Materials and Methods

2.3.1. Strains, chemicals, and culture conditions

In the present study, 288 PGPR strains of diverse Bacillus species obtained from various
plant rhizospheres were evaluated as potential biological agents. For genomic analysis, [llumina-
generated draft genome sequences were analyzed, trimmed, and assembled using CLC Genomic
Workbench (289). Genome quality was further evaluated by CheckM v1.1.3. (290), and 288
genome sequences with returned sequence completeness of greater than 70% were included in this
study. Twenty-nine (out of 288) Bacillus strains with the greatest biocontrol potential were further
sequenced at Nanopore for single-contig complete genome sequence. The taxonomy of all Bacillus
strains was confirmed by the top hit of average nucleotide identity (ANI) of whole-genome
sequence at Microbial Genomes Atlas (MiGA) webserver (291). All 288 Bacillus strains were
taxonomically distributed into 17 species that include “Bacillus (others)” representing a collection
of 30 strains from less commonly observed species contributing < 5 strains. A phylogenetic tree
was constructed using 16S rRNA sequence of each type strain matching all 17 species obtained
from EZbioCloud database (292). For routine bacterial growth, the cells were cultured at 37 °C in

tryptic soy broth (TSB) medium, supplemented with 1.5% Bacto agar (if required).
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2.3.2. Antibiosis assay of Bacillus strains against P. nicotianae and fungal pathogens

Bacillus strains were screened for their abilities to inhibit the growth of the root-associated
plant-pathogenic oomycete, P. nicotianae in a plate-based assay. P. nicotianae was grown in a V8
agar medium (180 mL/L V8 juice, 2 g/LL CaCO3, and 15 g/L Bacto agar) while the Bacillus strains
were grown in TSB (tryptic soy broth) medium supplemented with 1.5% Bacto agar. Assay plates
were prepared using the V8 agar medium in which bacterial colonies were transferred into a well
(diameter = 10 mm) containing TSB-agar at the edge of the plate and the P. nicotianae was
transferred as a plug to the center of the plate. The growth inhibition of P. nicotianae’s hyphae due
to the presence of Bacillus colonies was recorded after a 7-10 day incubation. The inhibitory
responses of Bacillus strains were classified as strong, weak, and no inhibition based on the
measurement of the zone of inhibition (ZOI) and morphological changes of both Bacillus strains
and P. nicotianae being evaluated. A strong inhibition was assigned for a clear zone of inhibition
(ZOI) of 5-15 mm with complete elimination of P. nicotianae’s hyphae in the interface of Bacillus
colonies and P. nicotianae, while no inhibition was assigned when the P. nicotianae’s hyphae
spread over the Bacillus colonies with no observable ZOI. Exhibition of a less clear ZOI of 2-7mm

with substantial reduction of P. nicotianae’s hyphae was assigned as weak inhibition.

Fifty-nine P. nicotianae-inhibitory Bacillus strains were further evaluated for antibiosis
against F. oxysporum, F. graminearum, and R. solani. Each organism was assayed and evaluated
in the same condition as described above for P. nicotianae and resulting antibiosis response was
similarly classified as strong, weak, and no inhibition based on ZOI and morphological changes

of organisms evaluated.
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2.3.3. Calculation of bioactivity index

Conservation of antibiosis activity expressed by various Bacillus species was calculated on
the basis of the distribution of strong, weak, and no inhibition among strains within each species.
A term “bioactivity index” accounting for such conservation of antibiosis activity was calculated
using a weighted-average score of 1 for strong inhibition, 0.5 for weak inhibition, and 0 for no
inhibition using the following equation:

Bioactivity Index

(#strong inhibitor strains x 1) + (#weak inhibitor strains X 0.5) + (# noninhibitory strains x 0)
B # of total strains within a species

As defined, bioactivity index of 1 indicates the highest expression of antibiosis activity,
where all tested strains of a given species show strong antibiosis activity. Conversely, a 0 indicates
no expression of antibiosis activity (i.e., no tested strains of a given species showed antibiosis

activity).

2.3.4. Genome mining and bioinformatics analyses of Bacillus strains

Genome sequences of all 288 Bacillus strains were analyzed by antiSMASH v.5
(antibiotics and secondary metabolite analysis shell) (189) to predict biosynthetic gene clusters
(BGCs) and secondary metabolites. Predicted BGCs were further dereplicated based on respective
BGCs from single contig complete genome sequences to eliminate duplicated and/or fragmented
BGCs. To infer conservation in sequence and putative function, predicted BGCs were grouped
into networks of clusters based on sequence similarities using BiG-SCAPE v.0.0.0r (Biosynthetic
Gene Similarity Clustering and Prospecting Engine) (293). Finally, network distances generated
by BiG-SCAPE analysis were visualized and annotated using Cytoscape 2.8 (294).
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2.3.5. Extraction of secondary metabolites from bioactive Bacillus strains

Representative strains from five bioactive Bacillus species were selected for producing
secondary metabolites that may be responsible for antibiosis activity. In order to produce
secondary metabolites, the Bacillus strains were grown in Landy medium (glucose, 20 g/L, yeast
1g/L, L-glutamic acid 5 g/L, KCI1 0.5 g/L, MgS04 0.5 g/L, KH,PO4 1 g/L, L-phenylalanine 3
mg/L, MnSO4 5 mg/L, FeSO4 0.15 mg/L, CuSO4 0.16 mg/L, pH 7.0) for 72h at 30 °C with constant
agitation (175 rpm). To pellet cells, liquid cultures were centrifuged at 6,000 x g for 40 mins. The
pH of harvested cell-free supernatant was adjusted to 2.0 by dropwise addition of concentrated
HCI with constant stirring. Following overnight incubation at 4 °C, the precipitate was collected
by centrifugation at 6,000 xg for 50 mins. The precipitate was extracted twice using 100% MeOH.
The pooled MeOH extract was dried under a constant flow of N> (g), and the dried residue was
redissolved in MeOH, filtered with a 0.2 um Acrodisc syringe filter (Pall Corporation, Ann Arbor,

MI), and stored at -20 °C until evaluated.

2.3.6. Evaluation of antibiosis of total extracts against P. nicotianae

The antibiosis assay of the total extract from each Bacillus strain against P. nicotianae was
carried out using a disk diffusion method (288). The assay was conducted using a V8 agar plate.
Freshly grown P. nicotianae was transferred as a plug (diameter = 5 mm) to the center of the assay
plate and allowed to grow for 72 h. Ten pL of the total extract was added onto a sterilized filter
disk (diameter = 6 mm) and then placed at the edge of the assay plate. The growth inhibition of P.
nicotianae hyphae surrounding the filter disk was measured and recorded after 5-7 days of

incubation at 25°C.
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2.3.7. Evaluation of chemical properties of total extract by UV-vis absorption and LC-MS

UV-vis absorption spectra of Bacillus strain total extract were evaluated for characteristic
absorption features. To detect compounds at 220 nm, 20 pL of total extract were separated through a
ZORBAX SB-C18 column (5 um, 4.6 x 150 mm) for 85 mins at a flow rate of 0.20 ml/min using an Agilent
Infinity 1100 HPLC system (Santa Clara, CA). Solvent A (100% water) and B (100% acetonitrile), each
containing 0.1% trifluoroacetate (v/v) were used with the following elution gradient for solvent B: 40% at
0 min, 55% at 15 min, 75% at 40 min, 100% at 60 min, and 75% at 77 min. To identify compounds in the
total extract, 0.2 uL of the extract was separated by LC through an Acquity UPLC BEH C18 (2.1 x 50 mm,
1.7 um) column and eluted onto an Thermo Fisher Exploris 120 orbitrap LC-MS (Milford, MA). The LC
separation was run for 20 mins with a column temperature of 40 °C and a flow rate of 0.20 mL/min. The
mobile phase gradient was created using water (A) and acetonitrile (B), each containing 0.1% formic acid
(v/v) such that solvent B was at 40% at 0 min and ramped to 100% at 14 min, and then back to 40% B at

16 min.

Ions were generated using both positive and negative ionization modes employing an
electrospray ionization (ESI) source. In addition, fragment ions from the precursor ions were
simultaneously produced in a high-stage MS" analyzer. The identity of compounds from the total
extract were initially confirmed by the parent ions generated by both positive and negative
ionization modes. The mass spectra of each fragmented ion generated by the MS" analyzer from
the corresponding precursor ion produced in the positive ionization mode were used for the
unambiguous identification of each compound. Further, characteristic fragment ions generated
from lipopeptide core peptides were used as diagnostic ions for the identification of lipopeptide
derivatives. For fengycin derivatives, two reporter fragment ions (A and B), generated by the

cleavage of Orn2-Tyr3 (A) and Glul-Orn2 (B) bonds from fengycin core peptide (Glul-Orn2-
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Tyr3-Thr4-Glu5-Ala/Val6-Pro7-GIn8-Tyr9-1le/Val10) were used as diagnostic ions for
unambiguous identification (145, 146, 295, 296). For surfactin, the fragment ions generated by the
cleavage of Glul-Leu/lIle2 bond from the core peptide (Glul-Leu/Ile2-Leu3-Val4-AspS-Leu6-
Leu/Ile7) and the remaining Glul-fatty acid tail were used to determine the derivatives and length
of fatty acid tail (297-299). Similarly, the fragment diagnostic ions generated by the cleavage of
Asn-Tyr (278.11) and Asn-Tyr-Asn (392.15) fragments from the core peptide and fragmented

fatty-acid tail were used for unequivocal identification of bacillomycin L derivatives (143).

2.3.8. Isolation of bioactive secondary metabolites using HPLC

Agilent Infinity 1100 LC system was used for isolating bioactive compounds from the
total extract of Bacillus strains. 100ul of the total extract was injected and eluted through
ZORBAX (Santa Clara, CA) SB-C18 column (5 mm, 4.6 x 150 mm) for 85 min. at a flow rate of
0.20 mL/min. The mobile phases were water (A) and acetonitrile (B), each containing 0.1%
trichloroacetic acid (v/v) with the following gradient for solvent B: 40% between 0-8 min., 55%
between 15-30 min., 75% between 40-50 min., 100% between 60-75 min., 75% at 55 min., and
40% at 79 min. The compounds were detected at 220, 275, 375, and 450 nm by a diode array
detector coupled with a full-spectrum (220 - 500 nm) analysis. Fifteen to 20 fractions were
collected and pooled and concentrated from five consecutive runs. The purity of compounds in

each fraction was evaluated by UV-vis absorption as well as by MS analyses.

2.3.9. Antibiosis evaluation of isolated lipopeptides and target pathogens

Purified bacillomycin L, fengycin, and surfactin were evaluated for bioactivity against P.

nicotianae, F. oxysporum, F. graminearum, and R. solani using a disk diffusion assay (288). The
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assay was conducted onto a V8 agar plate wherein a freshly grown target pathogen was transferred
as a plug (d = 5 mm) to the center of the assay plate and allowed to grow for 72 h. Ten puL of the
purified lipopeptide was added into a sterilized filter disk (d = 6 mm) and then transferred onto the
edge of the assay plate. The growth inhibition of P. nicotianae’s hyphae surrounding the disk was
measured and recorded after 5 - 7 days. In order to determine the inhibitory strength of purified
bacillomycin L, fengycin, and surfactin, a quantitative bioassay was carried out using a 96-well
microtiter-based plate assay against P. nicotianae and F. oxysporum as described by Romano et
al., with minor modifications (300). Both P. nicotianae and F. oxysporum were grown in a diluted
V8 medium (80 mL/L of V8 juice, 1 g/ of CaCOs3, and 6 g /L Bacto agar). Freshly grown plugs
of target pathogens were macerated by passing through a 22-gauge needle attached to a 10 mL
syringe and further homogenized by vortexing for 2 min. Twenty uL of homogenized culture
macerate, 160 uL of diluted V8 broth (80 mL/L of V8 juice and 0.5 g/LL CaCO3), and 20 pL of
lipopeptide with desired concentration were then loaded into a 96-well microtiter plate using wide-
orifice tips. Plates were incubated for 2 days at 25°C and the growth of the target organism was
determined spectrophotometrically at 600 nm by a microtiter plate reader (Biotek Instruments,

Highland Park, VT).

2.4. Results

2.4.1. Concentration of Phytophthora nicotianae antibiosis activity among five Bacillus
species

A library of 288 PGPR strains representing 17 Bacillus species was evaluated for antibiosis

activity against a root-associated plant-pathogenic oomycete, P. nicotianae. Table 2.1 shows the

number of strains belonging to each Bacillus species analyzed for this study.
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Table 2.1: Diversity of PGPR strains of Bacillus species evaluated for biocontrol ability.

Bacillus species Number of strains
B. megaterium 54
B. velezensis 50
Bacillus (other)! 30
B. safensis 26
B. drentensis 19
B. pumilus 17
B. toyonensis 15
B. thuringiensis 14
B. altitudinis 14
B. weihaiensis 11
B. subtilis 7
B. acidiceler 6
B. niacin 5
B. vireti 5
B. pseudomycoides 5
B. wiedmannii 5
B. firmus 5
Total 288

ISpecies containing less than five strains were collectively grouped as Bacillus (other); these were: B.
humi (4), B. dafuensis (4), B. sp. (2), B. simplex (2), B. luti (2), B. bingmayongensis (2), B.
selenatarsenatis (2), B. taxi (2), B. glycinifermentans (2), B. paramycoides (2), B. dielmoensis (1), B.
zeae (1), B. cereus (1), B. circulans (1), B. solisilvae (1), and B. asahii (1).

Antagonism against P. nicotianae was classified as strong, weak, or non-inhibitory based
on measurement of zones of inhibition (ZOI) as well as morphological changes to P. nicotianae
and the Bacillus strain being evaluated. Defining characteristics of these levels of inhibition are
given in Materials and Methods, and a representative antibiosis assay plate illustrating all three

levels of inhibition is shown in Fig. 2.1.
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strong inhibition

B. altitudinis
11523

no inhibition
B. drentensis
JJ524

weak inhibition
B. toyonensis
J1538

no inhibition
B. megaterium
JJ535

Figure 2.1: Bacillus antibiosis against Phytophthora nicotianae. A representative antibiosis assay
plate showing strong, weak, and no inhibition of Bacillus species against the plant-pathogenic

oomycete, P. nicotianae.

Fifty-nine (20%) of the 288 strains exhibited strong inhibition, while 41 strains were weak

inhibitors, and 188 showed no pathogen inhibition at all. Fifty-six out of the 59 strongly inhibitory
strains belonged to only five Bacillus species: B. pumilus, B. safensis, B. altitudinis, B. velezensis,
and B. subtilis (Fig. 2.2A). Interestingly, these five species are more closely phylogenetically
related as compared to the other species (Fig. 2.2A), suggesting that the common factors
contributing to antibiosis activity may be phylogenetically conserved. For each of these species,

at least 40% of strains tested exhibited some level of inhibition (strong or weak): B. velezensis
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(74%), B. pumilus (100%), B. safensis (65%), B. subtilis (57%), and B. altitudinis (43%).
Accounting for the overall percentage of inhibitory strains as well as the relative contribution of
strong vs weak vs non-inhibitory strains, a bioactivity index (ranging from 0 to 1) was calculated
(see Materials and Methods); these five species returned values of 0.39 (B. altitudinis), 0.50 (B.
subtilis), 0.56 (B. safensis), 0.61 (B. velezensis), and 0.85 (B. pumilus) (Fig. 2.2B). Inhibition was
sparsely distributed among B. toyonensis, and B. thuringiensis strains, generating bioactivity
indices of 0.27, and 0.21, respectively. Finally, all other species tested showed bioactivity indices
< 0.10: B. firmus (0.1), Bacillus (other) (0.07), B. drentensis (0.03), B. megaterium (0.02), B.
niacini (0), B. vireti (0), B. pseudomycoides (0), B. weihaiensis (0), B. wiedmanni (0), and B.

acidiceler (0) (Fig. 2.2B).

2.4.2. P. nicotianae-inhibitory Bacillus species divide into specialists and generalists

The fifty-nine strong inhibitors of P mnicotianae were further evaluated for antibiosis
activity against three fungal pathogens: F. graminearum, F. oxysporum, and R. solani.
Interestingly, strains from B. velezensis and B. subtilis exhibited strong antibiosis activity against
all three fungal pathogens, whereas strains from B. pumilus, B. safensis, B. altitudinis, B.
toyonensis and Bacillus (other) exhibited either weak inhibition or were non-inhibitory (Fig 2.3A).
Specifically, all strains from B. pumilus, B. safensis, and B. altitudinis exhibited no inhibition
against both F. oxysporum and F. graminearum. Further, only weak inhibition was observed against
R. solani. As shown in Fig. 2.2A, B. velezensis and B. subtilis are phylogenetically closely related;
similarly, B. pumilus, B. safensis, and B. altitudinis are closely related to one another. Due to their

ability to exert strong antagonism against P. nicotianae and all three pathogenic fungi, we classified
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B. velezensis and B. subtilis as generalists for their broad-spectrum bioactivity. Conversely, we

classified B. pumilus, B. safensis, and B. altitudinis as specialists.

2.4.3. Number, type, and distribution of BGCs are distinct between strongly inhibitory and
non-inhibitory Bacillus species

We surmised that strains strongly inhibitory against P. nicotianae were likely to possess
conserved factors which would account for their antibiosis activity, and these factors would be
absent from the non-inhibitory species. In order to evaluate this hypothesis, draft genome
sequences of 288 strains were analyzed for the presence of predicted BGCs using antiSMASH
(v.5) (189). A total of 2,442 BGCs (average 8 per strain) were predicted across the 288 genomes,
including 1,259 known and 1,183 as yet unknown BGCs. Based on the structural and chemical
properties of predicted secondary metabolites, BGCs were grouped into six functional classes:
non-ribosomal peptide synthetases (NRPS), polyketides (PKS), a hybrid of PKS and NRPS (PKS-
NRPS), ribosomally-synthesized and post-translationally modified peptides (RiPP), terpenes, and

BGCs outside these five classes (other).
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Figure 2.2: Antibiosis activity of Bacillus species against Phytophthora nicotianae. The antibiosis
activity of 288 strains across 17 Bacillus species against the plant-pathogenic oomycete, P.
nicotianae (A) Bacillus antagonism was classified as strong, weak, or no inhibition. Species
denoted as “Bacillus (other)” contained strains from less-commonly observed species, each
contributing fewer than five strains. The degree to which antibiosis activity against P. nicotianae
was expressed across strains from given Bacillus species was expressed as a bioactivity index (BI)
(B). Scores for BI range from 0 to 1, where 0 would indicate that no strains within a species
demonstrated any antibiosis activity, and 1 would indicate that all strains within a species
demonstrated strong antibiosis activity against P. nicotianae (see Materials and Methods). Five
species were classified as strongly inhibitory based on BI values from 0.39 to 0.85, two were
classed as sparsely inhibitory with values from 0.20 to 0.30, and the rest were regarded as non-
inhibitory with BI values less than or equal to 0.10.
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Figure 2.3: Antibiosis activity of fifty-nine P. nicotianae-active Bacillus species. Antibiosis
response of P. nicotianae-inhibitory Bacillus strains are shown against three root-associated plant-
pathogenic fungi, F. graminearum, F. oxysporum, and R. solani (A). Based on the breadth of their
inhibition against plant pathogens, the five strongly P. nicotianae-inhibitory Bacillus species were
further subdivided into generalists and specialists (B).

Bacillus species belonging to the strong inhibitory species group had a higher number of
BGCs per strain (8.9 to 13.4) with B. velezensis carrying the largest number of BGCs per strain.
By comparison, the sparsely inhibitory species group contained 9.0 to 9.5 BGCs per strain, and
the non-inhibitory species group contained 4.2 to 8.4. Consistent with these observations, the
correlation between the overall number of BGCs and bioactivity was strong (Pearson r = 0.80; p =
0.0001). In addition, a striking distinction was observed in the representation of NRPS clusters

among the strongly and sparsely inhibitory groups on one hand (1.9 — 4.3 NRPS/strain) versus the
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non-inhibitory group on the other where the vast majority of these species showed no NRPS BGCs
(Fig. 2.4A). Notably, a distinction was also noted between the strong-inhibition generalists (B.
velezensis and B. subtilis) with an average 3.0 to 4.3 per strain, while the strong-inhibition
specialists (B. pumilus, B. safensis, and B. altitudinis) only carried 1.9 to 2.3 NRPS per strain. As
a contrast, PKS, RiPP, and terpene BGCs were relatively evenly distributed across all of the
Bacillus species evaluated, regardless of the level or breadth of inhibition exhibited. Accordingly,
correlations between NRPS content and bioactivity were relatively strong (Pearson r = 0.63, p =
0.0069) while those between RiPPs and Terpenes were quite poor (Pearson r =-0.24, p = 0.3640;
Pearson r = 0.01, p = 0.9620, respectively) (Fig. 2.5). The PKS and other BGCs occupied the
middle, showing moderate correlations with bioactivity index (Pearson r = 0.42, p = 0.0953, and
Pearson r = 0.58, p = 0.0153, respectively). Interestingly, the tightest correlation parameters
between bioactivity index and BGC type were observed for the PKS-NRPS clusters (Pearson r =
0.79, p = 0.0002); however, one species from the strong inhibitory group (B. altitudinis) and one

from the sparsely inhibitory group (B. toyonensis) carried no PKS-NRPS BGCs at all.

In order to compare their distribution among the bioactive Bacillus species based on their
structural and chemical properties, NRPS clusters were further divided into four subtypes:
lipopeptides, siderophores, other, and unknown. All five species belonging to strongly inhibitory
group had at least one and up to 2.8 lipopeptide BGCs per strain on average (Fig. 2.4B). In contrast,
lipopeptides were nearly completely absent from species belonging to non-inhibitory and sparingly
inhibitory species groups. Siderophores were relatively common among species from strongly and
sparsely inhibitory groups, while NRPS classified as “other” were almost completely absent from

inhibitory species and the distribution of unknown NRPS was sporadic.
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Figure 2.4: Bacillus BGC diversity as related to strength and breadth of antibiosis activity. The
average numbers of BGCs by type on a per strain basis among Bacillus species are shown (A). All
BGCs were classified into six functional groups based on the structural and chemical properties of
the secondary metabolites predicted by antiSMASH. Bacillus species grouped into three classes
based on the bioactivity index are designated next to the species, and species groupings into
“generalist” vs “specialist” based on the breadth of inhibition against various organisms also are
indicated (see Materials and Methods). The distribution of specific types of NRPS BGCs across
Bacillus species are also shown (B). The NRPS BGCs were subdivided based on structural and
chemical properties of the predicted secondary metabolite: lipopeptide, siderophore, other, and
unknown.
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These data suggest that lipopeptides, nearly exclusively produced by strains strongly
antagonistic to P. nicotianae, may be substantial contributors to strong antibiosis activity.
Interestingly, species from the generalist group contained two to three lipopeptides per strain while
species from the specialist group contained only one lipopeptide per strain. This indicates that a
diverse set of lipopeptides may produce a synergistic effect that contributes to the broad-spectrum

antibiosis activity by generalists.
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Figure 2.5: Correlations of bioactivity index and the number of BGCs from each of six major
classes (A) and lipopeptide BGCs in particular (B). The average number of a given BGCs per
strain within a given species were plotted against the bioactivity index expressed by that same
species. The correlational parameters (Pearson r and p-value) for the six general BGC classes and
specific lipopeptides are shown (C).
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2.4.4. Specific lipopeptide BGCs are highly conserved among generalists versus specialists
Biosynthetic gene clusters from all 288 Bacillus strains were further analyzed (BiG-
SCAPE v.0.0.0r) (293) for gene cluster similarities to determine the extent to which secondary
metabolite biosynthesis is conserved. Similarity analysis showed that BGCs identified to produce
a common putative metabolite across generalists, specialists, and non-inhibitory strains tended to
segregate into separate clusters corresponding to these groups (Fig. 2.6). This was particularly
striking among lipopeptide BGCs where the differences in the structure of the gene clusters were
highly distinct between antibiosis-based species groupings. Only generalists carried BGCs with
modules for synthesis of the fengycin core decapeptide (fend — fenE). Interestingly, the fengycin
BGC from B. velezensis also contained ituA, ituB, and ituC, the modules necessary for the synthesis
of an iturin core heptapeptide (Fig. 2.7A). Although Bacillus strains from specialist and non-
inhibitory species also carried a gene cluster identified to bear similarity to a fengycin BGC, none
of these contained modules for core peptide synthesis, but only genes supporting the synthesis of
a putative betalactone. Interestingly, the specific structures of this BGC from specialists on one
hand and non-inhibitory Bacillus species on the other were distinct (Fig. 2.7A). Similarly,
generalist and specialist Bacillus species groups all carried a BGC for production of a surfactin-
like lipopeptide (Fig. 2.6); no such BGC was identified in any strains from non-inhibitory species.
Invariably, generalists (B. velezensis and B. subtilis) carried a BGC identified as surfactin (Fig.
2.6) characterized by three core genes with modules for the synthesis of a heptapeptide (srf44 —
srfAC) (Fig. 2.7B). A separate bi-lobed cluster was observed for specialists with high similarity
scores (85%) for lichenysin, a surfactin-like lipopeptide (Fig. 2.6). The typical structure for this
BGC contained two core genes in addition to the three required for heptapeptide synthesis (Fig.

2.7B). These data suggest that the two to three highly conserved lipopeptides produced by
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generalists may contribute to a broad antifungal/antioomycete activity while the single surfactin
or surfactin-like BGC carried by specialists may only enable strong anti-oomycete activity. We
have observed that some strains belonging to generalists or specialists species exhibited no (or
weak) inhibition (see Fig. 2.2A) even though they appear to carry lipopeptide BGCs. It is possible
that these strains may ultimately be unable to produce one or more of these lipopeptides due to
missing core genes, nonsense mutations, frameshift mutations, or altered gene regulation, as

demonstrated by Kiesewalter et al (284).

It should also be noted that other clusters of BGCs which putatively generate metabolites
with antimicrobial properties segregate along the lines of generalists versus specialists versus non-
inhibitors as well. Many of these BGCs belong to NRPS, PKS-NRPS, or PKS classes. For
example, unique bacillibactin BGCs were identified for each of the three groups, and unique
bacilysin clusters were each observed for generalists and specialists while non-inhibitors appeared
to lack such a cluster altogether. In a similar manner, a bacillaene BGC is found only in generalists,
and zwittermicin BGCs were only observed in specialists. Notably, the PKS BGCs for macrolactin

and difficidin were only observed in B. velezensis.
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Figure 2.6: Similarity analysis of Bacillus BGCs. All 2,442 BGCs identified were grouped based
on the distance matrices of gene cluster estimated by BiG-SCAPE (v.0.0.0r) (293) analysis.
Clusters containing three or more nodes (2,055 BGCs) are shown here and each cluster is labeled
according to the secondary metabolite predicted by antiSMASH v.5 (189). The color of nodes is
according to the breadth of observed antibiosis activity (generalist — red; specialist — teal; non-
inhibitor — black) for the strain containing the BGC identified. The diversity of BGCs connected
with fengycin and surfactin production are circled. Abbreviations for cluster labels are as follows:
fengycin-like betalactone (fengycin-like betalac), molybdenum cofactor (mo-cofactor), unknown
RiPP (unk ripp), unknown NRPS (unk nrps), unknown PKS (unk pks), and unknown other BGC
(unk other).
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Figure 2.7: Comparison of lipopeptide BGC gene organization. Representative BGCs from four
distinct types of clusters identified as having fengycin similarity are shown (A). These four include
an iturin and fengycin tandem cluster identified exclusively in B. velezensis strains, a fengycin-
only cluster identified exclusively in B. subtilis strains, and two fengycin-like betalactone BGCs,
neither of which contain core genes for the production of a fengycin metabolite. One type is
observed in specialists, and the other is observed in non-inhibitors. Representative BGCs from two
distinct types of clusters identified as having surfactin (or lichenysin) similarity are shown (B).
Both types contain core genes for the production of surfactin or a surfactin-like lipopeptide. The
BGC identified exclusively in generalists contains only the core-gene modules for the production
of a surfactin-like heptapeptide. The BGC identified exclusively in specialists contains two
additional core-gene modules.

2.4.5. Antibiosis generalists produce at least two out of three lipopeptides: iturin, fengycin,

and surfactin

Lipopeptides were produced by and extracted from five strains, each representing a
Bacillus species with strong P. nicotianae inhibitory activity: JJ334 (B. velezensis), IM553 (B.
subtilis), 1J1622 (B. pumilus), JJ1244 (B. safensis), and JJ1138 (B. altitudinis). Each metabolite

extract was evaluated by UV-vis and LC elution profile (Fig. 2.8). Consistent with the structure
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and predicted products of its BGCs, mass spectrometric screening of B. velezensis strain JJ334
extracts showed the production of bacillomycin L (an iturin), fengycin, and surfactin. Fengycin
and surfactin were identified in extracts of the B. subtilis strain, JIM553. This also was consistent
with the fengycin BGC observed across B. subtilis strains which contained core genes for only
fengycin production but not an iturin. Interestingly, only surfactin was identified in JJ1622 (B.
pumilus), JJ1244 (B. safensis), and JJ1138 (B. altitudinis) extracts. This was consistent with the
production of surfactin-like (lichenysin) compound predicted by antiSMASH. Fractionation of
JJ334 extracts by HPLC followed by LC-MS analyses of lipopeptide fractions showed that
bacillomycin L derivatives eluted between 1.5 and 2.8 min., while fengycin and surfactin
derivatives eluted from 8.0 to 10.0 min., and 13.4 to 17.4 min., respectively (Fig. 2.9A). Mass
spectrometric analyses identified the presence of six derivatives of bacillomycin L, ten of fengycin,

and eight of surfactin in the purified lipopeptide fractions (Fig. 2.9B).
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Figure 2.8: Separation and spectral properties of total extracts from representative bioactive
Bacillus species. Typical LC chromatogram of total extraction of secondary metabolites produced
by B. velezensis 11334, B. subtilis IM553, B. pumilus JJ1622, B. safensis J11244, and B. altitudinis
JJ1138 are shown (A). Elution of metabolites was monitored at 220 nm. Secondary metabolites in
each total extract were separated by passing through a ZORBAX SB-C18 column (5 um, 4.6 x
150 mm) using an Agilent 1100 HPLC system. Twenty pL of each extract was injected and eluted
for 85 minutes at a flow rate of 0.20 mL/min using the solvent H>O (A) and CH3CN (B), each
containing 0.1% trifluoracetic acid (TFA) (v/v). Compounds were eluted with 40% of solvent B
between 0-8 min., 55% between 15-30 min., 75% between 40-50 min., 100% between 60-75 min.,
75% at 77 min., and finally 40% between 79- 85 min. Secondary metabolites were detected at 220.
The UV-vis absorption spectra of total extracts from cultures of each representative strain are
shown (B). Diode array-captured spectra LC separations of five purified compounds: Bacillomycin
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Figure 2.9: Chromatograms (A) and mass spectra (B) for bacillomycin L (an iturin), fengycin, and
surfactin. Fractions containing each lipopeptide were obtained from acid-methanolic extracts of B.
velezensis JJ334. Mass spectra were obtained in positive-ion mode, capturing [M+H]" and/or
[M+Na]" ions of multiple derivatives of bacillomycin L, fengycin, and surfactin. Each lipopeptide
was analyzed using a Thermo Fisher Orbitrap Exploris 120 LC-MS instrument and was separated
by passing through an Acquity UPLC BEH C18 (1.7 um, 2.1 x 50 mm) column for 20 minutes.
0.2 uL of sample was injected and the separation was performed at a flow rate of 0.20 mL/min.
The mobile phases were H,O (A) and CH3CN (B), each containing 0.1% formic acid (v/v). The
LC elution was started with 40% of solvent B, ramped up to 100% at 14 min., and then back to
40% at 16 min.

Extracts corresponding the purified fraction of each lipopeptide were analyzed by LC-MS"
employing positive and negative ionization modes (see Materials and Methods). Each lipopeptide
compound was confirmed by the fragmented ions generated by MS" analyses. Bacillomycin L (six)

and surfactin (eight) derivatives were identified each varying by the carbon chain length of the
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fatty-acid side chains. For both lipopeptides, derivatives were detected in both positive and
negative ionization modes as protonated, deprotonated, double-protonated, and/or sodium-adduct

forms (Table 2.2).

Table 2.2: Tons of bacillomycin L, fengycin, and surfactin detected by LC-MS".

Lipopeptides' Dergﬁtwe Mg‘:::llar [M+H]* [M-HIT  [M#2H]*  [M+Nal* i,r;;r)
C13 CasH7oN 10016 1007.5044 1005487 5042562  1029.4858  0.03

Cl4 Cs6H72N 10016 1021.5198 1019-504 511.2637 1043.5019 0.69

Bacillomycin C15 C47H74N 10016 1035.5354  1033.520  518.2717  1057.5178  0.50
L C16 CisHN1O1s  1049.5539 1047536 5252793 1071.5327  0.95
C17 Ca9H7sN 10016 1063.5666 ~ 1061.550 5322871  1085.5472  0.53

C18 CsoHsoN19O16 1077.5820  1075.566 539295  1099.5629  1.50

CI4A*  CuHiN12O2 14357730 1433749 718.3893 - 2.17

CISA/CI6  CyHysNi2Ox 14497878 1447.772 7253971 - 1.69

C16 A/C17  C7»H110N 12029 1463.8028 1461.789 732.4049 - 0.93

C17A C73H112N12020 1477.8185 1475-804 739.4134 - 1.30

Fengyein ~Cl6 CuHiuNiOxn  1491.8332  1489.816  746.4210 - 0.61
Cl7B CrsHigN12Os 15058471 1503.832  753.4286 - 0.50

C18B C76H118N 12020 1519.8666 1517.847 760.4343 - 0.34

C20 B2 C77H120N 12029 1533.8819 1531.863 767.4439 - 0.17

C21 B2  CxHiN;pOyn  1547.8966 1545879 774.4518 - 0.30

Feng. ND? C79H 124N 12029 1561.9106 1559.894 781.4584 - 1.42

Cl2 CsoHg7N7O13 994.6428  992.6281  497.8256  1016.6242  0.12

C13 Cs1HgoN7O13 1008.6587  1006.642  504.8333  1030.6397  0.33

Cl4 Cs2HoiN7O13 1022.6740  1020.657  511.8408  1044.6560  0.61

Surfactin Cl15 Cs3HosN7O13 1036.6898  1034.673  518.8463  1058.6716  1.53
Cle Cs4HosN7O13 1050.7053  1048.688 5258563  1072.6881  1.12

C17 CssHo7N7O13 1064.7199 1062.705 532.8642 1086.7013 0.79

C18 CssHooN7O13 1078.7360  1076.721 5398720  1100.7178  0.31

Cl19 Cs7Hi0iN;013  1092.7519  1090.737  546.8800  1114.7327  0.40

"Each lipopeptide was produced by and extracted from Bacillus velezensis strain J1334.

2MS data supporting lipopeptide structure assignments are available in Supplementary Material.
3Lipopeptide derivatives; C12 — C21 refers to fatty acid carbon chain length

“Fengycin A core decapeptide sequence: Glu-"Orm-PTyr-PalloThr-Glu-PAla-Pro-Gln-Tyr-Ile.

SFengycin A2 core decapeptide sequence: Glu-POrn-PTyr-PalloThr-Glu-PAla-Pro-Gln-Tyr-Val.

Fengycin B core decapeptide sequence: Glu-POrn-PTyr-PalloThr-Glu-Val-Pro-Gln-Tyr-Ile.

"Fengycin B2 core decapeptide sequence: Glu-POrn-PTyr-PalloThr-Glu-"Val-Pro-GIn-Tyr-Val.

8Feng. ND: Fengycin not fully determined; m/z values are consistent with C21 B or C22 D, but MS" data are
inconclusive.
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Ten fengycin derivatives were identified as [M+H]*, [M-H], and [M+2H]** ions. Two
were fengycin A and two were fengycin A2. The amino acid at position six in the core peptide of
both types was Ala, whereas the former had Ile at position ten and the latter had Val at the same
position. Three were fengycin B where the amino acid at position six in the core peptide was Val.
The remaining three derivatives were fengycin B2 where the amino acid at position six and
position ten in the core peptide was Val. Here as well, derivatives within fengycin A, A2, B and
B2 varied either by fatty acid carbon chain length or amino acid in the core peptide (Table 2.2).
To our knowledge, this diversity of production of lipopeptide derivatives from a single Bacillus

species has not yet been observed.

2.4.6. Inhibitory capacity of bacillomycin L, fengycin, and surfactin against P. nicotianae

and F. oxysporum

Fractions containing bacillomycin L, fengycin, and surfactin were evaluated for their
ability to inhibit the growth of P. nicotianae, F. oxysporum, F. graminearum, and R. solani by a
disk diffusion method. Interestingly, each lipopeptide fraction exhibited strong inhibition against
all four target pathogens (Fig. 2.10), confirming strong anti-oomycete/fungal activity. Each
lipopeptide was further evaluated for inhibitory effect against P. nicotianae and F. oxysporum by
a microtiter plate assay. The maximum inhibition of P. nicotianae growth produced by
bacillomycin L and fengycin was observed at a concentration of 50 pg/mL each (Fig. 2.11A),
where 56% and 59% growth inhibition were detected, respectively. For surfactin, similar levels of
P. nicotianae growth inhibition (~40%) were observed at concentrations ranging from 12.5 to 50
mg/mL. Growth inhibition of F. oxysporum was also observed for all three lipopeptides (Fig.

2.11B). Bacillomycin L and fengycin showed similar inhibitory potency against this organism,
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with significant growth inhibition observed at lipopeptide concentrations 25 mg/mL and producing
85% and 87% growth inhibition at 100 mg/mL, respectively. The maximum inhibitory effect of

surfactin (~40%) against F. oxysporum was observed at a concentration of 50 pg/mL.

Bacillomycin L Fengycin Surfactin

P, nicotianae

F oxysporum

F graminearum

Figure 2.10: Plate-based evaluation of antibiosis exerted by isolated lipopeptides against P.
nicotianae and fungal pathogens. A disk-diffusion assay was performed to observe antibiosis
activity of bacillomycin L, fengycin, and surfactin against P. nicotianae and three fungal
pathogens: F. oxysporum, F. graminearum, and R. solani.

R. solani
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Figure 2.11: Inhibition of P. nicotianae (A) and F. oxysporum (B) by bacillomycin L, fengycin,
and surfactin. Growth inhibition of P. nicotianae (A) and F. oxysporum (B) was evaluated using a
microtiter plate-based assay. The bacillomycin L, fengycin, and surfactin utilized to evaluate
inhibition were extracted and isolated from cultures of B. velezensis strain JJ334.

2.5. Discussion

Several studies have demonstrated that Bacillus species inhibit plant pathogens and

enhance plant growth by producing various secondary metabolites (15, 17, 283, 284). However,

most studies have been conducted on a single strain or a few strains within a species against one

to three pathogenic organisms. To date, the most extensive study in this area analyzed genomic

and chemical diversity of 23 strains of B. subtilis against three fungal pathogens (284). Studies of

this kind naturally limit the scope of investigation on the conservation of antibiosis activity among
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species and the breadth of antibiosis against different pathogens. This also limits investigating
whether the diversity and variation of secondary metabolites produced by different Bacillus
species correlate with the observed bioactivity. To address this gap, we evaluated the antibiosis
activity of 288 strains across 17 different Bacillus species against P. nicotianae and compared
Bacillus antibiosis response with their secondary metabolites to identify conserved factors
contributing to antibiosis activity. Strains strongly inhibitory against P. nicotianae were evaluated
further for their ability to inhibit three fungal pathogens, F. oxysporum, F. graminearum, and R.

solani.

Our results demonstrate that Bacillus antibiosis against P. nicotianae is highly concentrated
among five phylogenetically related species: B. pumilus, B. safensis, B. altitudinis, B. velezensis,
and B. subtilis. Bacillus antibiosis conservation among strains within each species was expressed
as a species-specific bioactivity index (ranging from 0 - 1) and compared against the BGCs carried
by these species as determined from genome sequence analyses. This comparison showed a strong
correlation between NRPS (especially lipopeptide) BGCs and the bioactivity index, suggesting
that lipopeptide BGCs identified in strongly inhibitory Bacillus species are conserved factors that
may account for a substantial portion of antibiosis activity against eukaryotic pathogens (fungi and
oomycetes). In terms of lipopeptide BGC content, there was a clear distinction between B.
velezensis and B. subtilis strains on one hand and B. pumilus, B. altitudinis, and B. safensis strains
on the other; on average, strains of the former carried two to three times more lipopeptide BGCs

than species from the latter group.

The breadth of antibiosis activity followed the same line of demarcation observed with

lipopeptide BGC content. Indeed, further evaluation of strong P. nicotianae antagonists from B.
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velezensis and B. subtilis revealed that all but one B. subtilis strain exerted strong antibiosis activity
against all three fungal pathogens evaluated (F. graminearum, F. oxysporum, and R. solani). Even
the one B. subtilis strain (JM553) that was observed to be a strong inhibitor of R. solani and F.
graminearum and showed weak inhibition of F. oxysporum. Conversely, none of the P. nicotianae-
antagonistic strains of B. pumilus, B. safensis, or B. altitudinis were able to inhibit either Fusarium

species examined, and only weak inhibition was detected against R. solani.

The distribution of lipopeptide BGCs across these species showed distinct patterns that
matched up well with the antibiosis phenotypes. The most prolific lipopeptide producing species
was B. velezensis, the strains of which consistently carry three such BGCs: an iturin, a fengycin,
and a surfactin. Interestingly, the iturin and the fengycin core genes occupy the same BGC.
Consistent with previous observations (143), our data indicate that bacillomycin L (e.g., B.
velezensis JJ334) and iturin A (e.g., B. velezensis JJ951) are the two most common iturins
generated by strains from this species. A broad panel of fengycins (i.e., multiple fatty acid
derivatives of fengycin A, A2, B, and B2) are produced from the corresponding B. velezensis BGC.
By comparison, B. subtilis strains reliably carry two lipopeptide BGCs, a fengycin-only cluster
and a surfactin cluster. Finally, strains from all three of the specialist Bacillus species, B. pumilus,
B. altitudinis, and B. safensis, reliably carry, on average, one lipopeptide-generating BGC, and this
BGC was predicted to be lichenysin. Though its overall structure is distinct from that of the closely
related surfactin BGCs observed in the B. velezensis and B. subtilis strains, the amino-acid
sequence of the core peptide predicted from the modules of the cluster’s first three core genes is
Glu-Leu-Leu-Val-Asp-PLeu-Ile. This is consistent with the surfactin-like group of lipopeptide

derivatives observed from these species by LC-MS" analyses. Taken together, these results suggest
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that production of surfactin alone may be sufficient to exert anti-P. nicotianae activity while
antifungal activity requires production of at least fengycin in addition to surfactin. Indeed, Khan
et al. have suggested that strong antifungal activity of Bacillus species is due to the synergistic

actions of bacillomycin, fengycin, and surfactin (301).

The effectiveness of surfactin as a unilateral agent of antibiosis has varied in the literature,
depending largely on the identity of the target organism(s). One study reported that surfactin
directly contributed to the biological activity of B. subtilis GBL191 against an oomycete,
Plasmopara viticola (154). As a contrast, Wang et al. reported that surfactin alone did not inhibit
the mycelial growth of the oomycete Phytophthora infestans even at the concentration as high as
25 mg/mL (288). Another study showed that surfactin produced antibacterial activity against a
Gram-negative bacteria, Pseudomonas syringae with a minimum inhibitory concentration of 25
mg/mL (302). Although the strong anti-P. nicotianae activity of B. pumilus, B. safensis, and B.
altitudinis may not be fully explained solely by their ability to produce surfactin, we have observed
that isolated surfactin is able to inhibit P. nicotianae. Although its maximum effect against the
organism was observed at 50 mg/mL, it should be noted that very little difference in growth
inhibition was observed between 12.5 and 50 mg/mL (see Fig. 7A). They may produce other
compounds with antagonistic activity such as betalactone and/or bacillibactin along with surfactin
to synergistically contribute to anti-P. nicotianae activity. Future studies are anticipated to isolate

these compounds and evaluate their antibiosis activity alone or collectively against P. nicotianae.

Bacillomycin L (an iturin) and fengycin are known as strongly antagonistic against plant-
pathogenic fungi (147, 303, 304). On the other hand, surfactin is known as a broad-spectrum

antimicrobial that exhibits bioactivity against fungi, oomycetes, and bacteria (283, 288, 305). We
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identified a total of six derivatives of bacillomycin L, ten derivatives of fengycin, and eight
derivatives of surfactin from B. velezensis JJ334. We observed variation in core peptide structure
in the case of fengycin, and we detected lengths of fatty acid side chains varying from 12 to 21
carbons, depending on the lipopeptide in question. Very few Bacillus species are known to produce
all three lipopeptides (143, 306) and when they are observed identification of only a few
derivatives (2 to 5) of each lipopeptide is typical (147, 307, 308). Previous reports have suggested
that the bioactivity of lipopeptides may increase along with the length of the fatty acid chain and
the number of derivatives, since more derivatives may produce a synergistic effect that contributes
to strong bioactivity (17, 305). In general, strong bioactivity was observed for bacillomycin L and
fengycin whereas weak activity was observed for surfactin against oomycetes and fungi (143, 156,
283, 288, 309, 310). What stands out in this study is that the B. velezensis JJ334 strain produced a
total of 24 lipopeptide derivatives with varying lengths of fatty acids, an impressive ability to

produce that many lipopeptides from a single B. velezensis strain.

In summary, antibiosis activity of 288 PGPR Bacillus strains against P. nicotianae showed
that antibiosis was highly concentrated among five species. Specifically, 56 out of 59 inhibitory
strains identified came from B. velezensis, B. subtilis, B. pumilus, B. safensis, or B. altitudinis.
Strains from closely related B. velezensis and B. subtilis also showed strong antifungal activity
against multiple species. Conversely, the B. pumilus, B. safensis, and B. altitudinis strains able to
inhibit P. nicotianae showed little if any ability to inhibit fungi. Consistent with genomic analysis,
2 to 3 lipopeptides (either fengycin and surfactin or bacillomycin/iturin, fengycin, and surfactin)
were identified in the total extracts of B. subtilis and B. velezensis, respectively. Only surfactin

was identified from B. pumilus, B. safensis, and B. altitudinis. All three lipopeptides showed

109



antibiosis activity against both P. nicotianae and F. oxysporum, however, the most potent activities
were observed for fengycin and bacillomycin L as compared to surfactin. The broad antibiosis
activity of B. velezensis and B. subtilis is likely accounted for by their ability to produce fengycin

(B. subtilis) and iturin + fengycin (B. velezensis) along with surfactin.
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Chapter 3: Toward identifying promising Bacillus strains as commercially viable biological

agents against plant pathogens

3.1. Abstract

Plant-pathogenic fungi and oomycetes pose a serious threat to plant protection and crop production
worldwide. Biological agents are rapidly gaining favor over synthetic pesticides as effective and sustainable
strategies to control such pathogens. The plant growth-promoting rhizobacteria (PGPR) from the genus
Bacillus are physiologically well-adapted and well-suited as biopesticides and biofertilizers. In the present
study, we evaluated a representative strain from B. pumilus, B. safensis, B. altitudinis, B. subtilis, and B.
velezensis against root-associated plant-pathogenic fungi: Fusarium oxysporum, F. graminearum, and
Rhizoctonia solani. B. velezensis and B. subtilis exhibited strong antifungal activity against each fungus
being evaluated. As a contrast, B. altitudinis, B. pumilus, and B. safensis showed no antifungal activity at
all. Comparisons of growth phenotype across the selected strains showed that B. velezensis and B. subtilis
produce a more robust biofilm than the other three species. Interspecies interaction studies showed that B.
velezensis had a greater capacity to inhibit other Bacillus species and also showed greater resistance to
inhibition by the four other species. Accordingly, we focused on 18 B. velezensis strains to evaluate
intraspecies inhibition and resistance as potential markers for the most promising strains for commercial
deployment against plant pathogens. The selected B. velezensis strains showed a range of
antagonistic/inhibitory effects against the other strains as well as a range of capacities to resistant inhibition
by other strains. The ABO1 and JJ951 strains were the most antagonistic, and ABO1, JJ951, AP46, and
JI747 were the most resistant as compared to other strains. The antifungal activity of each strain against F.
oxysporum, F. graminearum, and R. solani produced variable antibiosis responses depending on the fungus
being evaluated. Strikingly, AP215 produced the greatest level of inhibition across all fungi evaluated, but
significant antifungal activity was also observed from ABO1, JJ1284, AP52, IM204, AP81, AP202, JM199,
and JJ747. 16S rRNA-based phylogenetic analyses revealed that ABO1, AP215, JJ951, and JJ1284 were
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closely related to one another. Similarly, AP202, IM199, and JJ747 are closely related to each other. A
comparison of biosynthetic gene clusters among all 18 strains showed highly similar secondary metabolite
profiles. Secondary metabolites were extracted from the culture media of all 18 B. velezensis strains using
identical conditions and evaluated using UV-vis absorption, HPLC elution profile, and LC-MS
identification. A comparison of secondary metabolite production based on the extracted ion chromatogram
peak area of six antimicrobial lipopeptides and polyketides showed that ABO1 and JJ951 produced the
largest quantities of these secondary metabolites relative to other strains. In summary, B. velezensis
possesses the most potent biocontrol ability among five Bacillus species, all of which showed strong
antibiosis activity against one or more fungal/oomycete pathogens. Among B. velezensis strains evaluated,
ABO1, JJ951, and AP215 showed the most robust production of antimicrobial metabolites, and accordingly,

the broadest and most potent antagonistic capacity.

3.2. Introduction

Crop-destroying fungi are a potential threat to global food security (311). Fueled by climate
change and emerging fungi are becoming more detrimental to crop management and food
production (4). Plant-pathogenic fungi, including F. oxysporum, F. graminearum, and R. solani
cause devastating diseases in economically important plants, including but not limited to, wheat,
rice, tomato, and potato (312). These pathogens are hard to control with traditional synthetic
fungicides, and the development of fungicide resistance has become a substantial problem (313—
315). Due to the challenges in controlling these fungi, the discovery of novel, effective, and

sustainable treatments have become increasingly active area of research and development.

Inorganic and organic fungicides have been used to control plant diseases for more than a
century (67). Decrease in fungicide sensitivity was being reported as early as the 1960s (316). The

development of fungicide resistance is primarily associated with the mode of action of the
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fungicidal compound, the reproductive ability of the target fungus, and the frequency of use of the
fungicide (317). Several studies have reported an accelerated number of cases of pesticide
resistance and resulting difficulties in crop management (4, 32, 318). A recent case study on the
mechanism and evolution of fungicide resistance in Botrytis has demonstrated rapid and persistent
development of resistance against benzimidazoles, quinone outside inhibitors (Qols),
dicarboximides, anilinopyrimidines, and succinate dehydrogenase inhibitors (SDHIs) (319). To
maintain adequate protection against Botrytis, the implementation of strict resistance management
measures and alternative strategies with non-chemical products were highly recommended.
Further, F. graminearum has shown resistance against azole fungicides, whereas F. oxysporum
has shown resistance against methyl benzimidazole carbamate (320, 315). Also, R. solani has
shown resistance against the succinate dehydrogenase inhibitor thifluzamide (321). Due to the
prevalence of fungicide resistance, biological agents have become increasingly attractive as

potential alternatives to chemical pesticides for controlling fungal pathogens (322-324).

Plant growth-promoting rhizobacteria (PGPR) from the genus Bacillus have the ability to
increase plant growth and suppress plant disease via several direct and indirect mechanisms (79).
Direct plant growth is primarily facilitated by the biosynthesis of various compounds and growth
factors such as nutrients and hormones that directly participate in nitrogen fixation, phosphate
solubilization, iron mobilization (by siderophores), and provision of various hormones (78). On
the other hand, indirect plant growth promotion generally occurs by suppressing plant pathogens
through the production of antibiotics and lytic enzymes, competition for nutrients, or by triggering
induced systematic resistance (ISR) against plant pathogens (85, 86, 325). The most commonly

observed Bacillus secondary metabolites that are antagonistic to plant pathogens are non-
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ribosomal and ribosomal peptides, siderophores, polyketides, and volatile organic compounds
(17). Among these, the most extensively studied non-ribosomal peptides with antifungal activity
are lipopeptides such as iturin, fengycin, and surfactin (326). Previous studies showed broad to
narrow-spectrum antibiotic activity of each lipopeptide across various phytopathogens, including
bacteria, fungi, and oomycetes (288, 327). For the past three decades, Bacillus species and derived
antimicrobial lipopeptides have been of great interest to develop commercially viable biological

agents against plant pathogens.

Studies have shown that PGPR Bacillus strains can increase crop yields by as high as 57%,
depending on the crop types (328). In addition, some PGPR Bacillus can produce heat and
desiccation-tolerant endospores and have high cell viability and prolonged shelf life (329). Despite
the many advantages of some Bacillus species for development as commercially deployable
biological agents, only a few Bacillus strains have been reported as biological agents for
commercial use. This is due to their inefficacy in plant growth and disease suppression under
ambient field conditions (330). To better understand their efficacy in laboratory conditions, several
comprehensive frameworks have been developed to evaluate them for commercially viable
biological agents (78, 331). Although their efficacy in laboratory vs field conditions is less
understood, evaluation of their antibiosis activity, antimicrobial production, and growth phenotype

is the first step in that direction (332).

In the present study, we evaluated antibiosis activity of five Bacillus species against plant-
pathogenic fungi, F. oxysporum, F. graminearum, and R. solani, followed by their interspecies
interaction and biofilm formation. These experiments showed B. velezensis produces the strongest
antifungal activity as well as interspecies inhibition and resistance activity. The B. velezensis
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strains also produced more robust biofilms and they reliably generated a broader range and larger
quantities of antimicrobial secondary metabolites than the remaining four species. This result
prompted additional investigations to evaluate the genomic, antibiotic, and chemical properties of
18 B. velezensis strains for identifying promising strains for commercially viable biological agents.
All 18 strains were also evaluated for antifungal activity, intraspecies inhibition and resistance

activity, and ability to produce biofilm and antimicrobial secondary metabolites.

3.3. Materials and Methods

3.3.1. Bacillus species, strains, and culture conditions

Representative strains from five Bacillus species that previously exhibited strong anti-
Phytophthora nicotianae activity were evaluated for antifungal activity against three root-
associated fungal pathogens. The Bacillus species were B. velezensis (JJ334), B. subtilis (JM553),
B. pumilus (JJ1622), B. safensis (JJ1244), and B. altitudinis (JJ1138), and the fungal pathogens
were F. oxysporum, F. graminearum, and R. solani. Each strain was further evaluated for
interspecies inhibition and resistant activity, ability for producing robust biofilm and antimicrobial
secondary metabolites. In addition, 18 strains from the B. velezensis species were selected to
identify promising strains for commercially viable biological agents. All 18 strains were evaluated
for antifungal activity, intraspecies inhibition and resistant activity, and ability to produce biofilm
and antimicrobial secondary metabolites. In order to compare their ability to produce secondary
metabolites and overall genomic properties, the genomic DNA of all 18 B. velezensis strains was
sequenced at Nanopore for a single-contig complete genome sequence. The taxonomy of each
strain was confirmed by the best hit of known species based on the average nucleotide identity

(ANI) of the whole-genome sequence at the MiGA (Microbial Genomes Atlas) webserver (291).
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For routine bacterial growth, Bacillus strains were cultured in tryptic soy broth (TSB) at 37 °C at

constant agitation (170 rpm) (supplemented with 1.5% agar, if required).

3.3.2. Antibiosis assay of Bacillus species against fungal pathogens

Each Bacillus strain was evaluated for its ability to inhibit the growth of three fungal
pathogens: F. oxysporum, F. graminearum, and R. solani. For antifungal assays, each target
pathogen was grown in a V8-agar medium (V8 juice 82 ml/L, CaCOs3 0.5 g/L, and agar 15 g/L) at
room temperature. Each Bacillus strain was grown in TSB (tryptic soy broth) at 37 °C for 24 hours,
and the cell density was normalized to OD600=1 based on the measurement of optical density at
600 nm. Five pL of each Bacillus culture was transferred onto the edge of the assay plate, and the
72-hours-grown target pathogen was transferred as a plug at the center of the assay plate. The
growth inhibition of the target pathogen due to the presence of Bacillus colonies was recorded
after 7-10 days. The antagonistic responses of Bacillus strains against the target pathogen were
classified as strong, weak, and no inhibition based on the measurement of the zone of inhibition
(ZOI). The strong inhibition was assigned for displaying a clear ZOI with complete elimination of
hyphal growth of target pathogens around Bacillus colonies. No inhibition was assigned when the
target pathogens were over-grown on Bacillus colonies with a display of no ZOI. Exhibition of
less clear ZOI with partial elimination of hyphal growth of target pathogens around Bacillus

colonies was assigned as weak inhibition.

All 18 B. velezensis strains were evaluated against three fungal pathogens as described
above. In order to generate a quantitative antibiosis score, the antibiosis assay of each strain was
replicated at least three times. The extent of inhibition, the interactions between Bacillus colonies

and target pathogens, and their growth morphologies were recorded and taken into consideration
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for assigning the inhibition score. The antagonistic response of each Bacillus strain against the
target pathogen was scored from 0 to 4 based on the measurement of ZOI. Further, the percent
inhibition of each strain was calculated based on estimated antibiosis score. Finally, a cumulative
percent antibiosis score of each strain was calculated by accounting for the average percent

inhibition against all fungi.

3.3.3. Bacillus biofilm formation

In order to evaluate Bacillus growth morphology and biofilm formation, each Bacillus strain
was initially grown for 24 hours in TSB medium with constant agitation (170 rpm) at 37 °C.
Subsequently, Bacillus cell density was normalized to OD600=1. In order to produce biofilm, 5
uL of cell culture was transferred onto a plate containing glucose 20 g/L, yeast 1 g/L, L-glutamic
acid 5 g/L, KC1 0.5 g/L, MgS04 0.5 g/L, KH,PO4 1g/L, L-phenylalanine 3 mg/L, MnSO4 5 mg/L,
FeSO4 0.15 mg/L, CuSO4 0.16 mg/L, pH 7.0, and agar 15 g/L. Finally, plates were incubated for

62-70 hours at 30 ° to produce biofilm.

3.3.4. Bacillus interspecies and intraspecies interaction assay

In order to identify Bacillus species with strong antibacterial and resistant activity against
other Bacillus species, interspecies interaction assay was performed for each species against all
other species, including itself. For the assay, each Bacillus strain was grown for 24 hours in TSB
medium, and the cell density was adjusted to ODeoo=1.0. The assay plate was prepared using the
agar-overlay technique as follows: 10 ml of TSB medium containing 1.5% agar were plated and
used as the bottom layer, whereas 5 ml of TSB medium containing 0.5% agar pre-inoculated with
the target strain in 1:200 dilutions were plated on top of the bottom later. The assay plate was dried

at room temperature for 30 minutes. 7.5 puL of focal strain was spotted onto the double-layered
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assay plate and incubated at 37 °C for 36-40 hours. The interspecies interaction/inhibition was
evaluated by measuring the ZOI at the intersection of focal colonies and bacterial lawn of the target

strain.

To evaluate the intraspecies interaction of 18 B. velezensis strains, each strain was assayed
and evaluated against all 18 strains using the method described above. The intraspecies interaction
experiment was replicated at least three times in order to generate a quantitative inhibition score.
The intraspecies inhibition for each focal strain against a target strain was further classified into
five types (score 0 to 4) based on the measured ZOI and morphological changes of focal/target
strains: no inhibition (0), very weak inhibition (1), weak inhibition (2), strong inhibition (3), and
very strong inhibition (4). Subsequently, cumulative % inhibition for each focal strain was
calculated using the inhibition score of each focal strain against all target strains. Conversely, the
cumulative % resistance activity for each target strain was calculated from the inverted percent

inhibition derived from the percent inhibition of each focal strain as follows:

¥ percent inhibition against each target strain
18

Cumulative % inhibition of a focal strain =

¥ (100—percent inhibition of each focal strain)
18

Cumulative % resistance of a target strain =

3.3.5. Genomic and bioinformatics analyses of Bacillus strains

Genome sequence of each Bacillus strain was analyzed by antiSMASH v.5 (189) to predict
biosynthetic gene clusters (BGCs) and associated secondary metabolites. Predicted BGCs were
further grouped into clusters of BGCs based on their gene sequence similarities using BiG-SCAPE

v.0.0.0r. (293). The network distances generated by BiG-SCAPE analysis were further visualized
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and annotated using Cytoscape 2.8 (294). In order to compare phylogenetic relationships, the 16S
rRNA sequence from each strain was predicted using barrnap (333) from the whole-genome
sequence. The predicted 16S rRNA sequences were used to construct a phylogenetic tree using

MEGA X (334).

3.3.6. Extraction of secondary metabolites from Bacillus strains

In order to produce the secondary metabolites, the Bacillus strains were cultured in the
Landy medium for 72 hours with constant agitation (170 rpm) at 30 °C. Following the
centrifugation of cell culture at 6,000 x g for 50 minutes, the supernatant was collected, and its pH
was adjusted to 2.0 by dropwise addition of concentrated HCI with constant stirring. Subsequently,
acidic supernatant was incubated overnight at 4 °C, and secondary metabolite precipitates were
isolated by centrifugation at 6,000 x g for 50 minutes. The precipitate was collected and
redissolved in 100% MeOH. The MeOH was evaporated under the flow of dry nitrogen and the
dried residue was redissolved in MeOH by vortexing for 2 minutes. Finally, secondary metabolites
were extracted twice using 100% MeOH, filtered through a 0.2 pm Acrodisc syringe filter, and

stored at -20 °C until use.

3.3.7. Analysis of secondary metabolites using UV-vis absorption, HPLC, and LC-MS
Characteristic absorption feature of secondary metabolites produced by each Bacillus strain
was recorded using a UV-vis absorption (220-600 nm) spectrophotometer. Secondary metabolites
in each total extract were separated by passing through a ZORBAX SB-C18 column (5 pm, 4.6 x
150 mm) using an Agilent 1100 HPLC system. Twenty puL of each extract was injected and eluted
for 85 minutes at a flow rate of 0.20 mL/min using the solvent H,O (A) and CH3CN (B), each

containing 0.1% trifluoracetic acid (TFA) (v/v). Compounds were eluted with 40% of solvent B
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between 0-8 min., 55% between 15-30 min., 75% between 40-50 min., 100% between 60-75 min.,
75% at 77 min., and finally 40% between 79- 85 min. Secondary metabolites were detected at 220,
275, 375, and 450 nm by a diode array detector coupled with a full-spectrum (220 - 500 nm)

analysis.

In order to compare secondary metabolite production, extracts of all 18 B. velezensis strains
were further analyzed using a Thermo Fisher Orbitrap Exploris 120 LC-MS instrument. Secondary
metabolites were separated by passing through an Acquity UPLC BEH C18 (1.7 um, 2.1 x 50 mm)
column for 20 minutes. 0.2 pL of sample was injected and the separation was performed at a flow
rate of 0.20 mL/min. The mobile phases were H>O (A) and CH3CN (B), each containing 0.1%
formic acid (v/v). The LC elution was started with 40% of solvent B, ramped up to 100% at 14
min., and then back to 40% at 16 min. In order to identify secondary metabolites, ions were
generated using an electrospray ionization source employing both positive and negative ionization
modes. For unambiguous identification of secondary metabolites, each precursor ion was
simultaneously fragmented using a multi-stage MS" analyzer. The extent of antimicrobial
secondary metabolite production from all 18 B. velezensis strains was calculated from the peak
area in extracted ion chromatogram for three lipopeptides and three polyketide compounds. The
lipopeptides were iturin, fengycin, and surfactin and the polyketides were bacillaene, difficidin,

and macrolactin W.
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3.4. Results

3.4.1. B. velezensis and B. subtilis are strong inhibitors of fungi

Our previous evaluation of the P. nicotianae antibiotics activity of 288 strains across 17
Bacillus species revealed that antibiosis is highly conserved among five species: B. pumilus, B.
safensis, B. altitudinis, B. subtilis, and B. velezensis. This finding has prompted further
investigation into their antifungal activity, interspecies inhibition and resistance activity, and
production of robust biofilm and antimicrobial secondary metabolites. Representative strain from
B. pumilus (JJ1622), B. safensis (1J1244), B. altitudinis (JJJ1138), B. subtilis (JM553), and B.
velezensis (JJ334) were evaluated for antibiosis activity against three fungal pathogens, F.
oxysporum, F. graminearum, and R. solani. Antagonism between each strain and target pathogen
was grouped into three classes based on the measured zone of inhibition: strong, weak, and no
inhibition (see Materials and Methods). Although each strain exhibited strong antibiosis activity
against P. nicotianae, only B. velezensis and B subtilis exhibited strong antifungal activity against
all fungi, whereas strains from the remaining three species were non-inhibitors (Fig. 3.1).
Interestingly, B. velezensis (JJ334) produced larger zones of inhibition (ZOI) than B. subtilis
(JM553) against each fungus being evaluated, indicating B. velezensis is more effective inhibitor

of fungi than B. subtilis.
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Figure 3.1: Antifungal activity of five Bacillus species. Antibiosis responses of B. pumilus
(JJ1622), B. safensis (JJ1244), B. altitudinis (JJ1138), B. subtilis (JM553), and B. velezensis
(JJ334) against F. oxysporum, F. graminearum, and R. solani. Bacillus colonies are grown at the
edge of assay plates, whereas the target fungus is allowed to grow from the center to the edges of
the plates to encounter the Bacillus colonies.

3.4.2. Robust biofilm production by Bacillus velezensis and Bacillus subtilis

Biofilm formation in Bacillus species enhances the production of secondary metabolites,
enables rapid adaptation, increase long-term viability, and improves plant root colonization and
plant protection (127, 130). Therefore, robust biofilm formation is a desirable phenotype for
considering Bacillus species as a commercial biological agent against plant pathogens. Both B.
velezensis JJ334 and B. subtilis JM553 produced a rigid-textured multilayer structure, indicating
an excellent ability for biofilm formation (Fig. 3.2). However, B. pumilus JJ1622, B. safensis
JJ1244, and B. altitudinis JJ1138 strains failed to form a highly complex biofilm. Instead, they

produced smaller, stagnated colonies with limited swarming motility.
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Figure 3.2: Bacillus biofilm formation. Growth morphology and biofilm formation observed for
B. velezensis JJ334, B. subtilis IM553, B. pumilus JJ1622, B. safensis 111244, and B. altitudinis
JI1138.

It has been shown that the surfactin and fengycin contribute to biofilm formation in B.
subtilis (335, 336). Li et al. reported that the polyketide bacillaene enhance biofilm production in
B. methylotrophicus (337). Our observation suggests that the high-quality biofilm produced by B.
velezensis and B. subtilis may be due to their ability to produce biofilm-forming secondary
metabolites such as lipopeptides and polyketides. The lack of complex biofilm in the remaining

three species may be due to the absence of those secondary metabolites.

3.4.3. B. velezensis is a more capable interspecies competitor than other Bacillus species
In order to compare interspecies inhibition and resistance across the five Bacillus species,
each representative strain was challenged by all of the representative strains, including itself. None

of the strains exhibited any inhibition against themselves, indicating that each has sufficient
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intrinsic self-resistance mechanisms (Fig. 3. 3A). However, B. velezensis JJ334 exhibited strong
inhibition against B. pumilus 1J1622, B. safensis 111244, and B. altitudinis JJ1138 but no inhibition
to B. subtilis IM553. In contrast, JIM553, JJ1622, and JJ1138 were non-inhibitory against all other

strains, while JJ1244 exhibited weak inhibition against JJ334, JJ1622, and 1138.

1334 (1) JM553 (2) 111138 (3) 111622 (4) 111244 (5)

Figure 3.3: Bacillus interspecies interactions observed for intact cells (A) and total extracts (B).
Each Bacillus species representative strain was challenged by all the other representative strains,
including itself. Each plate was layered with the target species indicated in white under each image.
Each plate was then inoculated with intact cells from each representative as the focal strain (A) or
treated with filter disks containing total extract from each representative strain (B) according to
the following pattern: B. velezensis J1334 (1), B. subtilis JIM553 (2), B. altitudinis JJ1138 (3), B.
pumilus 111622 (4), and B. safensis J11244 (5).

Extracted secondary metabolites from the culture of each Bacillus species were further
evaluated against all Bacillus species (Fig. 3.3B). The extract from JJ334 showed strong inhibition
against JJ1622, JJ1244, and JJ1138 and weak inhibition against JM553 and itself. Importantly, the

extracts from the remaining four species exhibited no inhibition against any other Bacillus species.
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The observed strong interspecies inhibition ability of the B. velezensis JJ334 strain may be due to
its ability to produce antibacterial secondary metabolites. Based on this result, it is clear that B.
velezensis has the highest potential for antibacterial activity as compared to the other four species,

and it appears well-equipped to compete with other organisms, even those closely related to itself.

B. velezensis carried a larger and more diverse set of BGCs

Bacillus polyketides and ribosomal peptides are commonly known as antibacterial,
whereas the non-ribosomal peptides are known as antifungal/anti-oomycete secondary metabolites
(147, 156, 167, 169, 171, 304). BGC analysis (antiSMASH v.5) of five Bacillus species identified
on average 11 BGCs per species. Among these five species, B. velezensis carried the highest
number of BGCs (13). B. pumilus and B. safensis carried 11 BGCs, and both B. altitudinis and B.
subtilis carried 10 BGCs. Importantly, B. velezensis contained the highest number of antimicrobial
secondary metabolite-producing BGCs, including three polyketides (bacillaene, difficidin, and
macrolactin W), three non-ribosomal lipopeptides (bacillomycin L, fengycin, and surfactin) and a
ribosomal peptide (plantazolicin) (Fig. 3.4). In contrast, B. subtilis contained only one polyketide
(bacillaene) and two lipopeptides (fengycin and surfactin) BGCs. The remaining three species
lacked any polyketide BGC but carried surfactin-like and fengycin-like betalactone BGCs. It is
important to note that a bacillibactin (siderophore) BGC was identified in all five species. All
representative strains, except B. altitudinis JJ1138, contained a bacilysin BGC. B. pumilus, B.
safensis, and B. altitudinis all carried highly similar carotenoid BGCs, whereas B. altitudinis, B.

pumilus, and B. subtilis carried a locillomycin, zwittermicin A, and subtilosin A, respectively.
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Figure 3.4: Diversity of predicted secondary metabolites among five Bacillus species. The 16S
rRNA-based phylogenetic relationship of five species is shown on the left. The color of each box
in the heatmap represents the percent similarity (0 to 100) of the BGC identified to its archetypal
representative as uncovered through antiSMASH analyses. The heatmap scale is presented on the
right.

Interestingly, 16S rRNA-based phylogenetic analyses showed that B. velezensis and B.
subtilis formed one clade while B. pumilus, B. safensis, and B. altitudinis grouped into another
(Fig. 3.4). This is consistent with the BGC types identified among these five species, where the
former two species had five nearly identical BGCs. Similarly, B. pumilus, B. safensis, and B.
altitudinis had four identical BGCs and three of these were completely distinct from those
identified in B. subtilis and B. velezensis. The distinct BGC distribution among the two species
groups (B. velezensis and B. subtilis vs B. pumilus, B. safensis, and B. altitudinis) is consistent with

the observed antibiosis response. These data suggest that the expression of phylogenetically-
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related common BGCs identified in B. velezensis and B. subtilis may be responsible for the
observed broad-spectrum antibiosis response.

Accordingly, the observed antibacterial and antifungal activity of all five Bacillus species
can be explained by their ability to produce various secondary metabolites. The strong antifungal
activity of B. velezensis and B. subtilis may be due to their ability to produce two or three cyclic
lipopeptides (fengycin, surfactin, and/or bacillomycin L). Similarly, the strong interspecies
antibiosis activity of B. velezensis may be due to its ability to produce the three antibacterial
polyketides (bacillaene, difficidin, and macrolacin W) and one ribosomal peptide (plantazolicin).
Note that all three lipopeptides are known as antifungal compounds, and three polyketides and the
ribosomal peptide have been reported as antibacterial compounds (156, 169, 171, 303, 338). The
relatively strong antifungal activity of B. velezensis as compared to the B. subtilis may be due to
its ability to produce three lipopeptides (fengycin, surfactin, and bacillomycin L). The lack of
antibacterial activity expressed by B. velezensis even though it carries a bacillaene BGC suggests
that either bacillaene alone cannot exert strong interspecies inhibition, or B. subtilis does not
produce bacillaene in quantities sufficient to produce such an effect. Finally, the weak antibacterial
activity of B. safensis may be due to its ability to produce the narrow-spectrum antibacterial

plantazolicin.

3.4.4. Bacillus velezensis produced the highest number of antimicrobial secondary
metabolites

Secondary metabolites were produced and extracted from the culture media of all five

representative Bacillus species in order to compare the extent and breadth of secondary metabolite

production. Metabolites were identified by high-resolution LC-MS analysis followed by
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evaluation of fragment ions simultaneously generated by an MS" analyzer. The LC profile as
observed by monitoring the total ion current (TIC) detected in positive and negative ionization
mode showed a highly similar elution profile for the extracts of B. velezensis and B. subtilis, except
that corresponding to B. velezensis had an additional cluster of peaks which eluted between 2 to 6
mins (Fig. 3.5). Both MS and MS? analyses confirmed that B. velezensis JJ334 had six
bacillomycin L (an iturin) derivatives which eluted between 2 to 6 mins. Compounds from the
extracts of B. velezensis JJ334 and B. subtilis IM553 that eluted between 7 and 11 mins were
fengycin derivatives that varied either in the fatty acid side chain or in amino acids in the core
peptide. Surfactin derivatives with varied fatty acid chains were identified in the extract of all five
Bacillus species; these were observed to elute between 14 to 20 mins. Among the five species, the
highest number of antimicrobial compounds were identified in B. velezensis extracts. These
included three polyketides (bacillaene, difficidin, macrolactin W), a ribosomal peptide
(plantazolicin), and multiple derivatives of three lipopeptides (iturin, fengycin, and surfactin).
Taken together, the largest number of known antimicrobial compounds were identified in B.
velezensis extracts. As shown in the total-ion-current elution profiles for JJ334 culture extracts
(Fig. 3.6), three polyketides or polyketide/NRPS hybrids (bacillaene, difficidin, macrolactin W), a
ribosomal peptide (plantazolicin), and multiple derivatives of three lipopeptides (iturin, fengycin,

and surfactin) were identified.
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Figure 3.5: LC elution profile of Bacillus secondary metabolites generated by (A) positive ion
(ESI+) mode and (B) negative ion (ESI-) mode. LC elution profile of secondary metabolite extracts
from the culture of five Bacillus species showing total ion current (TIC). Note that chromatograms
0of JJ1622, JJ1244, and JJ1138 are obtained from the extracts that are 10x concentrated than JJ334
and JM553 extracts. Secondary metabolite extracts were analyzed using a Thermo Fisher Orbitrap
Exploris 120 LC-MS instrument and were separated by passing through an Acquity UPLC BEH
C18 (1.7 pm, 2.1 x 50 mm) column for 20 minutes. 0.2 pL of sample was injected and the
separation was performed at a flow rate of 0.20 mL/min. The mobile phases were H,O (A) and
CH3CN (B), each containing 0.1% formic acid (v/v). The LC elution was started with 40% of
solvent B, ramped up to 100% at 14 min., and then back to 40% at 16 min.
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Figure 3.6 (A) Extracted ion chromatograms (EIC) and (B) molecular ion peak mass spectra of
seven antimicrobial compounds produced by Bacillus velezensis JJ334. lons of bacillaene,
difficidin and macrolactin W are generated using negative ion mode (ESI-) while the rest are
generated using positive ion mode (ESI+). EIC was generated from the precursor ion of respective
compound using FreeStyle software from the LC total ion chromatogram produced by Thermo
Fisher Orbitrap Exploris 120 LC-MS instrument (Acquity UPLC BEH C18 (1.7 um, 2.1 x 50 mm)
(see Materials and Methods). For unambiguous identification of secondary metabolites, each
precursor ion was simultaneously fragmented using a multi-stage MS" analyzer and each
compound was confirmed by representative fragment ions generated form the precursor ion.
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Table 3.1: Secondary metabolites identified from five Bacillus species.

Compounds  producer Species' M.F.’ [M+H]" [M-H| Error (ppm)
Bacillaene B. vel,, B. sub. C,,H,N,O, 579.3473 1.91
Difficidin B. vel. C,,H,;OP 543.2881 1.28

Oxydifficidin B. vel. C,,H,0,P 559.2831 1.41

Macrolactin W B. vel. C,,H, O, 663.3022 0.82
Plantazolicin  B. vel, B.saft ~ C,H,N,,0,;S, 13364764  1334.4613 1.43
B. vel. C,H,N,,0,, 10075045  1005.4879 0.03

B. vel. C,H,N, 0, 10215192  1019.5049 0.69

Bacillomycin B. vel. C,H,N,0, 10355351  1033.5203 0.50
L B. vel. C,H. N, O, 10495504  1047.5366 0.95

B. vel. C,H, N, O, 10635662  1061.5507 0.53

B. vel. CoHe N, O, 1077.5809  1075.5669 1.50

B. vel. C,H,N,0, 14357730  1433.7492 2.17

B.vel,B.sub. ~ C,H N O, 14497894  1447.7728 1.69

B.vel,B.sub. ~ C,H N _.O, 14638044  1461.7891 0.93

Fengycin B.vel,B.sub. ~ C,H N.O 14778195  1475.8048 1.30
B.vel,B.sub. ~ C,H N .O, 1491.8349  1489.8163 0.61

B.vel,B.sub. ~ C, H N_O, 15058505  1503.8320 0.50

B.vel,B.sub. ~ C,H N O, 15198625  1517.8474 0.34

B. vel. C7Hi20N12020  1533.8819  1531.8637 0.17

B. vel. CrsHiN12O2  1547.8966  1545.8792 0.30

B. vel. CroHi2N12020  1561.9106  1559.8946 1.42

AIP C, H,N.O, 994.6383 992.6281 0.12

All C,H N O, 1008.6592  1006.6429 0.33

All C,H,N.O, 1022.6739  1020.6577 0.61

Surfactin All C,H,N.O, 10366896  1034.6730 1.53
All C,H,N.O, 1050.7054  1048.6884 1.12

All C, H,N.O, 10647209  1062.7056 0.79

All C, HN.O, 10787299  1076.7212 0.31

B.vel,B.saf. ~ C,H NO, 10927523  1090.7370 0.40

57771010 713

"Producer species: B. vel. = B. velezensis, B. sub.= B. subtilis, B. pum. = B. pumilus, B. saf. = B. safensis, B. alt. =B.
altitudinis.

’M.F: Molecular Formula.
3All: Representative strains from all five Bacillus species.
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Consistent with the secondary metabolite prediction (see Fig. 3.4), three different
antibacterial polyketides (bacillaene, difficidin, and macrolactin W) were produced by B.
velezensis 1J334, whereas only bacillaene was produced by B. subtilis JM553. Note that all these
polyketides were detected in the negative ionization mode. Plantazolicin was produced by both B.
velezensis JJ1334 and B. safensis ]J1244 as predicted by BGC analysis. Six bacillomycin L
derivatives were detected in the B. velezensis JJ334 extract as both protonated and deprotonated
ions, whereas seven and six fengycin derivatives were detected as protonated and deprotonated
ions in B. velezensis 1J334 and B. subtilis JIM553 extracts, respectively. Eight to nine surfactin

derivatives were delectated in the extract of all five Bacillus species

3.4.5. Intraspecies inhibition and resistance among 18 B. velezensis strains

A total of 18 B. velezensis strains were evaluated for intraspecies interactions in order to
compare how they inhibit and resist one another. Each target strain was challenged by all strains
(focal strains), including itself. The percent antibiosis score for each strain was determined based
on the measured zone of inhibition and morphological changes of the focal/target strain (see
Materials and Methods). Each strain was non-inhibitory against itself, with the minor exceptions
of AP202 and APS52, where only 8% self-inhibition was observed (Fig. 3.7). Strikingly, the
observed inhibitory response was highly similar for strains that were phylogenetically more closely
related. For instance, closely related ABO1 and JJ951 exhibited strong inhibition against virtually
all strains but themselves. Strain AP215 also exhibited strong to moderate inhibition against all
strains but was unable to inhibit AP46 and itself. Similarly, closely related strains AP46, AP202,

IM199, JJ747, and JJ947 exhibited strong inhibition against most strains. As a contrast, closely
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related strains AP52, JM204, and JJ213, along with JJ1284 showed either weak or no inhibition

against almost all strains except JJ1043.
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Figure 3.7: Overview of Bacillus velezensis intraspecies inhibition. Percent inhibition score of
each focal strain against each target strain is displayed as a heatmap (the scale is shown on the
right). The 16S rRNA-based phylogenetic relationships of all 18 B. velezensis focal strains is
shown to the left of the vertical axis. Each box in the heatmap is colored based on the average
inhibitory response (0 to 100%) from the evaluation of three replicates. The standard deviation for
intraspecies inhibition is in the range of 0 to 29%. Heatmap boxes next to each focal strain
(horizontal direction) indicates percent inhibition against each target strain, where darker red
corresponds to stronger inhibition. Conversely, boxes ascending vertically from each target strain
indicates resistance of the target strain to inhibition from each focal strain, where lighter red
corresponds to greater resistance.
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Note that the JJ1043 strain did not show strong inhibition against any strain except JM204,
whereas AP81 showed weak to no inhibition to virtually all strains except IM236. IM236 showed
moderate to strong inhibition against all but AP46 and JJ747, whereas JJ334 showed at least some

level of inhibition against all but JJ947.

3.4.6. Bacillus velezensis intraspecies interaction revealed several strains with high
antibacterial and resistance activity

Inhibition and resistance abilities of each B. velezensis strain against all 18 strains were
compared to identify stains with the highest inhibitory and resistance capacity within the species.
The cumulative % inhibition of each focal strain was calculated based on the percent inhibition of
each strain against all 18 strains (see Materials and Methods). Conversely, the cumulative %
resistance of each target strain was calculated based on the inverted percent resistance of each
focal strain against all 18 strains. As shown in Fig. 3.8, a wide range of inhibitory and resistance
activity was observed across the B. velezensis strains. A few strains exhibited markedly higher
cumulative % inhibition and % resistance compared to the others. Interestingly, only two strains
produced inhibition in excess of 80%, ABO1 (81%) and JJ951 (86%). Strains showing moderate
inhibition of other strains (50-77%) included JM199 (74%), AP46 (63%), 11947 (59%), IM236
(57%), AP215 (56%), and AP202 (51%). Note that the phylogeny of these 18 B. velezensis strains
determined from16S rRNA showed that ABO1, JJ951, and AP215 are closely related, while
IM199, AP46, 1J947, and AP202 group together in a separate clade. This suggests that the closely
related strains may carry conserved factors that are responsible for the observed competitive

advantages imparted by antibiosis activity that some B. velezensis strains express over others.
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Strains with less than 20% antibacterial activity were AP81 (17%), JJ213 (16%), and JJ1043
(11%).

Accounting for percent resistance of each target strain against all strains, only five strains
exhibited values > 60%: AP46 (74%), JJ747 (72%), J1951 (71%), ABO1 (69%), and AP215 (63%).
Consistent with the previous observation, the trait of resistance tended to appear among
phylogenetically closely related strains. For example, ABO1, AP215, and JJ951 on one hand and
AP46 and JJ747 on the other showed relatively robust resistance. Alternatively, strains with the
lowest percent resistance (<50%) were JJ334 (46%), IM204 (45%), AP81 (44%), and JJ1043
(33%). In summary, the intraspecies interaction showed phylogenetically closely related strains
consistently exhibited stronger and broader inhibition and more effective resistance within B.
velezensis species. This suggests that intraspecies inhibition and resistance may be linked with
phylogenetically conserved capacity for producing antibacterial compounds and expressing

resistance genes, respectively.
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Figure 3.8: Quantitative intraspecies inhibition and resistance activity of Bacillus velezensis
strains. (A) Cumulative % inhibition of each B. velezensis focal strain is determined from the
average percent inhibition across all 18 strains (see Materials and Methods). Similarly, the (B)
cumulative % resistance of each target strain is determined from the average inverted percent
inhibition derived from the percent inhibition of all focal strains. Note that percent inhibition and
resistance were calculated from at least three replicates of intraspecies interaction experiments,
and the error bars represent standard deviation.

3.4.7. Antifungal activity of B. velezensis strains
Each B. velezensis strain was further evaluated for antifungal activity against three fungal

pathogens: F. oxysporum, F. graminearum, and R. solani. The percent antifungal score was
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calculated based on the measurement of zones of inhibition (see Materials and methods). The
relative antifungal inhibition of each strain was consistent across three fungi, but the percent
inhibition varied from one fungus to another (Fig. 3.9). This variation is due to the difference in
sensitivity of each fungus towards Bacillus strains. Among the three fungi evaluated, R. solani was
the most susceptible to B. velezensis inhibition and F. oxysporum was the least. Three strains that
exhibited > 75% inhibition against F. oxysporum were AP215 (92%), AP202 (88%), and AP52
(75%). Strains exhibiting less than 40% inhibition against F. oxysporum were AP46 (38%), IM907
(33%), 11947 (25%), and JM236 (25%). For F. graminearum, five strains exhibiting > 75%
inhibition were AP215 (79%), 111284 (88%), AP52 (88%), AP204 (88%), and JJ747 (79%).
Alternatively, strains exhibiting less than 60% inhibition against F. graminearum were JM236
(33%), JIM907 (46%), and JJ947 (50%). Three strongly inhibitory strains against R. solani were
AP215 (100%), IM907 (96%), and AP81 (96%), whereas the least three inhibitory strains with

less than 65% inhibition against R. solani were IM236 (46%), AP202 (58%), and JJ947 (63%).
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Figure 3.9: Overview of quantitative antifungal activity of 18 B. velezensis strains against (A) F.
oxysporum, (B) F. graminearum, and (C) R. solani. The percent inhibition is calculated based on
the measurement of the zones of inhibition (ZOI) of each strain against the target fungus.
Antibiosis assays were replicated at least three times, and the error bars represent standard
deviation.

Accounting for antifungal activity across all three fungi, four B. velezensis strains that

produced higher than 75% inhibition were AP215 (90%), AP52 (79%), AP81 (76%), and JJ747
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(76%) (Fig. 3.10). Strains with percent inhibition score ranging from 70-75% were JM199 (75%),
IM204 (74%), ABO1 (74%), 111284 (74%), and AP202 (74%). The two least inhibitory strains

were JJ947 (46%) and IM236 (35%).

c
0
= 100]
S 1 77 .
;375': ) o
2
= 501
®
g ﬂ
§25*II\\I\ 11T 1T — 1 1 71 1
O
O N> HJ 'b"obt B U B S S
Q\co%v; N> oS QP @ QP ASY I A% B
W W 5\“55“'5\‘0' \&‘ \Svgv‘.z)\“ss\s’)ﬁ&

Figure 3.10: Antifungal activity of B. velezensis strains across three fungi. Cumulative percent
inhibition of each B. velezensis strain across three fungal pathogens, F. oxysporum, F.
graminearum, and R. solani. Note that cumulative percent inhibition was calculated from at least
three replicates of antibiosis assays against each fungus, and the error bars represent standard
deviation.

3.4.8. Representation of BGCs across 18 B. velezensis strains

All 18 B. velezensis strains carried highly similar BGCs with only a few exceptions. As
determined by antiSMASH analyses, all strains carried BGCs for bacillaene, difficidin,
macrolactin H, bacilysin, bacillibactin, fengycin, and surfactin. All 18 strains also carried a BGC
for some form of iturin; fifteen of them were predicted to produce canonical iturin (also referred
to as iturin A), while only three were predicted to produce an alternative iturin derivative,
bacillomycin L. Only four strains, JJ1244, JM236, JJ334, and AP202 contained a plantazolicin

BGC, while JJ1284 and JM236 contained a mersacidin BGC. Myxovirescin A was identified in
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AP45 and AP81; rhizomide A was identified in AP46, IM199, and JJ747; the only strain identified

to carry a subtilin BGC was JM199.
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Figure 3.11: Distribution of secondary metabolites-producing BGCs in 18 Bacillus velezensis
strains. The heatmap is generated using the percent similarity score predicted by antiSMASH v.5

for the secondary metabolites carried by all 18 B. velezensis strains (189).

It is important to note that this highly similar profile of secondary metabolite BGCs cannot
fully explain the variation of antibacterial and/or antifungal activity across these 18 strains. At a
minimum, identification of myxovirescin and rhizomide A BGCs were based on less than 25%
similarity to the expected structures/sequences of these BGCs according to antiSMASH. In
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addition, it is likely that there are differences in the levels of expression/production of these
antimicrobial secondary metabolites that contributes to the differences in antibiosis properties
(intraspecies, intrabacillus, antibacterial, antifungal, etc). Also, the expression of each secondary
metabolite would be dictated by the regulatory genes associated with each BGC. In a similar
manner, the resistance against each secondary metabolite may be controlled by the presence or

expression of resistance genes present in the BGC.

3.4.9. Production of antimicrobial secondary metabolite by 18 B. velezensis strains

One factor that may account for the distinctions between B. velezensis strains in the breadth
and/or intensity of antibiosis properties is the extent to which each strain is able to generate the
secondary metabolites predicted by BGC content. To evaluate this hypothesis, culture media from
all 18 B. velezensis strains were collected and extractions were performed to evaluate production
of antimicrobial secondary metabolites (see Materials and Methods). Secondary metabolites were
identified by LC-MS as for Fig. 6 and Table 1, and the relative quantity produced by each strain
was determined from peak areas under the curves of extracted ion chromatograms (EIC). Relative
quantities of three major polyketides (bacillaene, difficidin, and macrolactin W) and three
lipopeptides (iturin, fengycin, and surfactin) were obtained (Fig. 3.12). In general, the three
polyketides are regarded for their antibacterial activity while the three cyclic lipopeptides are best
known for their activity against oomycetes and fungi (24, 44, 53-55). Although almost all strains
produced some level of each polyketide, the production profile for each one was highly variable
across the 18 strains (Fig. 12A). Bacillaene production was detected in most strains; however, it
was most abundant for JJ334 followed by JM907, and JJ1043. Conversely, little if any was

produced by JJ951, JJ1284, AP45, IM199, and JJ747. When difficidin was considered, a
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completely different strain profile was observed. The most prolific difficidin-producing strains
were ABO1 and JJ951 followed closely by AP215. Difficidin was not detected from JJ1043.
Macrolactin W production produced a third distinct strain profile. The most prolific macrolactin
producer was JIM907 followed by JJ213, IM199, and JJ947. Notable quantities of macrolactin W
were also observed for AP46 and JJ334.

As with the polyketides, there were also unique strain profiles for each of the cyclic
lipopeptides, albeit with less variation across strains (Fig. 12B). Consistent with BGC predictions
from antiSMASH, bacillomycin L was identified as the iturin produced by only three strains
(JJ334,1J947, and JJ1043); when detected, iturin A was observed for the other B. velezensis strains.
Iturin production appeared to be most abundant for JJ334 followed by JJ213 then AP46 and JJ947.
Neither bacillomycin L nor iturin A were detected in appreciable amounts from AP45 or JJ747.
Most strains were strong producers of fengycin, but JJ951, JJ213, and AP46 generated the
strongest signals followed closely by ABO1, AP215, JIM204, and AP81. Interestingly, the lowest
quantity of fengycin was observed in JJ1043 culture media extracts. Most strains were also strong
producers of surfactin, though the specific strain profile was distinct. The most abundant surfactin
production came from ABO1 and JJ951, but AP215, JJ1284, IM204, JJ213, AP45, and APS81 all
followed close behind. Notably, JM907 was not able to generate appreciable quantities of this

cyclic lipopeptide.
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Figure 3.12: Comparison of antimicrobial secondary metabolites produced by 18 Bacillus

velezensis strains. Peak areas are shown from the extracted ion chromatograms (EIC) of

representative (A) polyketides (bacillaene, difficidin, and macrolactin W) and (B) lipopeptides
(iturin, fengycin, and surfactin) produced by B. velezensis strains. Each box in the heatmap is

colored based on the peak area calculated from EIC of the respective compound (the scale is shown

on the right).

3.4.10. Comparison of growth phenotype of 18 Bacillus velezensis strains

All 18 B. velezensis strains were grown for 48 hours in order to compare the growth

phenotype and evaluate biofilm formation. Fifteen out of the 18 strains produced robust and highly
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complex biofilms (Fig. 3.13). The remaining three strains that failed to do so were JJ1043, IM204,

and JM907.

AP215 1J1284

1J213 JM907

11947 111043

AP46 AP202 JM199

Figure 3.13: Bacillus velezensis growth morphology and biofilm formation.

3.5. Discussion

Bacillus species have been considered one of the most promising biocontrol agents since
the 1980s (339). This is due to their ability to promote plant growth by assisting with nutrient
uptake and modulating phytohormones, spore formation, biofilm formation, and survival in
various field conditions, including extreme environments. Plant disease protection comes from
their ability to produce various biomolecules, including lytic enzymes, antimicrobial compounds,
and siderophores (15). Since the 1990s, several Bacillus-based bioproducts have been

commercially used as active ingredients. The species which have been utilized for this purpose
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include B. subtilis, B. thuringiensis, B. amyloliquefaciens, B. licheniformis, B. megaterium, B.
velezensis, B. cereus, and B. pumilus (340, 341). Major factors contributing to Bacillus biocontrol
and plant-growth abilities include production of antimicrobial secondary metabolites,
siderophores, hormones, and formation of robust biofilms and endospores. Several commercial
bioproducts of B. amyloliquefaciens and B. spp. have achieved 44-85% of biocontrol ability
through the action of antifungal lipopeptides, Fusarium disease reduction, and plant root
elongation (342). Bacillus subtilis commercial bioproducts have been reported to elongate plant

roots and reduce Fusarium colony with a biocontrol ability of 75-82% (343, 344).

As of today, numerous studies have been performed to evaluate the biocontrol potential of
B. subtilis and B. velezensis for their ability to control fungal and bacterial diseases. The secondary
metabolites produced by these two species contribute to biofilm formation, antifungal activity,
anti-oomycete activity, and disease suppression (345, 346). Fan et al. demonstrated that B.
velezensis produces a higher number of bioactive metabolites that may contribute to its broad-
spectrum biocontrol ability (347). Similarly, B. subtilis produces antifungal and antibacterial
compounds and have an excellent ability for biofilm formation and root colonization (123, 348).
These attributes enabled B. subtilis to be an effective biological agent against plant pathogens. To
date, B. pumilus, B. safensis, and B. altitudinis are less explored, and their biocontrol ability against
plant pathogens is far less understood. Previous studies reported that the antibacterial and
antifungal activity of B. pumilus may associate with the production of extracellular enzymes,

biosurfactants, and volatile organic compounds (VOCs) (349, 350).

In the present study, B. velezensis and B. subtilis exhibited strong antifungal activity,
whereas B. pumilus, B. safensis, and B. altitudinis were non-inhibitors. B. velezensis produced
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relatively larger ZOI than B. subtilis across all fungal pathogens. This can be explained by the fact
that B. subtilis produces only fengycin and surfactin, whereas B. velezensis produces bacillomycin
L (an iturin), fengycin, and surfactin. Previous studies reported strong antifungal activity of
bacillomycin L and fengycin, whereas no or weak at best antifungal activity of surfactin (143, 156,
288, 351). The lack of antifungal activity of B. pumilus, B. safensis, and B. altitudinis can also be
explained by their inability to produce no more lipopeptide than surfactin. The broad interspecies
antibacterial activity of B. velezensis is likely due to its ability to produce the highest number of
antibacterial secondary metabolites than the other four species being evaluated. Likewise,
relatively higher interspecies resistance of B. velezensis may be linked with its ability to neutralize
or excrete antibacterial compounds by expressing resistance genes when it is challenged by other
bacteria. Previous studies showed that biofilm formation and swarming motility of Bacillus species
are known to be mediated by the production of surfactin and fengycin (336, 352). This is consistent
with the robust biofilm formation of B. velezensis and B. subtilis since both species can produce

both fengycin and surfactin.

Our BGC comparison of 18 B. velezensis species showed highly similar BGC distribution
across all 18 strains, with a few exceptions. All strains carried major antibacterial and antifungal
compounds, including bacillaene, difficidin, macrolactin, iturin (or bacillomycin L), fengycin, and
surfactin. However, we observed a diverse intraspecies inhibition activity within these strains. This
may be partly explained by the variation of expression in antimicrobial secondary metabolites even
though each strain has the ability to produce the same antibacterial compounds. Strikingly, strains
with the highest antibacterial activity are phylogenetically related. This suggests that

phylogenetically conserved regulatory factors for the expression of antibacterial secondary
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metabolites may associate with the observed antibacterial activity. Conversely, the observed
antibacterial resistance may be linked with the level of antibacterial production of each strain since
higher antimicrobial-producing strain also needs an intrinsic mechanism for self-protection
through the expression of resistance genes or associated regulatory genes. The variation of
antifungal activity within B. velezensis strains may also be linked with the level of expression of
antifungal lipopeptides. Further experiments must be performed to unequivocally determine what

factors are responsible for the observed variation of antibacterial/fungal activity.

In summary, a comparison of five Bacillus species for antifungal activity, intraspecies
inhibition and resistance activity, biofilm formation, and antimicrobial secondary metabolites
production identified B. velezensis as the most promising species for developing commercially
viable biological agents. Further evaluation of 18 B. velezensis on similar traits showed
phylogenetically closely related ABO1, JJ951, and AP215 performed relatively better than other
strains. Further experiments on evaluating antifungal activity and plant growth promotion in green-
house and field conditions must be performed to identify the most promising B. velezensis strains

for commercially viable biological agents.
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Chapter 4: Structural and functional insights into Bacillus cytochromes P450 associated

with secondary metabolite biosynthesis

4.1. Abstract

Cytochrome P450 enzymes can catalyze broad diversity of reactions with a high degree of
chemo-, regio-, and stereoselectivity. Their role in bacterial secondary metabolite biosynthesis is
particularly interesting since they are often involved with various oxidative transformations
potentially useful in pharmaceutical and biotechnological applications. To examine their
distribution, sequence conservation, tertiary structure, and substrate preference, we carried out a
comprehensive genomic analysis of 1,562 Bacillus strains. From a total of 5,051 P450 genes, we
identified 614 CYPs encoded within biosynthetic gene clusters (BGCs) as "accessory genes'.
These BGC-affiliated P450s were distributed among six families: CYP107 (326), CYP134 (134),
CYPI113 (84), CYP109 (33), CYP102 (27), and CYP106 (2). Interestingly, enzymes from each
P450 family were associated with a specific secondary metabolite biosynthetic pathway:
bacillaene/fengycin (CYP107), cyclodipeptide (CYP134), difficidin (CYP113), bacillibactin
(CYP109), and plantazolicin (CYP102). Their amino acid sequence conservation across the P450
family showed that CYP113 and CYP134 are the most highly conserved, whereas CYP107 and
CYP109 are the least conserved. Based on this observation, we surmised that the phylogenetically-
related amino acid sequence conservation is linked with substrate specificity with respective
biosynthetic pathways. High-resolution homology models of a representative P450 from these
families showed distinct structural features at the active site that may relate to substrate specificity.
Molecular docking simulations of each P450 with putative substrates showed favorable binding of

CYPI113,CYP134, CYP109, CYP107, and CYP102 with the substrates difficidin, cyclodipeptide,
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dihydroxybenzoate, bacillaene, and plantazolicin, respectively. Furthermore, a representative
CYPI102 from Bacillus amyloliquefaciens (BaCYP102A2) was synthesized, cloned, and
transferred into E. coli for expression, purification, and characterization. The identity of the
BaCYP102A2 was confirmed by the SDS-PAGE band at ~120 kDa, UV-vis Soret band at 419.5
nm, characteristic charge transfer bands, and type-I spectral shift upon substrate binding. The latter
is a canonical substrate-dependent shift in the heme iron’s coordination state from hexacoordinate
low-spin to pentacoordinate high-spin. This was exploited to examine the substrate binding
response of BaCYP102A2 with fatty acid substrates. Sodium dodecyl sulfate (SDS) produced a
sigmoidal response, whereas oleic acid (OA) produced a hyperbolic response. Steady-state kinetic
responses of BaCYP102A2 with respect to SDS, myristic acid (MA), and palmitic acid (PA)

produced a sigmoidal response, whereas OA produced a hyperbolic response.

4.2. Introduction

Across the cytochrome P450 monooxygenase (CYP/P450) superfamily, a heme-bearing
enzyme, the typical reaction catalyzed by these enzymes is a single-oxygen insertion into a broad
variety of substrates (353—-356). The P450s rely on a Cys thiolate-coordinated heme center, and a
hallmark of their reactivity is to oxygenate otherwise unreactive and recalcitrant substrates.
Accordingly, the cytochromes P450 have been one of the most extensively studied enzyme
superfamilies in all of biology (357). P450s have been identified across all kingdoms of life,
including the viruses, and are involved in various cellular processes ranging from the biosynthesis
of metabolites to biodegradation of toxic compounds (355, 358). The P450s play an important role
in the excretion of drugs and xenobiotics in humans and biosynthesis of primary and secondary

metabolites, (e.g., steroids, fatty acids, hormones, terpenes, polyketides, and biotins) across all
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kingdoms of life (247, 359-363). At present, more than half a million distinct P450 protein

sequences are available in the UniProt database.

Currently, with the increasing availability of genome sequences in public databases and the
rapid improvement of bioinformatics algorithms, a large number of genomic datasets are available
and remain to be mined to infer key insights on the genomic contents, gene organizations, protein
structures and their corresponding functions. Enzymes from the cytochrome P450 superfamily are
particularly attractive within this context given the diversity of their structures, the range of
substrates they act upon, and their distribution across all kingdoms of life. P450s in the Bacillus
species have drawn substantial interest since the first identification of a full-length CYP102
(P450sm3) in Bacillus megaterium ATCC 14581 in 1986 (364). Numerous studies have been
performed in vitro and in silico on this P450 to understand not only the P450 catalytic mechanism
more generally, but also this homolog’s substrate specificity and kinetic responses, as well as its
biotechnological applications (363, 365-371). A recent comparative study on 128 Bacillus P450s
provided critical insights into the diversity of P450s and their association with secondary
metabolite biosynthesis (260). However, their structures, substrate preferences, in vivo targets, and
as such, their roles in biosynthetic processes remain unclear. Thus, analysis of the currently
existing large number of Bacillus genome sequences is anticipated to identify P450s with novel

structure, functional role, and/or catalytic mechanism (370).

Bacillus species inhabiting the soil and plant rhizosphere carry various classes of
biosynthetic gene clusters (BGCs) for producing secondary metabolites. The most commonly
observed Bacillus BGCs are non-ribosomal peptide synthetases (NRPS), polyketide synthases

(PKS), ribosomally-synthesized, and post-translationally modified peptides (RiPP), and terpenes
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(371). These BGCs often carry a cytochrome P450 gene as "accessory gene." Enzymes encoded
by these P450s are anticipated to participate in the functional modification of respective BGC-
expressed secondary metabolites. Although P450s, including a few Bacillus enzymes have been
subject of intense investigation for many years, the BGC-affiliated P450s have been neglected due
to the challenges in their heterologous expression and the availability of natural substrates.
Therefore, investigating the BGC-affiliated P450s in the ever-expanding publicly available
Bacillus genome sequence data is particularly interesting to uncover P450s with novel structure,

function, and catalytic mechanism.

Although P450s were discovered in Bacillus species more than four decades ago, their
exact catalytic mechanism, physiological roles, and substrate specificity are far less understood.
For example, at present, the actual physiological function and the full-length structure of Bacillus
CYP102 (P4508Mm3) are unknown. Although Bacillus PksS has been identified in the biosynthesis
of a polyketide bacillaene, its physiological substrate and the catalytic mechanism remain
unknown (362). Bacillus CYP109 (also known as "versatile enzyme") has a broad-range substrate
tolerance and catalytic role in fatty acids and steroids (272). However, its exact catalytic
mechanism and physiological role are far less understood. Further, Bacillus CypX enzyme
(CYP134) has been identified to be associated with the oxidative transformation of cyclodipeptides
through a multistep oxidation process (365). However, its catalytic mechanism and substrate
specificity are unclear. Inspired by these research gaps in Bacillus P450s, we carried out extensive
analyses on currently available Bacillus genomes and P450 sequences to understand structure,

catalytic role, and diversity of BGC-affiliated P450.
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In the present study, 1,562 Bacillus genomes were analyzed to identify and annotate
cytochromes P450, especially those involved in secondary metabolite biosynthesis. Amino acid
sequence conservation and phylogenetic analysis of 614 BGC-affiliated P450s were performed to
understand the distribution and conservation of P450s among various secondary metabolite
biosynthetic pathways. High-resolution homology models of representative enzymes from five
predominant BGC-affiliated P450 families were constructed to evaluate structural features in
relation to respective secondary metabolite biosynthesis. In addition, to understand enzyme-
substrate interactions, molecular docking simulations of representative enzymes were carried out
with the candidate substrates linked with respective secondary metabolite biosynthesis.
Furthermore, a CYP102 enzyme from Bacillus amyloliquefaciens (BaCYP102A2) predicted to
involve in plantazolicin biosynthesis was selected for in vitro investigation. The BaCYP102A2
gene was synthesized, cloned, and transferred into a heterologous expression system.
Subsequently, the expressed BaCYP102A2 enzyme was purified and further characterized using

SDS-PAGE, UV-vis absorption, substrate-binding titration, and steady-state kinetic assays.

4.3. Materials and Methods

4.3.1. Bacillus genomes and P450 sequences

A total of 1,562 high-quality Bacillus whole-genome sequences were downloaded from the
Integrated Microbial Genomes Atlas of Biosynthetic gene Clusters (IMG-ABC) database
(https://img.jgi.doe.gov/cgi-bin/abc/main.cgi) (372). In total, 6,921 P450 protein sequences were
identified in 1,562 Bacillus genomes at the IMG-ABC database based on a BLAST search using
the six most commonly observed Bacillus P450 protein sequences. All P450 sequences were

downloaded and then subjected to the NCBI Web CD-Search Tool to filter out the P450 proteins
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with > 40% sequence similarity using Pfam database (PF00067) (373). Finally, 6,096 P450 protein

sequences with > 40% similarity with known homologs were selected for further analysis.

4.3.2. Bacillus P450 sequence analysis

To annotate P450 proteins into families and subfamilies, previously annotated homolog
P450 sequences were used as a reference from the Cytochrome P450 Homepage database (374).
The P450 protein annotation was carried out based on the rules of the International P450
Nomenclature Committee (222). Following these rules, the P450 sequence identity of > 40% with
a known homolog was assigned to the same family and the sequence identity of > 55% with a
known homolog was assigned to the same subfamily. Based on this evaluation, returned 5,051
P450 protein sequences with > 40% sequence identity with known homologs were selected for the

analysis.

4.3.3. Bacillus P450-containing BGCs analysis

All 1,562 Bacillus genome sequences were analyzed by antiSMASH v5.0 (189) to predict
biosynthesis gene clusters (BGCs) and corresponding secondary metabolites. A total of 16,718
BGCs were identified, including 614 P450-containing BGCs. These P450-containing BGCs were
further analyzed by BiG-SCAPE v.0.0.0r (293) to construct clusters of networks based on their
sequence similarity. The raw distance matrices from the BiG-SCAPE analysis were visualized and
annotated using Cytoscape (375). Finally, all 614 P450-containing BGCs were classified into
seven types based on the structural and chemical properties of predicted secondary metabolites:
non-ribosomal peptide synthetases (NRPS), polyketide synthases (PKS), a hybrid of PKS and
NRPS (PKS-NRPS), ribosomally-synthesized and post-translationally modified peptides (RiPP),

terpenes, cyclodipeptide synthases (CDPS), and BGCs outside these six classes (other).
153



4.3.4. Bacillus BGC-affiliated P450 analyses

All 614 BGC-affiliated P450 proteins were further grouped into their families and
subfamilies based on the rule of the International P450 Nomenclature Committee (222). All P450
protein sequences were aligned using Clustal Omega (376). A phylogenetic tree for these P450
sequences was constructed using MEGA X (35). Finally, the returned distance matrices of the
phylogenetic analysis were visualized and annotated on the iTOL (interactive Tree of Life)
webpage (https://itol.embl.de/) (377). Further analysis of amino acid sequence conservation of the
five most common BGC-affiliated P450 families was performed using PROMALS3D ((378).
According to this analysis, the conservation index of each amino acid position of a given sequence
within a P450 family was ranked from 0 to 9. A conservation index of 9 indicates the highest
conservation (invariantly conserved), whereas 0 indicates no conservation at all. Further,
accounting for all P450 sequences in each family, a cumulative index (0 to 9) for each P450 family

was calculated as follows:

Y'(conservation index X number of amino acids belonged to that index )

the average number of amino acids of the given P450 family

The distribution of the conservation index of each P450 family, the number of amino acids
that belonged to that index, and derived cumulative index for each P450 family are provided in

Table 4.1.
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Table 4.1: Amino acid sequence conservation of 614 BGC-affiliated P450s

P450 Conservation Index Cumulative | Cumulative
Family 9 3 7 G 5 2 3 3 1 0 Score! Index?
CYP113 350 0 1 0 0 0 30 0 0 4 3,247 8.4
CYP134 163 0 87 | 25 | 62 3 34 19 | 10 3 2,698 6.6
CYP102 209 0 10 | 90 5 67 44 28 6 10 2,978 6.3
CYP109 116 0 4 1109 | 1 129 | 37 8 1 1 2,375 5.8
CYP107 54 0 42 | 22 | 45 | 51 55 46 | 91 16 1,689 4.0

ICumulative Score= ) (conservation index x amino acid counts at that index).
2Cumulative Index= Cumulative Score/total amino acid count.

4.3.5. High-resolution homology modeling of five BGC-affiliated P450s

A representative P450 protein sequence from each BGC-affiliated P450 family was
selected to construct a high-resolution homology model using RosettaCM (379). Homology
models were constructed using the multi-template comparative modeling protocol implemented in
RosettaCM described on the rosettacommons.org webpage (380). Briefly, three templates for each
target P450 protein sequence were selected based on the BLASTp search at NCBI by specifying
"Protein Data Bank proteins (pdb)" as the Database. This allowed the identification of P450s that
have crystal structures available in the protein databank. The crystal structure of the top hits from
the BLASTp was further compared for higher resolution and percent identity. The top three hits
with high-resolution crystal structures were selected to use as templates. Each P450 target
sequence and respective three template sequences were aligned using Clustal Omega (376). The
template and target sequences were then converted to Grishin format. The fragment files (9-mers
and 3-mers) for all target sequences were generated at the Robetta webpage
(http://old.robetta.org/fragmentsubmit.jsp) (381). The membrane region of each target P450

sequence was predicted on the Octopus webpage (https://octopus.cbr.su.se/) (382). The target P450
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sequence was threaded on each structure of the templates by using Rosetta's partial thread
program. The heme structure was threaded onto each target P450 structure by using the
molfile to params.py program from the Rosetta suite of programs. Finally, the homology
modeling was carried out by running RosettaCM Hybridize function employing rosetta cm.xml
and rosetta cm.options by providing the requisite information about the target P450 (heme
incorporated) and template structures. Nearly 1,000 structures were generated for each target P450
sequence, and the top three structures with the lowest total energy were selected. Subsequently,
the structures were optimized using a relaxation step. The optimized structure with the lowest total
energy was selected as a candidate structure. Finally, the stereochemistry and enatic quality for
candidate structure were further evaluated and refined at the Structural Analysis and Verification
(SAVES) and Prosall webpage (383). Each P450 refined structure was selected for further

analysis.

4.3.6. Molecular docking simulations

Each representative modeled structure of five BGC-affiliated P450 families was selected
for molecular docking simulation. The secondary metabolite (or associated intermediate
compound) predicted to be produced by each P450-containing BGC was used as a putative
substrate for the docking simulation. Cyclo (leu-leu), difficidin, dihydroxybenzoate, bacillaene,
and plantazolicin were selected as the putative substrates for CYP134, CYP113, CYP109,
CYP107,and CYP102, respectively. The 3D structure of each candidate substrate was downloaded
from the ChemSpider database. Each substrate structure was optimized using Gaussian 16 package
employing the B3LYP level of theory (387). The harmonic frequencies for the ground state of each

compound were calculated using the same level of theory. The geometry optimization was
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performed and further verified by the absence of imaginary frequencies. This confirmed that the
stationary points of the optimized geometry were corresponded to the global minima. The
coordinates of the optimized structure of each compound were selected for molecular docking
simulation. For input file preparation, the gaussian output file of each optimized substrate was first
converted to pdb file using Open Babel, and then converted to pdbqt file using Auto-Dock-Tools-
1.5.6 (388, 389). The pdb file of each P450 model structure was also converted to pdbqt file using
Auto-Dock-Tools-1.5.6 (388). The commonly known P450 active site at the heme-distal side was
selected as the center of gridbox for substrate binding. Finally, the molecular docking simulation
was carried out using AutoDock Vina employing the following parameters: exhaustiveness=400,

num_modes=10, energy range =2 (388).

4.3.7. BaCYP102A2 construct for heterologous expression

In order to evaluate the functional role of CYP102 in plantazolicin biosynthetic pathway,
the CYP102A2 gene-encoding DNA sequence from Bacillus amyloliquefaciens (BaCYP102A2)
was selected and optimized for E. coli expression at GenScript (Piscataway, NJ). The optimized
sequence was then subcloned into a pET21a (+) expression vector using Xbal and Xhol as

restriction sites. The transformants were selected based on ampicillin resistance.

4.3.8. Transformation of the BaCYP102A2 construct

The BaCYP102A2 gene-containing plasmid was transferred into E. coli XL-1 Blue
competent cell and BL21-[DE3] expression system. An aliquot of 500 uL of E. coli cells was
thawed on ice. Two pL of plasmid-bearing BaCYP102A2 gene was added into 200 pL of thawed
cells, mixed gently, and left on the ice for 20 mins. The mixture was then heat shocked at 42 °C

for 120 s in a water bath and returned to the ice immediately for 120 s. 800 pL of pre-warmed LB
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medium was added to the cells and then incubated for 40 mins at 37 °C. 300-500 pL of the
transformed culture was plated onto freshly prepared pre-warmed LB-agar plates supplemented

with appropriate antibiotics (depending on the expression system) and incubated overnight at 37

°C.

4.3.9. Chemicals, buffers, and growth conditions

Ampicillin (AMP), tetracycline, phenylmethylsulfonyl fluoride (PMSF), 6-aminolevulinic
acid (0-ALA), and imidazole were purchased from Sigma-Aldrich (St. Louis, MO). Isopropyl-p-
d-thiogalactopyranoside (IPTG) was purchased from Thermo Fisher Scientific. Bugbuster, and
benzonase nuclease were purchased from Novagen (Madison, WI). The E. coli cells (BL21-[DE3]
and XL-1 Blue) were purchased from Agilent Technologies. Nickel-nitrilotriacetic acid (Ni-NTA)
resin was purchased from Qiagen (Valencia, CA). Desalting 10DG chromatography columns were
purchased from Bio-Rad Laboratories (Hercules, CA). Sodium dodecyl sulfate (SDS), reduced
nicotinamide adenine dinucleotide phosphate (NADPH), myristic acid, palmitic acid, and oleic
acid were purchased from VWR (Radnor, PA). Buffers and media were prepared using the water
purified by a Milli-Q purification system (18.2 MQ/cm). Sterile LB-agar plate was prepared using
25 g/L of LB and 15g/L of agar. The appropriate antibiotic was added once the autoclaved LB and
agar medium cooled below 50 °C. Approximately 15 ml of the medium was transferred onto the

petri dish and left to solidify in an aseptic condition.

4.3.10. BaCYP102A2 enzyme expression
BaCYP102A2 expression was carried out in E. coli BL21-[DE3] expression system using
LB broth supplemented with ampicillin (100 pg/mL) and tetracycline (10 pg/mL). Cells were

grown at 37 °C with constant agitation (220 rpm) to the mid-log phase (ODsoo= 0.6-0.8) and then
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induced by the addition of I mM IPTG. The temperature was lowered to 28 °C after 20 mins of
IPTG addition, and the culture continued for 12h post-induction. The cells were harvested by
centrifugation at 6,000 x g for 20 mins at 4 °C. The supernatant was discarded, and the cell pellet
was stored at -80 °C until use. The expression analysis was carried out using the trichloroacetic
acid (TCA) precipitation protocol as described elsewhere (390). A solubility test was carried out

to determine the extent of the solubility of desired BaCYP102A2 protein.

4.3.11. BaCYP102A2 enzyme purification

The cell pellet was thawed on ice and resuspended in buffer A (50 mM KPi, pH 7.0). In
the presence of 0.1 mM PMSF, the cell suspension was homogenized using a bead-beater. The
homogenized cells were then lysed using a Branson Sonifier 250 (Branson Ultrasonics, Corp.,
Danbury, CT, USA). Sonication was performed with an output control of 3.5 and a duty cycle of
30% for 8 intervals of 42 s with cooling on ice between each sonication. After sonication, cell
lysate was incubated for 2 hours at 4 °C with gentle stirring in the presence of benzonase nuclease
(250 U). The cell lysate was then centrifuged at 7,500 x g for 35 mins at 4 °C. Pellets were
discarded, and the supernatant was collected and transferred into 50 mL Falcon tubes containing
pre-washed Ni-NTA resin. The mixture was incubated overnight at 4°C with constant rocking and
shaking. The mixture was then loaded into a column and washed with buffer B (50 mM KP1i, pH
7.5, 50 mM NacCl). The desired protein was eluted by successive addition of buffer B containing
imidazole of 2 mM, 5 mM, 7.5 mM, 10 mM, 50 mM, and 200 mM. The eluted fractions were
collected and analyzed using SDS-PAGE. The fractions containing the desired enzyme were
pooled and concentrated by ultrafiltration using a 30 kDa molecular cutoff filter and subjected to
buffer exchange with buffer A. To remove any fatty acid contaminants, extensive dialysis was
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carried out against buffer A at 4 °C for 24 hours. The proteins were then run through a desalting
DG10 column for further buffer exchange. Finally, the proteins were purified using an anion-
exchange (AEC) column. Fractions collected from the AEC containing the desired protein were
pooled, concentrated, and aliquoted as 250 pL stock into 1.5 mL Eppendorf tubes and stored at -

&0 °C until use.

4.3.12. SDS-PAGE analysis

SDS-PAGE was used to evaluate the purity and relative quantity of the BaCYP102A2
protein based on the size. The protein samples were made up to 15 pL with the sample buffer (4%
SDS, 10% B-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, 125 mM Tris HCI at pH
6.8), 5 uL protein sample, and H>O. A broad range pre-stained protein ladder (Bio-Rad, California,
USA) was used as a reference. The mixture was boiled for 10 mins at 95 °C and loaded onto a 7%
acrylamide SDS-PAGE gel. The gel was run using the running buffer (25 mM Tris, 192 mM
glycine, 0.1% SDS, pH 8.3) with a voltage of 300 V. The gel was then stained using the staining
buffer, followed by de-staining with 7.5% glacial acetic acid. Subsequently, the gel was dried

overnight at ambient temperature.

4.3.13. UV-vis spectroscopic analysis

UV-vis absorption spectra of BaCYP102A2 were recorded in a glass cuvette using a UV-
vis spectrophotometer (Shimadzu, UV—-1601). The absorption spectra were recorded in the range
of 200-700 nm for characteristic P450 Soret band and charge-transfer bands of BaCYP102A2
protein. The protein concentration was determined on the basis of the Soret band (419.5 nm), using

the estimated absorption coefficient of full-length P450pm3 protein (€4195= 105 mM'cm™) as
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described elsewhere (391). The purity (Reinheitzahl, Rz) of the protein was determined by

comparing the absorbance of the heme Soret band at 419.5 nm and the protein peak at 280 nm.

4.3.14. Substrate-binding titration

Substrate binding affinity of the BaCYP102A2 enzyme was determined for the P450
substrate sodium dodecyl substrate (SDS) and oleic acid (OA). 1 uM of BaCYP102A2 enzyme
and 0 to 500 uM of substrate (depending on the substrate's saturation concentration) were used for
the assay. The mixture of BaCYP102A2 and a given substrate was incubated at room temperature
for 30 mins. Finally, the UV-vis absorption spectra were recorded for the substrate-bound
BaCYP102A2 enzyme in the range of 200-700 nm using UV-vis spectrophotometer (Shimadzu,

UV-1601).

4.3.15. Steady-state kinetic analysis

Steady-state kinetic analyses were performed on the BaCYP102A2 enzyme to estimate the
catalytic rates of NADPH-dependent reactions with typical P450 substrates. 1 mL of sample
mixture was prepared using buffer C (50mM KPi, 50 mM KCI, pH 7.20) with the following
concentrations: 100 nM BaCYP102A2, 120 uM NADPH, and 0-400 uM of substrates (depending
on substrate saturation concentration). After mixing all chemicals into a 1 ml cuvette, the cuvette
was promptly transferred into the spectrophotometer. The decrease of absorbance of NADPH at
340 nm due to the oxidation of substrate was recorded for 120 s. At least three traces were recorded

for each data point.
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4.4. Results and discussion

4.4.1. Diversity of BGC-affiliated cytochromes P450 in Bacillus species

Our genome mining effort utilizing sequence from 1,562 Bacillus strains identified a total
of 5,051 P450 proteins. Annotation of these P450s using the "Cytochromes P450 Homepage"
database (374) showed that all of them were distributed across 12 families: CYP107 (1845),
CYP102 (1487), CYP109 (749), CYP106 (624), CYP134 (170), CYP113 (101), CYP197 (61),
CYP152 (7), CYP1007 (4), CYP120 (1), CYP205 (1) and CYP267 (1) (Fig. 4.1). Interestingly,
the majority of Bacillus P450s (93%) were distributed across only 4 families: CYP107, CYP102,
CYP109, and CYP106. This indicates that P450 proteins are highly conserved within the Bacillus
species. From the 5,051 P450s, 614 genes were encoded by secondary metabolite-producing
biosynthetic gene clusters (BGCs) and annotated as “accessory genes.” These BGC-affiliated P450
families were CYP107 (326), CYP134 (142), CYP113 (84), CYP109 (33), CYP102 (27), and
CYP106 (2). The distribution of these BGC-affiliated P450s as compared to all P450s is shown in
Fig. 4.1. All 614 P450-containing BGCs were further grouped into seven classes based on the
chemical and structural properties of associated secondary metabolites. These were NRPS, PKS,
the hybrid PKS-NRPS, RiPPs, CDPS, terpenes, and BGCs outside these six classes (other).
According to this classification, most genes from the CYP107 family were encoded in NRPS and
PK-NRPS BGCs, whereas all genes from CYP134 and CYP113 families were exclusively found
in CDPS and PKS BGCs, respectively (Fig. 4.2). Enzymes from the CYP109 family were observed
in both NRPS and terpene BGCs, whereas most genes from the CYP102 family were encoded in

RiPP BGCs. The remaining two P450s from the CYP106 family were associated with PKS BGCs.
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Figure 4.1: Distribution of BGC-affiliated P450s in Bacillus species. The distribution of 614 BGC-
affiliated P450s as compared to all 5,051 P450s identified in 1,562 Bacillus strains. All P454s are
distributed across twelve families, while the BGC-affiliated P450s are distributed within only six

families.

In order to evaluate the extent of amino acid sequence conservation across the protein
sequences in each BGC-affiliated P450 family, a conservation index (0 to 9) was calculated (see
Materials and Methods); a score of 9 for a give position indicates invariably conserved, whereas
0 indicates no conservation at all. Based on this score, CYP113 (8.4) was the most conserved P450
family, whereas the CYP107 (4.0) was the least conserved (Fig. 4.3). Interestingly, enzymes from
the highly conserved CYP113 family were exclusively observed in CDPS BGCs while enzymes
from the CYP134 family were only found in PKS BGCs. As a contrast, enzymes from the least
conserved CYP107 family were encoded within NRPS and PK-NRPS BGCs, while the enzymes

from the CYP109 family were encoded within NRPS and terpene BGCs.
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Figure 4.2: Distribution of each BGC-affiliated P450 family among various BGC classes. All
P450-containing BGCs are grouped into seven classes based on the chemical and structural
properties of predicted secondary metabolites. Each BGC is shown with distinct color in the
barplot matching with the associated P450 family (see Materials and Methods).

It is notable that highest CYP family conservation (CYP113 and CYP134) corresponded
to P450s found exclusively in one type of BGC, and those least conserved (CYP107 and CYP109)
were identified in at least two types of BGCs. This suggests that the former have been tuned to
serve very specialized roles in secondary metabolite biosynthesis, perhaps acting on a very narrow
substrate profile. On the other hand, those least conserved P450 families may fill more generalized
roles acting, for example, across multiple substrate types and metabolic pathways. In summary,
these data indicate that the level of amino acid sequence conservation across P450 families is
linked with substrate specificity associated with respective secondary metabolite biosynthetic

pathways.
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Figure 4.3: Amino acid sequence conservation (score from 0 to 9) of each BGC-affiliated P450
family; score of 9 indicates invariantly conserved, and 0 indicates no conservation at all (see
Materials and Methods).

In order to visualize whether all proteins from a P450 family may evolve from a common
ancestor and may associate with a specific BGC type, a phylogenetic tree was constructed for all
BGC-affiliated P450s (Fig. 4.4). All enzymes from each P450 family (see Fig. 4.4 inner circle)
were positioned in close proximity to one another, indicating they are phylogenetically more
closely related. This also confirms that all protein sequences within a P450 family are highly
similar in amino acid sequence. In order to compare how each P450 may associate with the
respective BGC type, each BGC was shown as the outer circle next to its associated P450 (inner
circle). Interestingly, enzymes from the highly conserved CYP113 family were aligned exclusively
with the difficidin PKS BGC, whereas CYP134 aligned with CDPS (cyclodipeptide) BGC.
Notably, the CYP113 family is situated next to the CYP109 family in the phylogenetic tree, where
both occupy a common clade, indicating that they share more similar sequences and structures,

and perhaps, metabolic function. Conversely, the CYP134 family originated from a separate clade
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and further divided into three sub-clades. This observation suggests that there may be three types

of structurally distinct enzymes within the CYP113 family.

The least conserved CYP107 family occupies two proximally located clades and aligns
with two BGCs, a PKS-NRPS (bacillaene) and an NRPS (fengycin). Interestingly, P450s that are
linked with bacillaene are clearly separated from those associated with the fengycin BGC within
the CYP107 family, indicating each subgroup is likely different from one another. The CYP109
family occupies two sub-clades, where one subgroup is found with bacillibactin (NRPS) BGCs
and the other is with a terpene BGC. It is reasonable to suppose that these are also distinct from
one another in structure and function. Finally, the enzymes from the CYP102 family occupy a
single clade and are aligned primarily with plantazolicin (a RiPP BGC) biosynthesis with a few
exceptions. In summary, these data suggest that amino acid sequence conservation of each P450
family is phylogenetically related and associated with a specific biosynthetic pathway. Further, the
degree of sequence conservation of each P450 family appears to correlate with substrate specificity

linked with their respective biosynthetic pathway(s).
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Figure 4.4: Phylogenetic tree showing the distribution of BGC-affiliated P450s among P450
families and BGC types, where families are shown in the inner circle, and BGC types are shown
in the outer circle. Prominent secondary metabolites are labeled next to the corresponding BGC.

4.4.2. Each BGC-affiliated P450 family is involved in a specific secondary metabolite

biosynthetic pathway

In order to visualize the association of P450 families with respective secondary metabolite
biosynthetic pathways, similarity analysis of P450-containing BGCs was carried out (BiG-SCAPE
v.0.0.0r) (293). In this analysis, most of the BGCs were distributed into several distinct clusters.
Note that all BGCs within a cluster are highly similar and they are likely involved in a common
secondary metabolite biosynthetic pathway. In order to highlight the P450 family distribution
among various BGC clusters, each BGC was colored based on the distinct P450 family (node
color). Interestingly, as shown in Figure 4.5A, each large cluster of BGCs appeared to integrate a

specific P450 family. The CYP107 family primarily associated with BGCs for bacillaene and
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fengycin biosynthesis. Most CYP109 members occupied bacillibactin BGCs, but there were a
handful distributed in unknown BGCs. With the exception of one member, the difficidin cluster
was densely packed, and it exclusively contained P450s from the CYP113 family. Similarly,
CYP113s were not observed to occupy any other BGC. Though the CYP134 family only observed
in CDPS BGCs, these divided into three distinct clusters, one of whose members appeared to be
rather loosely associated and contained one member with an alternate P450 gene (a CYP102
member). These data suggest that there is substantial variation of CYP134-containing CDPS
BGCs. The CYP102 family was primarily represented in the plantazolicin cluster, with some
exceptions occupying an otherwise unknown BGC as well as a handful of pairs and singletons.
The two CYP106-containing BGCs appeared as singletons. This clustering analysis clearly shows
that proteins from each P450s family are linked with specific biosynthetic pathways, suggesting
the conservation of functional roles in their respective biosynthetic assignments. Further, this
visualization supports our hypothesis that relatively highly conserved CYP134 and CYP113
families are exclusively associated with only one type of biosynthetic pathway, and perhaps, a
single substrate and specific transformation. The least conserved P450 families, CYP107 and
CYP109, are associated with more than one biosynthetic pathway. The gene organization of five
P450-containing BGCs is shown in Fig. 4.5B, where the relative position of P450 in the BGC is

highlighted by an upward (black) arrow.
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Figure 4.5: Network analysis and visualization of 614 P450-containing BGCs. Out of 614 BGCs,
583 are distributed among ten clusters (A). Each node represents a single BGC. The nodes are
colored according to the family of the P450 gene which occupies the BGC. With the exception of
pairs and singletons, clusters of BGCs are labeled according to the secondary metabolites they are
predicted to produce. The gene organization of five P450-containing BGCs is shown (B). The
location of the P450 gene within each BGC is indicated by the black arrow.

4.4.3. High-resolution homology models of representative BGC-affiliated P450s showed

distinct structural features

In order to compare the structures of the five most common BGC-affiliated P450 families,
high-resolution homology models were constructed using the RosettaCM suite of programs (379).
Comparison of structures showed some obvious differences in the relative organization of

secondary and tertiary structures, especially a-helices within the tertiary structure among five P450
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families (Fig. 4.6). The structure of CYP107 appeared as relatively broad active site pocket where
the B/C loop-containing an extended B' helix was in close proximity to the F/G loop. In contrast
for CYP134, the B/C loop is longer, and the F/G loop is inclined toward the active site. The
secondary structure near the active site of CYP113 is very different from either CYP107 or
CYP134. Here, the B” helix orients orthogonally to the heme plane and well above the prosthetic
group’s distal face. The F/G loop protrudes out from the active site. The structure of CYP109 is
similar to CYP134, however, the F/G loop is more inclined toward the active site and extends
toward the A/B loop. The structure of CYP102 has a broad opening near the A/B loop, where the
F/G loop protrudes out from the active site. Based on these observations, we surmised that the
observed structural difference may be linked with substrate preference for each P450 family in

relation to the respective secondary metabolite biosynthesis.
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Figure 4.6: Homology models of five BGC-affiliated P450s. Homology model showing the
tertiary structure of representative P450 protein from five BGC-affiliated P450 families. Each
model structure is selected as the best model with the lowest total energy from nearly 1,000
structures generated for each P450 family using the high-resolution RosettaCM suite of programs
(379).

4.4.4. Favorable binding of BGC-affiliated P450s with candidate substrates

In order to evaluate how each BGC-affiliated P450 enzyme interacts with the respective
candidate substrate, molecular docking simulations were performed using the P450 homology
model and candidate substrate associated with the secondary metabolite biosynthetic pathway. In
docking analyses, favorable substrate binding with negative binding energy was observed for each

P450 enzyme (Fig. 4.7). Bacillaene is positioned at the active site of CYP107 with a binding energy
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of -6.3 kcal/mol. Interestingly, this binding pose is in agreement with the previously proposed
position (14°-15") of bacillaene/dihydrobacillaene oxygenation by a P450 enzyme, PKsS (362).
The docking pose of CYP134 showed a favorable binding interaction (-7.0 kcal/mol) with a
cyclodipeptide (cyclo-leu-leu) at the active site of CYP134. This pose is consistent with the
reported site of cyclodipeptide oxygenation. Cryle et al. previously reported that a CYP134
homolog (CypX) involves in the oxidative transformation of cyclo-leu-leu to pulcherriminic acid
(261). A docking pose of difficidin at the active site of CYP113 showed a favorable binding pose
(-6.0 kcal/mol). This particular pose supports the previously indicated hydroxylation position of
difficidin, to produce oxydifficidin (338). Molecular docking simulation of CYP109 with a
candidate substrate, dihydroxybenzoate (an intermediate of bacillibactin biosynthesis) showed
favorable enzyme-substrate interaction (-5.3 kcal/mol). Notably, bacillibactin is a siderophore that
is biosynthesized by an NRPS BGC through three repeating units of dihydroxybenzoate (164). It
is possible that the dihydroxybenzoate may be further transformed to trihydroxybenzoate by the
CYPI109 enzyme to produce a novel bacillibactin derivative. At present, several homologs of
CYP109 have been reported to be involved in the oxidative transformation of fatty acids, steroids,
and o/B-ionone. Due to its broad substrate tolerance, the CYP109 is commonly referred to as the

"versatile enzyme" (272, 392).
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Figure 4.7: Favorable docked pose of a putative substrate in each BGC-affiliated P450 model.
Secondary metabolite or precursor compound associated with the respective biosynthesis pathway
is selected as a putative substrate for the docking analysis. bacillaene, cyclo-(leu-leu), difficidin,
dihydroxybenzoate, and plantazolicin are used as a putative substrate for CYP107, CYP134,
CYP113, CYP109, and CYP102, respectively. The table on the lower right shows estimated
binding energy of each P450 with the respective candidate substrate.

The docking simulation of a representative CYP102 (from B. amyloliquefaciens)
(BaCYP102A2) with candidate substrate plantazolicin showed favorable enzyme-substrate
interactions (-6.6 kcal/mol), and these placed the molecule in the enzyme's active site adjacent to
the heme prosthetic group. In this pose, the C-terminal of plantazolicin is positioned close to the
heme iron, suggesting this may be the site of post-translational modification of plantazolicin, as
reported by a previous study (393). However, they demonstrated that the azole ring of Thr in this
site (pointed by a black arrow in Fig. 4.8) undergoes hydrolytic ring opening by the addition of

mild acid. Based on our data, we anticipate this transformation could be mediated by the
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BaCYP102A2 enzyme, in addition to the comparatively slow chemical hydrolysis as they reported.
A similar ring-opening reaction has been reported to be catalyzed by a P450 enzyme CYP1A2 in

setileuton, a 5-lipoxygenase inhibitor (394).
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Figure 4.8: Putative role of BaCYP102A2 in plantazolicin biosynthesis. Plantazolicin producing
BGC containing BaCYP102A2, cyclodehydratase (tagged as (C), and dehydrogenase (tagged as
(D)) enzymes modify the precursor peptide post-translationally to produce plantazolicin. The black
arrow pointing to the plantazolicin structure indicates the putative site of modification by
BaCYP102A2.

4.4.5. Expression, purification, and identification of BaCYP102A2

To take an additional step toward discerning the catalytic role of BaCYP102A2, the gene
encoding the BaCYP102A2 enzyme was synthesized, cloned into a pET21 vector, and used to
transform E. coli (BL21-[DE3]) for expression of the target enzyme. The expressed enzyme was

purified using Ni-NTA affinity, anion-exchange, and size-exclusion chromatographic techniques
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followed by extensive dialysis. The identity of the full-length BaCYP102A2 enzyme was
confirmed by the presence of a major band at ~120 kDa in SDS-PAGE gel and a heme-based Soret
band at 418.5 nm in the UV-vis absorption spectrum. The SDS-PAGE and UV-vis absorbance

spectra for the oxidized and reduced form of BaCYP102A2 are shown in Fig. 4.9.
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Figure 4.9: SDS-PAGE and UV-vis absorbance of BaCYP102A2. (A) SDS-PAGE for a marker
(left lane, M), and BaCYP102A2 (right lane, E) highlighting the band of full-length BaCYP102A2
at ~120 kDa, (B) The characteristic absorption features of BaCYP102A2 in its oxidized and
reduced form showing Soret band as well as charge transfer bands.

4.4.6. Substrate binding and NADPH oxidation activity of BaCYP102A2

The CYP102A2 enzyme was subjected to substrate binding titration to observe a typical
spectral shift due to the change of spin state of iron of the heme prosthetic group. Type-I spectral
shift was observed upon binding of SDS (sodium dodecyl sulfate) and OA (oleic acid) with
BaCYP102A2. A type-I spectral shift is indicative of a shift in the spin state of the heme's Fe'"' ion

from low- to high-spin, and is commonly observed in cytochromes P450 upon substrate binding
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(395). Importantly, both SDS and OA are known substrates for CYP102. Titration of
BaCYP102A2 with SDS produced a sigmoidal response, whereas OA produced a hyperbolic
response (Fig. 4.10). The K12 and Kp estimated by spectral fittings were 174 £ 35 uM and 31 £ 13

uM for SDS and OA, respectively.
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Figure 4.10: UV-vis absorption difference spectra and substrate binding spectral fitting of full-
length BaCYP102A2. (A) The absorption difference spectra of BaCYP102A2 for sodium dodecyl
substrate (SDS) and oleic acid (OA). (B) The spectral fitting of absorbance difference of
BaCYP102A2 for SDS and OA, estimating their Ki» = 174 = 35 uM and Kp = 31 £ 13 uM,
respectively.

Furthermore, oxidation of NADPH by BaCYP102A2 was carried out in the presence of

SDS, myristic acid (MA), palmitic acid (PA), and OA. Kinetic fitting of the substrate-dependent
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response of SDS, MA, and PA produced a sigmoid response with respective turnover numbers
(keat) of 86 £ 4 min!, 38 £ 2 min’!, and 19 + 1 min™! (Fig. 4.11). In contrast, kinetic fitting of OA
produced a hyperbolic response with a turnover number of 45 + 2 min™'. In agreement with the
substrate binding titration of SDS and OA, the estimated K1, and Km for SDS, MA, PA, and OA
were 168 =+ 9 uM, 105 £ 3 uM, 35 £ 1 uM, and 23 + 3 uM, respectively. Overall, these data
suggested that the BaCYP102A2 enzyme has a substrate preference for long-chain unsaturated

fatty acid, as reported previously for a homolog of the CYP102A2 enzyme (369).
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Figure 4.11: The steady-state kinetic analysis. Kinetic fitting of NADPH oxidation by
BaCYP102A2 in the presence of sodium dodecyl sulfate (SDS), myristic acid (MA), palmitic acid
(PA), and oleic acid (OA), estimating their turnover numbers (kcat) 86 = 4 min™!, 38 +£2 min’!, 19
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+1 min™!, and 45 + 2 min!, and their Ki2=168 £9 pM, 105 + 3 pM, 35 £1 pM, and Kp =23 £ 3
uM, respectively.

In summary, we identified 614 BGC-affiliated P450s distributing across six P450 families
in 1,562 Bacillus genomes. Comparison of amino acid sequence conservations within each P450
family showed a broad range of sequence conservation, in the order from highest to lowest:
CYPI113 > CYP134 > CYP102 > CYP109 > CYP107. Enzymes from each P450 family were
involved in specific secondary metabolite biosynthetic pathways. The most conserved families
(CYP113 and CYPI134) were involved in only one biosynthetic pathway, whereas the least
conserved families (CYP109 and YCP107) were involved in at least two pathways. Phylogenetic
analyses showed that enzymes within each P450 family were highly similar in amino acid
sequences and occupied common clade in the phylogenetic tree. High-resolution homology models
of representative enzymes from five BGC-affiliated P450s showed distinct structural features at
the P450 active site. Molecular docking simulations of the representative enzymes showed
favorable binding of CYP113, CYP134, CYP102, CYP109, and CYP107 with the candidate
substrates difficidin, cyclodipeptide, plantazolicin, dihydroxybenzoate, and bacillaene. A
representative BaCYP102A2 enzyme involved in plantazolicin biosynthesis was heterologuesly
expressed and evaluated for characteristic UV-vis absorbance, substrate binding, and steady-state
kinetic responses. Substrate binding of BaCYP102A2 with SDS produced a sigmoidal response
and with OA produced a hyperbolic response. Steady-state kinetic evaluation of BaCYP102A2
with SDS, MA, and PA produced a sigmoidal response, whereas OA produced a hyperbolic

response.
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Chapter 5: Summary and future work

5.1. Summary

In the present study, a total of 288 novel PGPR strains across 17 Bacillus species were
evaluated for their potential as commercially viable biological agents against root-associated plant
pathogens. A comprehensive genomic analysis was carried out to predict their biosynthetic gene
clusters (BGCs) and secondary metabolites. Concurrently, antibiosis screening of each Bacillus
strain was carried out against the plant-pathogenic oomycete, P. nicotianae to identify candidate
Bacillus strains with potent biocontrol capacity. The most promising 59 Bacillus strains that
exhibited strong antibiosis activity against P. nicotianae were evaluated against three root-
associated plant-pathogenic fungi: F. oxysporum, F. graminearum, and R. solani. Further,
secondary metabolites from the culture of a representative strain of five P. nicotianae-inhibitory
Bacillus species were extracted using a semi-targeted acid-methanolic extraction procedure.
Chemical characteristic of each extract was performed using UV-vis absorption, LC-elution
profile, and high-resolution LC-MS and MS? analysis. Bacillomycin L (an iturin), fengycin, and
surfactin were purified using a semi-preparative HPLC system and evaluated for antibiosis activity
against oomycete/fungi using plate-based and 96-well microtiter-based antibiosis assay. In
addition, 18 strains from the most promising Bacillus species, B. velezensis, were evaluated for
quantitative antifungal activity and intraspecies inhibition and resistance activity in order to
identify candidate strains with potent antibiotic activity. Furthermore, to study the variation of
secondary metabolites scaffolds in relation to one of the commonly observed accessory enzymes,
cytochromes P450, 1,562 Bacillus genomes were analyzed to identify BGC-affiliated P450s.

BGC-affiliated P450s were analyzed for amino acid sequence conservation and structural and
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functional features linked with respective biosynthetic pathways. For a representative enzyme
from five BGC-affiliated P450 families, a high-resolution homology model was constructed, and
molecular docking simulation was performed with candidate substrates linked with respective
biosynthetic pathway. Finally, a representative P450 (BaCYP102A2) predicted to involve in
plantazolicin biosynthesis was heterologously expressed, purified, and evaluated for substrate

binding and steady-state kinetic responses using known P450 substrates.

5.1.1. Broad biological activity of B. velezensis and B. subtilis is accounted for by conserved
ability for secondary metabolite biosynthesis

Our genomic analysis of 288 strains from 17 Bacillus species identified a total of 2,442
BGCs (8.5 per species on average), including 1,259 known and 1,183 unknown BGCs. A
comparison of BGCs among different species showed a substantial variation in numbers and types
of BGCs among different Bacillus species. Species containing relatively higher number of BGCs
per strain were B. velezensis, B. pumilus, B. safensis, B. subtilis, and B. altitudinis. B. velezensis
had the highest number of BGCs per strain (13.4 on average), whereas B. firmus had the lowest
number of BGCs per strain (4.2 on average). Our antibiosis screening of all 288 Bacillus strains
against P. nicotianae identified a total of 100 (~35%) strains with promising antagonistic activity,
where 59 (~21%) and 41 (~14%) strains exhibited strong and weak inhibition, respectively.
Interestingly, 56 out of the 59 strongly inhibitory Bacillus strains were distributed within only five
species: B. pumilus, B. safensis, B. altitudinis, B. subtilis, and B. velezensis. Strikingly, these five
species are phylogenetically closely related than the other species. This result indicated that the
observed antibiosis phenotype among these five species may be linked with the expression of

phylogenetically-related conserved factors. Bacillus species were further classified into strongly,
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sparsely, and non-inhibitory species based on their bioactivity index (BI) (0 to 1) by accounting
for overall antibiosis activity of strains within each species. The top five species with the highest
BI (0.39 to 0.85) were B. pumilus, B. velezensis, B. safensis, B. subtilis, and B. altitudinis.
Interestingly, strains from these five species carried a higher number of NRPS, especially
lipopeptide BGCs as compared to the other species. Based on this data, we hypothesized that the
expression of these commonly observed lipopeptides may be the conserved factors that contributes
to the observed antibiosis response. These findings prompted further investigations on evaluating

all 59 P. nicotianae-inhibitory Bacillus strains against three fungal pathogens.

Evaluation for antifungal activity of 59 P. nicotianae-inhibitory Bacillus strains against F.
oxysporum, F. graminearum, and R. solani showed all strains from B. velezensis and all but one
from B. subtilis exhibited strong inhibition against each fungus being evaluated. In contrast, strains
from B. pumilus, B. safensis, and B. altitudinis showed no inhibition against F. oxysporum, and F.
graminearum, and only few strains showed weak inhibition against R. solani. Based on this result,
we designated B. velezensis and B. subtilis as generalists for the broad-spectrum antibiosis activity
against fungi/oomycete. Conversely, B. pumilus, B. safensis, and B. altitudinis were classified as
P. nicotianae specialists for narrow-spectrum antibiosis activity. Interestingly, the generalists two
species are phylogenetically more closely related, and the specialists three species are also closely
related. This data suggests that the expression of phylogenetically conserved common factors
among the generalists and specialists may be linked with the observed breadth of antibiosis

activity.

Bacillus BGC analyses showed that several antimicrobial secondary metabolite-producing
BGCs were highly conserved within the generalists and specialists. These were iturin, fengycin,
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surfactin, surfactin-like (lichenysin), bacillibactin, and bacilysin. In contrast, these were less
commonly observed among P. nicotianae-noninhibitory Bacillus species. Clustering analysis of
all BGCs showed that most commonly observed BGC classes from phylogenetically-related
generalists, specialists, and non-inhibitors were subdivided into separate clusters. This indicates
that these commonly observed BGCs within each antibiosis species group are phylogenetically
conserved and some highly conserved BGCs from the generalists and specialists may serve as
common factors for the observed antibiosis activity. Interestingly, NRPS, especially lipopeptides,
were the most commonly observed BGCs among generalists and specialists and virtually absent
among non-inhibitory species. Notably, all strains from B. velezensis carried iturin, fengycin, and
surfactin BGCs, while B. subtilis carried fengycin and surfactin BGC. As a contrast, each strain
from B. pumilus, B. safensis, and B. altitudinis carried a surfactin-like (lichenysin) BGC. The
breadth of antibiosis activity of the generalists and specialists is consistent with the ability to
produce numbers and types of lipopeptides; species from the generalists produce 2-3 lipopeptides
(iturin/bacillomycin, fengycin, and surfactin) while the species from the specialists produce only

one lipopeptide (surfactin-like).

Furthermore, Bacillus secondary metabolites that may be responsible for the observed
antibiosis activity were extracted from the culture media of representative Bacillus species.
Secondary metabolite total extracts were further analyzed using UV-vis absorption, HPLC elution
profile, and high-resolution LC-MS identification. UV-vis absorption spectra of the total extract
showed characteristic absorbance bands for lipopeptide and polyketide compounds. LC elution of
the total extract detected at 220nm showed clusters of peaks in different retention times. High-

resolution MS and MS? analyses identified six to ten derivatives of lipopeptide with variable length
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fatty acid side chain and/or change in amino acid in the core peptide. Bacillomycin L (an iturin),
fengycin, and surfactin were identified in extract of B. velezensis (JJ334), whereas only the
fengycin and surfactin were identified in B. subtilis (JM553). Consistent with the BGC analysis,
only the surfactin was identified in the total extract of B. pumilus (JJ1622), B. safensis (JJ1244),
and B. altitudinis (JJ1138). Each lipopeptide was further purified using a semi-preparative HPLC
system and evaluated for antibiosis activity against P. nicotianae and fungal pathogens using both
plate-based and 96-well microtiter-based antibiosis assay. Each lipopeptide exhibited antibiosis
activity against the target pathogens. Quantitative antibiosis evaluation of each lipopeptide against
P. nicotianae and F. oxysporum showed bacillomycin L and fengycin were relatively strong

inhibitors than surfactin.

5.1.2. Toward identifying promising Bacillus strains for developing commercially viable
biological agents

Strong antibiotic activity of B. velezensis against P. nicotianae and three fungal pathogens
and the ability to produce relatively higher number and diverse classes of antimicrobial secondary
metabolites prompted further investigation into 18 B. velezensis strains. Bacillus intraspecies
interactions among all 18 strains showed each strain is self-resistant against itself. However, a
substantial variation in inhibitory and resistant activity was observed among various strains.
Interestingly, strains showing the greatest inhibition across other strains were ABO1 and JJ951,
and strains with the highest resistance ability were ABO1, JJ951, AP46, and JJ747. Strains
exhibiting the lowest antibiosis against other strains were JJ213, AP81, JJ1284, and JIM204 and
with the lowest resistance ability against other strains were JJ1043, AP81, JJ334, and JM204.

Further evaluation of antibiotic activity against three fungal pathogens showed a broad range of
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antifungal activity among 18 B. velezensis strains. Antifungal activity was also dependent on the
fungus being evaluated, where R. solani was the most sensitive and F. oxysporum was the least
sensitive. Accounting for overall antibiotic activity against all three fungi, strain AP215 exhibited
the most robust antifungal activity than other strains. Further, comparison of the growth phenotype
of all 18 B. velezensis strains showed all but JIM204, JJ907, and JJ1043 produce robust and highly
complex biofilm. Finally, a comparison of the production of three polyketides and three
lipopeptides showed that strains ABO1 and JJ951 produced relatively higher quantity of

polyketides+lipopeptides than any other strains.

5.1.3. Structural and functional insights of Bacillus cytochromes P450 associated with
secondary metabolite biosynthesis

In order to evaluate functional roles of Bacillus cytochromes P450 in secondary
metabolites biosynthesis, comprehensive genomic analysis, homology modeling, and molecular
docking analyses were carried out. A total of 5,051 P450 genes were identified in 1,562 Bacillus
genomes. All P450s were distributed within twelve P450 families. Among them, 614 P450 genes
were identified as accessory genes in various secondary metabolite-producing BGCs. The five
most commonly observed P450 families were CYP113, CYP134, CYP102, CYPI109, and
CYP107. Each family was involved in a specific secondary metabolite biosynthetic pathway:
difficidin (CYP113), cyclodipeptide (CYP134), plantazolicin (CYP102), bacillibactin/surfactin
(CYP109), and bacillaene/fengycin (CYP107). A representative enzyme from the P450 families
was selected to construct homology models and perform molecular docking simulations. A high-
resolution homology model was constructed for each P450 protein using RosettaCM employing

multiple reference templates. Each modeled P450 structure revealed distinct structural features in
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the active site that may be linked with substrate preference for respective secondary metabolite.
Each P450 structure was then used for molecular docking simulation with the putative substrate
associated with the secondary metabolite biosynthetic pathway. A favorable binding mode with
negative binding energy of P450-docked candidate substrate suggests that CYP113, CYP134,
CYPI109, CYP107, and CYP102 may involve in the oxidative transformation of difficidin,

cyclodipeptide, dihydroxybenzoate, bacillaene, plantazolicin, respectively.

Further, a representative CYP102 gene (BaCYP102A2) from Bacillus amyloliquefaciens
was selected to evaluate its functional role in plantazolicin biosynthetic pathway. The gene was
synthesized and cloned in a pET 21 (+) vector at GenScript (Piscataway, NJ) followed by the
transformation of E. coli BL21 [DE3] for heterologous expression. The expression and purification
of the BaCYPI102A2 enzyme were optimized and the enzyme was purified employing
chromatographic techniques, including affinity (Ni-NTA resin), size exclusion, and anion
exchange. The identity of the enzyme was confirmed by SDS-PAGE band at ~120 kDa and a
heme-based Soret band (419.5 nm) and charge transfer bands in UV-vis spectra. Substrate binding
titrations of BaCYP102A2 with SDS produced a sigmoidal response, whereas OA produced a
hyperbolic response. Steady-state kinetic evaluation of BaCYP102A2 with SDS, myristic acid
(MA), and palmitic acid (PA) produced a sigmoidal response, whereas OA produced a hyperbolic

response.

5.2. Future work
The research of this dissertation has laid out a foundation for three major aspects of future
research directions: (a) develop Bacillus species as biological agents, (b) discover agriculturally-

relevant novel antimicrobial secondary metabolites produced by Bacillus species, and (c) elucidate

185



functional roles of Bacillus cytochromes P450 in secondary metabolite biosynthesis. Future works
from some of these potential research directions include (i) production, isolation, and
characterization of industrially-relevant novel secondary metabolites, (ii) cloning bioactive and/or
cryptic secondary metabolites-producing BGCs into heterologous expression system, (iii)
evaluation of secondary metabolites as a potential pesticide/fungicide, (iv) discovery of antibiotics
for clinically-relevant pathogens, (v) evaluation of plant growth promotion of bioactive Bacillus
strains in greenhouse and field conditions, and (vi) engineering novel Bacillus bioactive strain by

combining multiple bioactive strains, BGCs, and/or existing synthetic fungicides.

5.2.1. Identification and characterization of novel secondary metabolites produced by
Bacillus species

In order to extract, isolate, and identify novel secondary metabolites produced by Bacillus
species, a multi-dimensional optimization will be carried out in culture medium, extraction
solvents, and isolation techniques. Different proportions of carbon and nitrogen sources will be
evaluated as nutrient media to express large quantities and more diverse secondary metabolites.
Polar, non-polar, and/or semi-polar solvents will be evaluated as extraction solvents for optimum
extraction of secondary metabolites. For purification, multi-step separations will be carried out
using various chromatographic techniques, including normal-phase silica-gel column, and reverse-
phase preparative/semi-preparative HPLC column. Chemical properties of novel compounds will
be evaluated by UV-vis absorption, FTIR, HPLC elution, and LC-MS/MS" analysis. Putative
structure of novel compounds informed by MS and MS" will be unambiguously determined using
NMR and/or X-ray diffraction analysis. Finally, bioactivity of a novel compound will be evaluated

against plant pathogens, including fungi, oomycetes, bacteria, and nematodes.
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Further, a more targeted approach will be considered to increase the production of as yet
unknown secondary metabolites. For quantification, secondary metabolites will be produced,
extracted, isolated, dried, and weighed. Purified secondary metabolites will be evaluated for
antibiotic activity against bacterial and fungal pathogens. The inhibitory effect including ICso and
MIC (minimum inhibitory concentration) of the bioactive secondary metabolites will be estimated
by monitoring the growth of the target pathogen in the presence of the bioactive compound using
microtiter-based assays. For fungal and oomycetes inhibition, quantitative antibiosis assay will be
performed in a diluted V8 medium (80 mL/L of V8 juice and 0.5 g/L CaCQO3). Similarly,
microtiter-based antibacterial activity will be carried out in tryptic soy broth medium. Further,
various concentrations of secondary metabolites will be evaluated against plant pathogens and the
ICso and MIC will be estimated from the concentration-dependent growth inhibition

measurements.

Predicted BGCs that do not produce secondary metabolites in typical laboratory conditions
will be cloned into an engineered Bacillus subtilis 168 expression system. The regulatory genes
and/or the core genes in BGCs will be optimized/modified for optimal expression of the desired
secondary metabolites. This approach would allow the production and identification of novel
and/or cryptic compounds that are otherwise unidentifiable in typical laboratory conditions. Using
an engineered heterologous expression system, isolation of the target secondary metabolite would
be much easier by deleting/silencing the BGCs that would otherwise produce unwanted secondary

metabolites.
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5.2.2. Develop commercially viable Bacillus biological agents against plant pathogens

The long-term goal of our research is to exploit promising Bacillus strains as sustainable
biofertilizers and/or biopesticides as commercially viable biocontrol agents. Toward that direction,
the next step would be to evaluate the impact of Bacillus strain on plant growth in a greenhouse
and field trial experiments. In addition, the direct disease-suppression ability of promising Bacillus
strains would be evaluated by introducing plant pathogens in the greenhouse and field experiments
as mentioned above. Along with traditional foliar treatment, the experiments will also be done by

coating Bacillus strain on seeds to monitor the effect of plant growth and disease suppression.

Multiple bioactive secondary metabolites producing-BGCs from several promising
Bacillus strains would be cloned into a single strain in order to produce broad range of bioactive
compounds. This may produce a strain with a stronger and broader antibiotic activity against
various plant pathogens. Conversely, unnecessary secondary metabolites-producing BGCs could
be silenced/deleted from a promising Bacillus strain in order to redirect the energy source toward

production of target antimicrobial compounds.

Combining a bioactive Bacillus strain with existing (or novel) fungicide is another viable
strategy to enhance the strength and breadth of bioactivity against wide range of plant pathogens.
This strategy has been getting more traction recently since the development of a novel biofungicide
Esendo by the agrochemical company AgBiome, LLC, where they combined their previously EPA-

approved biological agent, Howler with a synthetic fungicide, azoxystrobin.

More potent bioactive Bacillus strains with strong and/or broad-spectrum bioactivity may
be further engineered by combining multiple Bacillus strains with complementary biological

activity. One such approach includes combining and shuffling multiple bioactive strains from
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different Bacillus species to maximize the bioactivity against a wide range of pathogenic
microorganisms. For instance, an engineered novel Bacillus strain produced by combining one B.

velezensis with one B. pumilus may be a more powerful biological agent than each individual one.

5.2.3. Elucidate the structural and functional properties of Bacillus BGC-affiliated P450s

In the future, the role of BaCYP102A2 in the functional modification of plantazolicin will
be evaluated in vitro. This will be done by identifying the products generated by BaCYP102A2
following reaction with plantazolicin or truncated plantazolicin analogues. To achieve this,
plantazolicin and its truncated analogues will be extracted and/or synthesized for assaying with
BaCYP102A2 and to produce and identify BaCYP102A2-modified plantazolicin from the Bacillus
strain. In addition, the plantazolicin products from the culture of a BaCYP102A2-expressing
Bacillus strain will be isolated and verified the expected modification by BaCYP102A2, in vivo.
In addition, an attempt will be made to investigate how plantazolicin or its truncated analogues
interact with BaCYP102A2 using molecular dynamics simulation.

In the future, an attempt will be made to crystallize the full-length BaCYP102A2 since the
crystal structure of a full-length CYP102 (P450sMm3) is not available as of today. The main reason
for not having a full-length X-ray crystal structure of P450sm3 is due to challenges in
crystallization, partly mediated by the highly mobile linker region (30-40 aa residues) between the
CYP-domain and the reductase domain. To assist crystallization and to limit the mobility, the
enzyme will be engineered by decreasing size of the linker region and/or modifying amino acid at
the linker region while keeping the enzyme fully functional. In the future, conditions for
crystallization of full-length BaCYP102A2 enzyme will be optimized using the automated

screening setup available at the X-ray diffraction facility in the department of chemistry and
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biochemistry at Auburn University. Subsequently, attempt will be made to -crystalize
BaCYP102A2 using the optimum condition, and high-quality crystals will be sent to the nearest
synchrotron radiation facility for recording its X-ray diffractions.

Azole drugs are of great interest to treat fungal pathogens. Recently, Jeffreys et al. reported
that the CYP102A1 (P4508m3) can bind with azole drugs in its wild-type and double mutant variant
(396). However, their data indicated that the variant binds more tightly than the wild-type. This
result suggests that various CYP102 homologs or potential variants may catalyze the oxidative
transformations of azole drugs. In the future, attempt will be made to produce a library of variants
of BaCYP102A2 enzyme to screen for oxidative transformation of azole drugs by employing
directed evolution and/or rational design techniques (397).

In the near future, attempt will be made to produce a construct-containing a CYP113 gene
(BvCYP113) from Bacillus velezensis that is predicted to be involved in difficidin biosynthesis.
The BvCYP113-containing plasmid will be transferred into E. coli XL-1 Blue competent cell and
BL21-[DE3] expression system. The genes for P450 redox partners (flavodoxin, and flavodoxin
reductase) will be obtained from B. velezensis or B. subtilis and cloned into the same or a separate
plasmid. The plasmid will be transferred into the E. coli expression system for the heterologous
expression of target enzyme. Both BvCYP113 and its redox partners enzymes will be expressed
and purified to perform substrate-dependent and steady-state kinetic assays. Further, difficidin, the
putative substrate of BvCYP113, will be extracted and purified from the B. velezensis strain (JJ951
or AP215) and used as a substrate for BvCYP113. In addition, commonly known P450 substrates

(e.g., SDS and fatty acids) will be evaluated as substrates for the BvCYP113 enzyme.

190



In order to investigate the functional role of CYP107, CYP109, and CYP134 in respective
biosynthetic pathways of bacillaene, bacillibactin, and cyclodipeptide, genes for each enzyme will
be synthesized and cloned into plasmids for heterologous expression. The appropriate construct
for the redox partners (flavodoxin/ferredoxin reductase and flavodoxin) will also be cloned for
heterologous expressions. Subsequently, each P450 and the redox partners will be expressed and
purified to perform substrate dependent and steady-state kinetic assay using the respective
candidate substrate. Each substrate will be either isolated from the culture of Bacillus species or

purchased/synthesized, depending on the availability.

To understand the enzyme-substrate interaction at the active site and the catalytic
mechanism of the P450 enzyme, molecular dynamics simulations will be carried out in both
substrate-free and substrate-bound forms. Simulation for the substrate-free form will help
understand P450’s structure in its relaxed, open conformation state. Conversely, simulation for the
substrate-bound form would provide information about non-covalent interactions between enzyme
and substrate in P450’s closed conformation state. In addition, relatively long (50-100 ps)
simulation with substrate-bound forms will help understand changes in P450’s secondary and
tertiary structures due to the effect of substrate binding.

Due to the recent genomic revolution, numbers of genomic sequences and bioinformatics
algorithms have continued to increase at an astounding rate. These advances have produced large
numbers of publicly available genome sequences from all kingdoms of life and made them
accessible to virtually everybody. There is a great potential for the discovery of P450s with novel
structure and catalytic function utilizing large-scale genomic, bioinformatics, and computational

analysis. In the future, a more accurate evaluation of P450’s structure and function will be possible
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by employing advanced predictive computation and novel algorithms such as machine learning,

alpha fold, Rosetta, and Foldit (380, 398, 399).
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Appendices

Appendix A: Workflow for evaluating Bacillus strains to identify candidate strains for biological
agents. Figure 1.1 shows our comprehensive pipeline for genomic, antibiosis, and chemical
analyses. Figure 1.2 shows steps toward evaluating selected Bacillus strains for the identification
of candidate strains to develop commercially viable biological agents. Figure 1.3 shows a
workflow for the investigation of structural and functional properties of Bacillus cytochromes
P450 that are involved in secondary metabolite biosynthesis pathways.

Appendix B: MS? spectra of lipopeptides, fengycin, surfactin, bacillomycin L, and iturin produced
by Bacillus velezensis species. MS? spectra were produced by a multi-stage MS? analyzer from the
precursor ions generated by a positive-mode electrospray ionization source. Shown here are MS?
spectra of five bacillomycin L (an iturin) derivatives, nine fengycin, and five surfactin derivatives
that were produced by B. velezensis JJ334, whereas four iturin derivatives were produced by B.
velezensis 11951. MS? spectra of one bacillomycin L, one fengycin, and one surfactin derivative
with the highest m/z were not generated even though they were identified in MS spectra.

Appendix C: Extracted ion chromatograms (EIC), MS spectra, MS? spectra, and elemental
composition analysis of three polyketides with antibacterial activity were produced by Bacillus
velezensis strain JJ334. These include bacillaene, difficidin, and macrolactin W. In addition, four
derivatives of bacillaene and difficidin were identified based on the MS? and elemental
composition analysis however their exact structure is yet to be determined. These were denoted as
putative oxybacillaene, putative oxydifficidin, putative difficidin 1, and putative difficidin 2.

Appendix D: Quantitative antibiosis evaluation of eighteen Bacillus velezensis strains for
intraspecies inhibition/resistance and antifungal activity. Antibiosis scores (0-4) derived from the
observed zone of inhibition (ZOI) were shown as percent inhibition for both intraspecies
inhibition/resistance and antifungal activity.

Appendix E: The extent of antimicrobial secondary metabolites production that is derived from
the peak area of extracted ion chromatogram (EIC). Peak area for prominent lipopeptides iturin
(or bacillomycin L), fengycin, surfactin, and polyketides, bacillaene, difficidin, and macrolactin
W are compared.

Appendix F: Chemical properties of secondary metabolites produced by 18 Bacillus velezensis
strains. UV-vis absorption, absorption-based HPLC elution profile, and total ion current (TIC)-
based LC profile are shown.

Appendix G: Amino acid sequences and homology model of representative BGC-affiliated
cytochromes P450. Selected protein sequences of five different BGC-affiliated P450 families that

222



were used to construct high-resolution homology model. A high-resolution homology model of a
full-length BaCYP102A2. A schematic of our BaCYP102A2-gene containing construct produced
for heterologous expression of BaCYP102A2-encoded enzyme.
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Appendix A

CLC Ganomics Workbanch 21
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Figure 1.1: Workflow for genomic, antibiosis, and chemical analyses performed for evaluating
antibiosis potential of PGPR Bacillus species. Genomic analyses are performed to predict
biosynthetic gene clusters and secondary metabolites produced by Bacillus species. Bioinformatics
analyses employing CLC genomics, Quast, CheckM, antiSMASH, BiG-SCAPE, and Cytoscape
are carried out to predict the ability to produce antimicrobial secondary metabolites. Antibiosis
screenings are performed to identify the most promising strains with strong antibiosis ability
against plant pathogens. Chemical analyses are carried out on extracted secondary metabolites
from the culture of Bacillus species using UV-vis absorption, HPLC elution, and high-resolution
LC-MS identification.

224



Select promising Bacillus strains for developing commercially viable biological
agents

Screen for quantitative anti-oomycete/antifungal activity

Evaluate for quantitative inter/intraspecies interaction

Extract secondary metabolites employing semi-targeted approach

Evaluate chemical properties of secondary metabolites using UV-vis absorption,
LC elution, and LCMS/MS" identification

Compare antimicrobial secondary metabolite production

Isolate antimicrobial secondary metabolite

Evaluate inhibitory effect of purified secondary metabolites against target
pathogens

Figure 1.2: Workflow for identifying most promising Bacillus strains for developing
commercially viable biological agents. Candidate PGPR Bacillus strains with antibiosis activity
against plant pathogens are evaluated for quantitative antibiosis activity against oomycetes/fungi,
inter/intraspecies inhibition/resistance activity, and ability to produce antimicrobial secondary
metabolites.
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Figure 1.3: Workflow for our approach to investigating BGC-affiliated P450s. Amino acid
sequences of BGC-affiliated P450s are collected from either in-house or publicly available genome
sequences. Subsequently, P450 annotation, phylogenic analysis, and BGC clustering are
performed to gain insight into the diversity of P450s and respective secondary metabolite
biosynthetic pathways. Representative P450s are selected in order to construct high-resolution
homology models followed by molecular dynamics simulation to investigate structural and
functional features. To understand the functional role of BGC-affiliated P450s, representative
P450s are further investigated for heterologous expression in order to evaluate substrate binding
and oxidative transformation of P450-catalyzed reactions with the respective substrate. Further,
our workflow includes molecular dynamics simulation to understand changes in P450’s active site
over time in the presence and absence of candidate substrate.
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Appendix B

Table 2.1. Fengycin ions generated by MS and MS? were used for unequivocal assignment of
fengycin derivatives.

Precursor ion Diagnostic Diagnostic Fengycin aa aa position
(MH) ion (A/B) Ton (C) Derivative  |position 6 10
1435.7730 [966.4499/1080.5294( 356.2407 C14 fengycin A Ala Ile
966.4497/1080.5299| 370.2564 C15 fengycin A Ala Ile
1449.7878
952.4338/1066.5136| 384.2717 | C16 fengycin A2 Ala Val
966.4498/1080.5306| 384.2700 C16 fengycin A Ala Ile
1463.8028
952.4378/1066.5146] 398.2852 | C17 fengycin A2 Ala Val
1477.8185 966.4502/1080.5254( 398.2860 C17 fengycin A Ala Ile
094.4809/1108.5593| 384.2726 C16 fengycin B Val Ile
1491.8332
980.4677/1094.5444] 398.2726 | C17 fengycin B2 Val Val
1505.8471 [994.4833/1108.5606[ 398.2873 C17 fengycin B Val Ile
1519.8666 |994.4780/1108.5611| 412.3039 C18 fengycin B Val Ile
1533.8819 [980.4987/1094.5770 ND' C20 fengycin B2 Val Val
1547.8966 |980.4988/1094.5783 ND' C21 fengycin B2 Val Val
1561.9106 ND'

1ND:Not Detected.
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MS? of C17 fengycin B ([M+ H|" = 1505.8471) (B. velezensis JJ334)
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MS? of C20 fengycin B2 ([IM+ H]*=

1533.8819) (B. velezensis JJ334)
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Figure 2.1. The structure of fengycin (A), ions generated from diagnostic fragmentation of the
core peptide (B), and MS? spectra corresponding to identified fengycin derivatives (C). MS?
spectra of nine prominent fengycin derivatives are shown. These were obtained from total extracts
of B. velezensis 1J334. These spectra were generated by a multi-stage MS" analyzer from respective
precursor ions (positive ionization mode). Note that MS? is not available for the fengycin
derivative 1561.9106. Assignment of fengycin derivatives based on change of aa at position 6™
and 10" in the core peptide. Commonly observed diagnostic ions generated by MS? of precursor
ion were used for assigning the fengycin derivatives. The table shows the assignment of fengycin
derivatives based on the variation of aa in the core peptide.

Table 2.2. Ions from MS and MS? spectra used for assignment of surfactin derivatives.

| e Fagment Surfactin derivative
994.6428 685.4447 310.1996 C12
1008.6587 685.4458 324.2162 C13
1022.6740 685.4451 338.2312 Cl14
1036.6898 685.4443 352.2463 C15
1050.7053 685.4447 366.2615 Cl6
1064.7199 685.4449 380.2765 C17
1078.7360 685.4509 394.2923 CI18
1092.7519 ND' ND' C19

IND=Not Detected.
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MS? of C15 surfactin ((M+ H|*=

1036.6898) (B. velezensis JJ334)

2271740
100
352.2463
370 2566
483.3407
4412678-
3281848
199.1794| 229.1170
B L o et e s L = LT PP
245 uuﬁ' P
B 325 s 395 2628 . 4443 . -
-~ S~ ean
] el 568.42%|  g51 5108 S~ 962.4838 1072 3097
il prs | \ 7114485 §736843, ) i
10 ’#, ” | 1 I 1 | l l l | 667.4360, 824.5314 e D |
o L | [ | L L] ) 4|I.H||_J J.‘ Aol ‘Il lJ || ; | | R
A T 1 TS e e R T e ST 4 T \ T y T g
--~" 100 200 300 400 500 500 700 300 900 1000 ~~3100
H - C 3522483
H ] 370.2566
[
: = 483.3407
H 80i 4412678
HEREY 328.1848
e o
60—
i|5 2l 342.2005
12 50 4853298
@
1 = b
e 596 4235
HE 30 282430 35 o2 485.2833 554.3511 578.4128 685.4443
i 1 | 4232584 | w 508.3671
20] ‘ 371.3234 | | 5684298 e
: 3 311.1954 | | 413.2737 ‘ f | 526.3581 | 6954899
| I W N s e i i
i 3 5303051
! o | |I|\‘ L | ‘\ - |I ! ‘lu‘ | |‘| JI T | III : ‘J‘ el ‘| I “510:1381‘ ‘553‘?135 I||I ll |”|
i a0 3 | 340 | 30 30 400 420 | 440 | 450 430 500 520 | 540 | 560 | 580 600 620 | 640 660 60 700
miz
e
2 . +_ .
MS* of C16 surfactin ([M+ H]|"= 1050.7053) (B. velezensis JJ334)
2271739
100
90 366 2615
80 384.2720
70
i 497 3554
60 199 1793| 2291169 345 2001
] i ; 441.2679
50 I
i 328.1840
40+
30 [245.1845 _ I O S R R e e e
5] 29; SED | BICHO0 ™" 55 447 P
] 18516371 - | 5824434 o uem ‘*43.33 5552
10 e 1 ‘ ‘ L ‘ ‘ -612.3821 806. 5219 [To~~__ 9376140 1060 5782
I e N y ulll UL AL Ll | | | I wtl ) I8 - L i S
=71z T u T | g T AL T =pa) t T
_A00 200 _300 400 500 500 00 | 800 abo 1000 ~~ar 1100

@251 384,2720

100+
90+
80—
1 497 3554
3 7 342.2001
£ el 441.2679
S| 328.1240
< 504
g’ 2,
& a0+ 479.3450
5 4 455.2819
T 3p] 326.2419 g2 At 499.2083 G
JoJ2e72158 \ 395.2631 4553303 | 5543506 5go 4434 ; £85.4447
|
] ‘ 4232568 500 3303 ELAET 572.3630 ‘ k] 679.4504| 695.5243
N
| T 1, || 1 ‘|| 1 | T ll |\ II | ||I | T ‘II I‘I II l T |‘ JI n T "| T l | JH I i I II 628, 2830 650. 5096 1 ‘I HII T
340 360 380 400 420 440 460 480 500 520 540 560 550 540 540 620 700
miz

236




MS? of C17 surfactin ((M+ H]*= 1064.7199) (B. velezensis JJ334)
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Figure 2.2. The structure of surfactin (A), ions generated from diagnostic fragmentation of the
core peptide (B), and MS? spectra corresponding to identified surfactin derivatives (C). MS?
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spectra of seven prominent surfactin derivatives were identified from the total extract of B.
velezensis JJ334. Assignment of surfactin derivatives was based on the cleavage of the Glul-
(Leu/Ile)2 bond, generating the bulk of the core peptide (Leu/Ile2 — Leu7) and the remaining Glul-
FA tail. These spectra were generated by a multi-stage MS" analyzer from respective precursor
ions (positive ionization mode). Note that MS? data are not available for the surfactin derivative
1092.9519.

Table 2.3. Ions from MS and MS? spectra used for assignment of bacillomycin L derivatives.

Precursor | Fragment | Fragment | Fragment | Fragment Bacillomycin
ion (MH+) ion (I) ion (II) ion (IIT) ion (IV) Derivative
1007.5044 | 392.1530 | 278.1116 | 170.1891 | 313.2468 Cl13
1021.5198 | 392.1542 | 278.1115 | 184.2046 | 327.2621 Cl4
1035.5354 | 392.1525 | 278.1119 | 1982205 | 341.2778 C15
1049.5539 | 392.1549 | 278.1120 | 2122361 | 355.2938 Cl6
1063.5666 | 392.1544 | 278.1117 | 2262516 | 369.3085 C17
1077.5820 ND'

IND=Not Detected.
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MS? of C16 bacillomycin L ([M+ H]*= 1049.5539) (B. velezensis JJ334)
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Figure 2.3. The structure of bacillomycin L (A), ions generated from diagnostic fragmentation of
the core peptide (B), and MS? spectra corresponding to identify bacillomycin L derivatives (C).
MS? spectra of six prominent bacillomycin L derivatives were identified from total extracts of B.
velezensis JJ334. Assignment of bacillomycin L derivatives was based on the fragmentation of the
core peptide to generate Asn-Tyr-Asn (I), Asn-Tyr (II) ions as well as the cleavage of the B-
hydroxy fatty acid tail. Note that MS? is not available for the bacillomycin L derivative with a m/z
of 1077.5820.

Table 2.4 Ions from MS and MS? spectra used for assignment of iturin derivatives.

Precursor ion| Fragment (Fragment ions| Fragment ions Bacillomycin
(MH") ions (I) (ID) (I11) Derivatives
1043.5516 392.1527 278.1117 184.2050 Cl4
1057.5667 392.1536 278.1117 198.2205 CI5
1071.5828 392.1540 278.1119 212.2360 Clé
1085.5981 392.1538 278.1118 226.2515 C17
B
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MS? of C16 iturin ([M+ H]* = 1071.5833) (B. velezensis JJ951)
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Figure 2.4. The structure of iturin A (A), ions generated from diagnostic fragmentation of the core
peptide (B), and MS? spectra corresponding to identify iturin A derivatives (C). MS? spectra of
four prominent iturin A derivatives were identified from total extracts of B. velezensis JI951.
Assignment of iturin A derivatives was based on the fragmentation of the core peptide to generate
Asn-Tyr-Asn (I), Asn-Tyr (II) ions as well as the cleavage of the B-hydroxy fatty acid tail.
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Appendix C

Extracted ion chromatogram from the LC elution, MS/MS? spectra, and elemental composition
prediction of prominent antimicrobial polyketide compounds identified in the total extract of B.
velezensis JJ334. Antimicrobial polyketides (bacillaene, putative bacillaene, difficidin,
oxydifficidin, and macrolactin W) were detected using the negative ionization mode. Plantazolicin
(ribosomal peptide) was detected in positive ionization mode. MS? spectra were generated by a
multi-stage MS" analyzer from respective precursor ions.

Bacillaene (|[M-H]| = 579.3436): LC elution from the extracted ion chromatogram (EIC) (top
panel), MS spectra (middle left panel), MS2 spectra (middle right panel), and elemental
composition (bottom panel)

NL- 3.03E7 X|
100- 450 miz= 579.3408-570.3488 MS F: u
FTMS - p ESI Full ms
[200.0000-2000.0000] JA_DCG_334
50
[ 50
T e e L e L L e e B [ e S e e |
0 1 2 & 4 5 6 I 8 2 10 1 12 13 14 15 16 17 18 1E) 20
Time (min)
~Spectrum 1 - Select trace to fink - C1T10 Average spectrum 2 - Select trace to link
JA_DCG_334 #2313-2007 RT: 4.6-5.57 AV- 58 NL- 7.91E6 JA_DCG_334 # 2366 - 6289 RT: 4.69-11.07 AV: 39 NL- 5 84E5
T FTMS - p ESI Full ms [200.0000-2000.0000] T Average spectrum MS2 579.34 [2366-6289]
579.3436 130.0863
CasH4708Nz d0
10 .
5552785 567.3443 608.6874  618.3494
o i i r581.3585 | i 80 121.0644 | 1351122 2721636 408 5878 527.7620
| 5612622 | 5727232 || J 597 3519 | 6133401 | 4 11 [ [ [
T T T T T T I T T T T T T T 85.0653 | || 2269901 | 3562210 | 465.3087 | s79.3741
550 560 570 580 530 500 610 620 204 e T T T T T T T T T
miz 100 200 300 400 500 600
miz

Elemental Compasition Results - Spectrum 1

Display Formula RDB. Detta [ppm] Combined Score # Missd Iso. MS Cov. [%] Pattern Cov. [%]

» 5793436 CasHarO:N:z 21.84 1250 131 579.34286 i 61.03 2 3 63.21 93.50
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Putative oxybacillaene (|[M-H] = 597.3518): LC elution from the extracted ion chromatogram
(EIC) (top panel), MS spectra (middle left panel), MS2 spectra (middle right panel), and elemental
composition (bottom panel)

e NL: 8.38E6
100 6.47 miz= 567.3515-687.3575 MS F
FTMS - p ESI Full ms
# 540 6.75 [200.0000-2000.0000] JA_DCG_234
2.36
[ T T T [ T i s o e R
0 i 2 3 4 5 [ 7 8 9 10 1 12 13 14 15 16 17 18 19 20
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~Spectrum 1 - Select trace to link - C1T10 Average spectrum 2 - Select trace to link
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T. FTMS - p ESI Full ms [200.0000-2000.0000] T. Average specirum MS2 587.35 [2736-4671]
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CasH4gO7Nz
101 P
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5 531.3595 sl | \ 604 1361113 404.6375 551.0663
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Elemental Composition Results - Spectrum 1

Display Formula Detta [ppm] Combined Score # Missed Iso. MS Cov. [%] Pattern Cov. [%]

» 597.3518 CaaHasO5 N2 3113 1150 -2.74 597.35343 1 93.62 4 1 97.09 99.89

Difficidin (J[M-H] = 543.2878): LC elution from the extracted ion chromatogram (EIC) (top
panel), MS spectra (middle left panel), MS2 spectra (middle right panel), and elemental
composition (bottom panel).

NL: 3.21E7

12.30 X
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Elemental Compaosition Results - Spectrum 1

Display Formula Deita [ppm] « | Combined Score #Matched Isc. # Missed Iso. MS Cov. [%] Pattern Cov. [%]

» 543.2878 CatHasOsP 6550 1050 143 543.28700 1 7.1 5 0 98.87 100.00
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Putative oxydifficidin (|[M-H] =559.2829): LC elution from the extracted ion chromatogram
(EIC) (top panel), MS spectra (middle left panel), MS2 spectra (middle right panel), and elemental

composition (bottom panel).
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Elemental Composition Results - Spectrum 1

Display Formula

¥ 5502829 CaiHaiO,P 43.89 1050 17 550.28192

# Missed Iso.

Macrolactin W ([M-H] = 663.3019): LC elution from the extracted ion chromatogram (EIC) (top
panel), MS spectra (middle left panel), MS2 spectra (middle right panel), and elemental

composition (bottom panel).
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- FTMS - p ESI Full ms
50 [200.0000-2000.0000] JA_DCG_334
b ge1
| | s A R pana) (REnL T |rananag I ) [ERSA LA AR R AARA PRl T R R [ERRsEAsA R Rean)
0 1 2 5 4 5 6 T 8 9 10 {1l 12 13 14 15 16 17 18 19 20
Time (min)
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JA_DCG_234 #350-1178 RT. 1.4-2.76 AV. 84 NL: 3.14E6 JA_DCG_334 # 305 - 11261 RT. 1.5-19.08 AV: 41 NL. 5.33E5
T. FTMS - p ESI Full ms [200.0000-2000.0000] T. Average specirum MS2 663.30 [395-11261]
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Elemental Composition Results - Spectrum 1

Display Formula

Detta [ppm]

Combined Score # Matched Iso. # Missed Iso.

> 6633019 CasHarO1z 3276 11.50 114 663.30112

1 92.57 5
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Plantazolicin([M+H]*=543.1336.4763) : LC clution from the extracted ion chromatogram (EIC)
(top panel), MS spectra (middle left panel), and elemental composition (bottom panel).
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Elemental Composition Results - Spectrum 1

Display Formula Defta [ppm] Combined Score # Missed Isc. MS Cov. [%] Pattern Cov. [%]

> 13364763 CasHraO1aMi- "5 3240 37.50 -0.86 133647749 1 87.21 ! 0 90.26 9183

Putative difficidin derivative 1 ([M-H] = 573.2985): LC eclution from the extracted ion
chromatogram (EIC) (top panel), MS spectra (middle left panel), MS2 spectra (middle right panel),
and elemental composition (bottom panel).
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Elemental Compasition Results - Spectrum 1

Display Formula Deita [ppm] Theo. mass # Missed Iso. MS Cov. [%] Pattern Cov. [%]

» 5732985 CazHisO7P 4962 1050 154 573.29757 1 96.90 i 0 99.53 99.91
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Putative difficidin derivative 2 ([M-H] =591.3093): LC eclution from the extracted ion
chromatogram (EIC) (top panel), MS spectra (middle left panel), MS2 spectra (middle right panel),

and elemental composition (bottom panel).
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Appendix D

Table 4.1: Quantitative intraspecies inhibition score (0-4) derived from the measured zone of
inhibition (ZOI) and morphological changes of both focal and target strains. Inhibition score
shown here for each strain is the average score from three replicates.

Heatmap showing average inhibition score (0-4) of each focal strain against each target strain

Focal Strains
ABO1 AP202 AP215 AP45 AP46 AP52 AP21 111043 JJ1284 1J213 11334 11747 11947 1J951 JM199 IM204 JM236 JMS07

Target Strains

[y

ABO1
AP202
AP215

AP45

AP46

AP52

AP81
111043
111284
213
11334

e e S =S

ST S SIS L

Table 4.2: Quantitative intraspecies percent inhibition derived from the measured zone of
inhibition (ZOI) and morphological changes of both focal and target strains. Percent inhibition
score shown here for each strain is the average score from three replicates.
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Heatmap showing average percent inhibition of each focal strain against each target strain
Focal Strains
ABO1 AP202 AP215 AP45 AP46 AP52 AP81 1J1043 111284 1J213 11334 1747 11947 1J951 JM199 JM204 JM236 JM907

Target Strains

ABO1

Table 4.3: Cumulative % inhibition and % resistance of each strain against all strains.

Bacillus velezensis intraspecies inhibition and resistance across all 18 strains
Strain ID Cumulative % inhibition Cumulative % resistance
rep.1 rep.2 rep.3 |average| rep.1 rep. 2 rep.3 [average

ABO1

AP215

JJ951
1]1284 25 24 25 39 54 49 46 50
AP52 29 36 32 48 63 57 60 60
IM204 29 28 24 37 46 44 44 45
w1z | 11 19 18 | 38 58 54 49 54
JM236 56 58 57 53 53 51 47 50
11334 25 28 26 38 47 43 47 46
JM907 40 46 40 48 53 53 53 53
AP45 31 33 32 43 54 50 51 52
AP81

AP46

AP202
JM199

1747

11947
1J1043
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Table 4.4: Derived antifungal inhibition score from the measured ZOI. Antibiosis inhibition score
was calculated as follows: for ZOI<=2, score =1; ZOI<=3, score = 1.5; ZOI<=4, score=2, ZOI<=5,
score=2.5, ZOI<=6, score=3, ZOI<=7, score =3.5, ZOI>7, score =4

Antifungal activity: measured zone of inhibition (ZOI), mm

Antibiosis inhibition score derived from the ZOI

Strains F. oxysporum F. graminearum R. solani F. oxysporum F. graminearum R. solani
rep.l rep.2 rep.3|rep.1 rep.2 rep.3|rep.1l rep.2 rep.3|rep.1l rep.2 rep.3|rep.1 rep.2 rep.3|rep.1l rep.2 rep.3
ABO1 6 5 5 5.5 5.5 5.5 6 6.5 6 3 2.5 2.5 3 3 3 3 3.5 3
ap21s| 8 7 7 6 6 35 35| 3 35 s
1951 | 45 5 5 4.5 5 5 5 5.5 5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 3 2.5
111284 4 4 5 6.5 6.5 6.5 6 6.6 5.5 2 2 2.5 3.5 3.5 3.5 3 3.5 3
AP52 6 6.5 4.5 6.5 5.5 6 6 3 3.5 2.5 3.5 3.5 3.5 3 3 3
IM204 4 5 55 6.5 4.5 6 6 2 2.5 3 3.5 3.5 3.5 2.5 3 3
1213 5 4 5 6 6 5 6 6 6 2.5 2 2.5 3 3 2.5 3 3 3
IM236 IEEN a 37 a4 1= T 15 2
11334 4 3.5 3 5 5.5 6 6 5 6 2.5 3 3 3 2.5 3
JM907 3 3 3 4 3.5 7 7.5 1.5 2 2 3.5
AP45 5 6 4 5.5 5.5 5.5 4.5 5.5 3 3 3 2.5 3 3
AP81 4.5 4.5 4.5 4.5 6 6 7 2.5 3 3 3.5
APas [ 23 3 3 | 55 5 5 5 6 7 3 25 25|25 3 | 35
AP202 7 6.5 7 5.5 6 5.5 4.5 4 5 3 3 3 2.5 2 2.5
JM199 5 5 6 6 6 6 6 7 7 3 3 3 3 3.5 3.5
n7a7 | 6 s a5 | s5 A 6 6 7 7 3 [EEY s 3 | 35 35
11947 4 3.5 4 4 5 6 2 2 2 2 2.5 3
11043 | 4 4 4 6 6 6 6 6 6 3 3 3 3 3 3
Min 1.5 2 1.5 3 2 3 4 3 4 1 1 1 1.5 1 1.5 2 1.5 2
Max 8 7 7 7 7 7 8 8 8 3.5 3.5 3.5 3.5 3.5 4 4 4
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Table 4.5: Quantitative antifungal response of 18 B. velezensis strains against three fungal

Percent inhibition against three fungal pathogen

F. graminearum

R. solani

rep. 1 rep. 2 rep. 3 average

rep. 1 rep. 2 rep. 3 average

pathogens.
. F. oxysporum
Strains
rep. 1 rep. 2 rep. 3 average

ABO1 | 75 63 63
AP215(71000 88 88
JJ951 | 63 63 63
JJ12841 50 50 63

AP52 | 75 88 63
JM204| 50 63 75
JJ213 | 63 50 63
IM236

11334
JM907
AP45
AP81
AP46
AP202
JM199
1747
11947
JJ1043

63
63
38
88
63
75

50

67

54
75
63

75
75
63

75
38
63

38 38 38
75 50 63 | 75
63 63 63 | 63
38 38 38 | 75
88 88 88 | 75
63 75 67 | 75
63 63 67 | 75

50
50 50 50 50 75

75 75 75

N8 s 79

63 63

50 50 50

75 75 75

75

50
75

88 75 79

63 75 63
75 75 75
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Table 4.6: Cumulative antifungal score of each B. velezensis strain across all fungi.

Strains

ABO1
AP215
JJ951
1J1284
AP52
IM204
1213
IM236
11334
JM907
AP45
AP81
AP46
AP202
JM199
1747
11947
JJ1043

Cumulative % inhibition across three fungi
rep.1 rep. 2 rep 3. average
75 75 71 74
63 67 63 64
71 75 75 74
79 83 75 79
67 75 79 74
71 67 67 68
8 29 3 | 35|
63 63 63 63
50 63 63 58
67 75 67 69
75 75 79 76
58 58 63 60
75 71 75 74
71 75 79 75
75 79 75 76
42 46 50 46
67 67 67 67
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Appendix E

Table 4.7: Comparison of production of antimicrobial secondary metabolites produced by 18 B.
velezensis strains. Peak areas of extracted ion chromatogram of selective compounds are shown.
Note that peak area of four derivatives of iturin (or bacillomycin L for JJ334, JJ947, and JJ1043),
five derivatives of fengycin, and four derivatives of surfactin were combined and shown here. (itu.
= iturins, fen. = fengycin, sur. =surfactin, dif. = difficidin, bac.=bacillaene, mac.=macrolactin W)
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S Peak area of extracted ion chromatogram (EIC) of selective antimicrobial secondary metabolites
iturins fengycins surfactins|itu.+fen.+sur.|difficidin bacillaene macrolactin W| dif.+bac.+mac.| itu.+fen.+sur.+dif.+bac.+mac.
ABO1 (2.61E+09 7.72E+09 4.76E+08 7.07E+07 3.54E+07
AP202 |1.88E+09 6.54E+09 4.70E+10 5.54E+10 |1.48E+09 9.27E+07 1.87E+07 1.59E+09 5.70E+10
AP215|1.73E+09 7.96E+09 5.90E+10 6.87E+10 |3.44E+09 1.71E+08 2.75E+07 3.64E+09 7.23E+10
AP45 (6.92E+08 5.27E+09 6.87E+10| 7.47E+10 |1.51E+09 5.22E+07  3.10E+07 1.59E+09 7.63E+10
AP46 4.25E+09- 5.35E+10 6.70E+10 |8.30E+08 7.58E+07 1.03E+08 1.01E+09 6.80E+10
AP52 (7.33E+08 5.09E+09 4.37E+10 495E+10 |1.54E+09 1.65E+08 2.58E+07 1.73E+09 5.12E+10
AP81 [1.62E+09 8.51E+09 7.39E+10| 8.41E+10 |9.83E+08 8.21E+07  3.14E+07 1.10E+09 8.52E+10
1J1043 |2.41E+09 8.26E+08 4.58E+10 491E+10 |3.49E+08 2.73E+08 4.10E+07 4.97E+10
1J1284 |1.61E+09 5.65E+09 7.44E+10 8.17E+10 |1.54E+09 4.42E+07 4.38E+07 1.63E+09 8.33E+10
JJ213 |5.23E+09 6.94E+10 8.41E+10 |[1.36E+09 1.85E+08 1.27E+08 1.67E+09 8.57E+10
1334 5.14E+09 4.22E+10 5.54E+10 6.19E+08- 9.04E+07 1.15E+09 5.65E+10
1747 |5.25E+08 5.80E+09 6.01E+10 6.64E+10 |1.18E+09 4.28E+07 1.36E+07 1.24E+09 6.77E+10
JJ947 |4.09E+09 5.51E+09 6.19E+10 7.15E+10 |1.37E+09 6.71E+07 1.21E+08 1.56E+09 7.31E+10
uSs1. |2.70€+09 81526409, 8.81E+10 [(HIOOERIAN 478408 5.446+07  s.83e07  [amsEvoal | S EosERIa
JM199 |1.20E+09 6.09E+09 4.72E+10 5.45E+10 |1.17E+09 3.93E+07 1.21E+08 1.33E+09 5.58E+10
JM204 |1.61E+09 7.28E+09 6.78E+10( 7.67E+10 (2.18E+09 7.10E+07 4.36E+07 2.29E+09 7.90E+10
JM236 | 7.84E+08 3.65E+09 4.74E+10 5.18E+10 |5.75E+08 1.92E+08 3.07E+07 7.98E+08 5.26E+10




Table 5.1: Diversity of iturnic secondary metabolites produced by 18 B. velezensis strains

B. velezensis strain I1Ds Iturinic secondary metabolites
ABO1 iturin
AP45 iturin
AP46 iturin
AP52 iturin
AP81 iturin

IM199 iturin
AP202 iturin
IM204 iturin
1J213 iturin
AP215 iturin
IM236 iturin
1J334 bacillomycin L
1747 iturin
IM907 iturin
13947 bacillomycin L
JJ9s51 iturin
JJ1043 bacillomycin L
JJ1284 iturin
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Figure 6.1: UV-vis absorption spectra of the total extract from the culture of 18 Bacillus velezensis

strains.
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Figure 6.2: HPLC elution profile of the total extract of 18 B. velezensis strains.
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Figure 6.3: LC elution profile based on total ion count (TIC) of the total extract of 18 B. velezensis

strains.
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Appendix G

Amino acid sequences of five BGC-affiliated P450s that were used to construct high-resolution
homology models are shown below:

CYP134 (accessory P450 encoded in cyclodipeptide-producing BGC)

MNQSIKLFSVLSDQFQENPYAYFSQLREEDPVHYEESIDSYFISRYHDVRYILQHPDIFTTKSLVQRAEP
VMRGPVLAQMHGKEHSAKRRIVVRSFVGDALDHLSPLIKQNAENLLAPYLERGRIDLVNDFGKTFAV
CVTMDMLGLDKRDHEKIAEWHSGVADFITSISQTPEARAHSLWCSEQLSQYLMPVIEERRVNPGSDLI
SILCTSEYEGMAMSDKDILALILNVLLAATEPADKTLALMIYHLLNNPEQMNDVLADRSLVPRAIAET
LRYKPPVQLIPRQLSQDTVVGGMEIKKDTIVFCMIGAANRDPEAFERPDVFHIHREDLGIKSAFSGAAR
HLAFGSGIHNCVGAAFAKTEIEIVANIVLDKMRNIRLEEGFRYAESGLYTRGPVSLHVAFDRA

CYP113 (accessory P450 encoded in difficidin-producing BGC)

MTSLTKIRQQQPYKWYQTMRETSPVHYNEKEDCWEIFTYDEVKRVISDYSHFSSDHKYLSADKQEK
MIRHINKDSLLKMDPPEHTVFRKLVNQPFMPKSVESLAPRIAAIADDLLQAVRSKGRMDIIEDYAFPLP
IIVIAELLGFPPKDRDIFKSWVDQSQNVKDEKKMNEVQKQMIGYFMQFILQRRKQPQNDLISHLISADL
DGEPLSDKQLIGFCGLLIVAGHVTTENVIGNSFLSLKEFPHILPRLLENKALLPDFIEEVIRLRPSIQRVTR
YTAVESEIGGKTIPAGEKVYAWIGSANRDEKKFENADQIDLGRKPNQHLSFGQGSHYCLGAPLARLE
AKIALSHFFEQMPAWRFTEDQEPNLVPSPVFHGVDRLLVEF

CYP109 (accessory P450 encoded in bacillibactin-producing BGC)

METTSPSAVQKTLLRGKNKQDPYHPFDWYANMRQTSPVHFDEASQTWSVFTYEEAKRVTIDKDTFSS
QPPKNQRKHSLMKTMVMMDPPNHTRVRSIVSKAFTPRVMKLWEPRIYELMDELMAQLEGKKEIDLV
QDISYPLPVIVIAELLGVPSEHKQSFKEWSDILVSMPKSENEEDVAEWQKTRDKGEADMMAFFADTIE
KKRHNLGDDLISLHQAEENGDKLAADELIPFCNLLLLAGNETTTNLISNMIFSLLEQPGAYEALAQSPE
LIPRAVEEAVRFRAPAPTIVRYVTKDTELGGKVLKKGDNVIVFLASANRDERQFSNAHEFDIHRHPNP
HIGFGHGIHFCLGAPLARLEACTAIKILIERYEALELLSYVPMTSSSMYGLKELKLCVTPRS

CYP107 (accessory P450 encoded in bacillaene-producing BGC)

MEKLMFHPHGKEFHHNPFSVLGRFREEEPIHRFELKRFGATYPAWLITRYDDCMAFLKDNRITRDVK

NVMNQEQIKMLNVSEDIDFVSDHMLAKDTPDHTRLRSLVHQAFTPRTIENLRGSIEQIAEQLLDEMEK
ENKADIMKSFASPLPFIVISELMGIPKEDRSQFQIWTNAMVDTSEGNRELTNQALREFKDYIAKLIHDR

RIKPKDDLISKLVHAEENGSKLSEKELYSMLFLLIVAGLETTVNLLGSGTLALLQHMKECEKLKQHPE

MIATAVEELLRYTSPVVMMANRWAIEDFTYKGHSIKRGDMIFIGIGSANRDPNFFENPEILNINRSPNR

HISFGFGIHFCLGAPLARLEGHIAFNALLKRFPDIELAVAPDDIQWRKNVFLRGLESLPVSLSK
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CYP102A2 (CYP domain) (accessory P450 encoded in plantazolicin-producing BGC)

MKETGPIPQPKTFGPLGNLPLLDKDKPTMSLIKLANEQGPIFQLHTPAGAIIVVSGHELVKEVCDEERF
DKSIEGALEKVRAFSGDGLFTSWTHEPNWRKAHHILMPTFSQRAMKDYHSMMTDIAVQLIQKWARL
NPDEAVDVPADMTRLTLDTIGLCGFNYRFNSYYRETPHPFINSMVRALDEAMHQMQRLDVQDKLMI
RTKRQFHHDIQAMFSLVDSITAERRSGGRDEKDLLARMLNVEDPETGEKLDDENIRFQIITFLIAGHETT
SGLLSFAIYFLLKHPRVLEKAYEEADRVLTDPVPSYKQVLDLTYIRMILQESLRLWPTAPAFSLYAKED
TVIGGKYPITPKDRISVLIPQLHRDKDAWGDNAEEFYPERFEHPDRVPHHA YKPFGNGQRACIGMQFA
LHEATLVLGMILQHFTFIDHTDYELDIKQTLTIKPGDFHIRVRPRNKEDVA

Amino acid sequence of full-length BaCYP102A2 with Hise¢-tag at the N-terminal

MHHHHHHKETGPIPQPK TFGPLGNLPLLDKDKPTMSLIKLANEQGPIFQLHTPAGAIIVVSGHELVKEV
CDEERFDKSIEGALEKVRAFSGDGLFTSWTHEPNWRKAHHILMPTFSQRAMKDYHSMMTDIAVQLIQ
KWARLNPDEAVDVPADMTRLTLDTIGLCGFNYRFNSYYRETPHPFINSMVRALDEAMHQMQRLDVQ
DKLMIRTKRQFHHDIQAMFSLVDSIIAERRSGGRDEKDLLARMLNVEDPETGEKLDDENIRFQIITFLIA
GHETTSGLLSFAIYFLLKHPRVLEKAYEEADRVLTDPVPSYKQVLDLTYIRMILQESLRLWPTAPAFSL

YAKEDTVIGGKYPITPKDRISVLIPQLHRDKDAWGDNAEEFYPERFEHPDRVPHHAYKPFGNGQRACI

GMQFALHEATLVLGMILQHFTFIDHTDYELDIKQTLTIKPGDFHIRVRPRNKEDVAAALPAAEKAAED
VGKEKRETKGASIIGLDNRPLLILYGSDTGTAEGVARELADTAGMHGVRTETAPLNDRIGKLPKEGAL
LITSSYNGKPPSNAGQFVQWLEEVKPGELEGVRYAVFGCGDHNWAATYQAVPRLIDEKLAEKGAER
FSSRGEGDVSGDFEGKLDEWKKSMWTDAMKAFGLKLNENAEKERSALGLQFVSGLGGSPLAQTYEA
VYASVAENRELQAPESGRSTRHIEITLPKEAAYHEGDHLGVLPVNSKEQVSRVLRRFNLNGNDQVLLT
ASGQSAAHLPLDRPVRLHDLLSSCVELQEAASRAQIREMAAYTVCPPHKRELEDFLEEGVYQEQILTS

RVSMLDLLEKYEACELPFERFLELLRPLKPRYY SISSSPRKHPGQASITVGVVRGPARSGLGEYRGVAS

NYLADRGPEDGIVMFVRTPETRFRLPEDPEKPIIMVGPGTGVAPFRGFLQARAALKKEGKELGEAHLY
FGCRNDHDFIYRDELEAYEKDGIVTLHTAFSRKEGVPKTYVQHLMAKDAGALISILGRGGHLYVCGD

GSKMAPDVEATLQKAYQSVRETDERQAQEWLLDLQTKGIYAKDVWAGI

263



CYP domain

Figure 7.1: High-resolution homology model of a full-length BaCYP102A2 enzyme constructed
by RosettaCM. Due to the lack of a full-length crystal structure, a continuous sequence connecting
both CYP and reductase domain is not available. Therefore, a model for each domain was
constructed separately using the RosettaCM suite of programs and then placed in their linking
position.
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