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Abstract 

 Peptide-based compounds are crucial components of current research and development 

efforts, namely in the field of pharmaceutical therapeutics. Peptides possess complex secondary 

structures, resulting in a wide array of functions (e.g., signalling, or cellular structural capabilities). 

Advances in the introduction of non-canonical amino acid building blocks have allowed for the 

synthesis of diverse analogues of naturally-derived peptides through solid phase peptide synthesis 

(SPPS). In this thesis, several modifications (e.g., N-methylation, homologue-substitution, etc.) 

were used to develop non-canonical amino acids to form highly-stable and biologically active 

apelin analogues. 

 Apelin is a 77-amino acid long prepropeptide, which is cleaved into the resulting active 

isoforms: apelin-55, apelin-36, apelin-17, and (pyr-1)-apelin-13. Apelin peptides are part of the 

cardioprotective hormone system (i.e., apelinergic system), alongside the G-protein coupled apelin 

(APJ) receptor. The apelinergic system is an influential regulator of various metabolic functions, 

including nitric oxide production and cardiovascular output. In addition, apelin peptides have also 

shown promise as biomarkers for cancer diseases and as regulatory components for age-associated 

sarcopenia. In this study, we probed the extension of apelin peptides at the N-terminus through the 

addition of head group-protected PEG chains, to determine the optimal modifications for stability 

against KLKB1 proteolysis. In addition, homologue substitution at the critical RPRL binding site 

was performed to further analyze the peptide-receptor interactions at this vital site. Furthermore, 

alanine scans and methylation efforts were performed on the four N-terminal residues for apelin-

17 peptides to determine the importance of these amino acid substitutions and conformational 

restrictions on receptor binding and activation. In addition, ongoing work on retro-enantio peptides 

is being undertaken to determine the significance of the apelin peptide backbone.  Lastly, work is 
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being performed to explore the potential of apelin peptides as oral-based therapeutics through the 

synthesis of polysaccharide-based hydrogels. Through synthetic interventions, we can optimize 

naturally-derived and cardio-physiologically-essential apelin peptides to surmount their metabolic 

liability and clearance and harness such analogues as potent therapeutic drug targets for 

cardiovascular health.  

 Work on the determination of the effects of microbial composition on daqu fermentation 

will also be explored. Daqu is a saccharification starter in the fermentation process for the 

production of baijiu, an extremely popular Chinese liquor. In this study, a comprehensive 

qualitative analysis of the production of several lipopeptide congeners, produced by Bacillus spp. 

was performed on several fermentation conditions (i.e., LB broth, and simple and complex daqu). 

It is important to determine the contribution of these diverse lipopeptides on the resulting bacterial 

community assembly, to assess the quality of the baijiu end product.  

 In a tangential direction, work was directed towards the investigation of Beauveria 

bassiana as a biocontrol agent for the management of the mountain pine beetle (MPB), or 

Dendroctonus ponderosae, population. First, this fungal strain was tested in vitro and in planta 

conditions to determine their conidial stability and efficacy. A fermentation approach was also 

developed to produce multi-hundred-gram scale of conidial biomass. Furthermore, in natura field 

infection experiments were performed to determine the effects of B. bassiana on the MPB 

reproductive success. Lastly, analyses of the genomic and transcriptomic features of B. bassiana 

were performed to identify sources of virulence and secondary metabolite biosynthesis. Through 

cultivation and formulation, these fungal strains can withstand the conditions inhabited by the 

mountain pine beetle, to exert their biocontrol potential on these forest pests.    
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Preface 

Chapter 2 has been published as two articles: (1) Fischer, C.; Lamer, T.; Fernandez, K.; 

Gheblawi, M.; Wang, W.; Pascoe, C.; Lambkin, G.; Iturrioz, X.; Llorens-Cortes, C.; Oudit, G. Y.; 

Vederas, J. C. Optimizing PEG-Extended Apelin Analogues as Cardioprotective Drug Leads: 

Importance of the KFRR Motif and Aromatic Head Group for Improved Physiological Activity. 

Journal of Medicinal Chemistry 2020, 63 (20), 12073–12082., and (2) Fernandez, K. X.; Fischer, 

C.; Vu, J.; Gheblawi, M.; Wang, W.; Gottschalk, S.; Iturrioz, X.; Llorens-Cortés, C.; Oudit, G. Y.; 

Vederas, J. C. Metabolically Stable Apelin-Analogues, Incorporating Cyclohexylalanine and 

Homoarginine, as Potent Apelin Receptor Activators. RSC Medicinal Chemistry 2021, 12 (8), 

1402–1413. This chapter involved the collaboration between several members in our research lab 

as well as our collaborators in other research groups. For section 2.2 Optimization of PEG-

Extended Apelin Peptides, I was responsible for designing and synthesizing several analogues, 

evaluating these analogues through in vitro tests, as well as designing new methodologies with Dr. 

Conrad Fischer for determination of plasma protein binding logD7.4. For section 2.3 Determining 

the Importance of hArg/Cha Modifications in the RPRL Region, I was responsible for designing 

and synthesizing all the target analogues, as well as carrying out all the in vitro bioassays. For both 

sections, all the binding affinity assays were performed by Dr. Xavier Iturrioz in Dr. Catherine 

Llorens-Cortés’ lab from the CEA Paris-Saclay, and all in vivo mice assays were performed by 

Jenny Vu, Mahmoud Gheblawi, and Dr. Wang Wang in Dr. Gavin Oudit’s lab from the University 

of Alberta. For section 2.4.1 Determining the Importance of the KFRR Motif, I worked with Dr. 

Conrad Fischer and Dr. Cameron Pascoe to synthesize all alanine scans and the N- and 𝛼-methyl 

analogues. All in vitro and in vivo experiments were performed by the respective people stated 

above. For section 2.4.2 Pharmacokinetics and Development of Oral Apelin Delivery System, I 
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synthesized the apelin analogue required for the in vivo canine degradation assays performed by 

Dr. Pavel Zhabyeyev in Dr. Gavin Oudit’s lab. I also conducted the in vitro enzymatic assays to 

determine the metabolic stability of target analogues. In addition, I developed and synthesized 

polysaccharide-based hydrogels for the investigation of oral drug delivery of apelin peptides. 

Lastly, for section 2.4.3 Determining the Importance of the Apelin Peptide Backbone, I was 

responsible for the design and synthesis of the retro-enantio peptides, as well as carrying out the 

purification, characterization, and testing for the in vitro stability assays. 

Chapter 3 has been published as Li, Z.; Fernandez, K. X., Vederas, J. C., Gänzle, M. G. 

Composition and activity of antifungal lipopeptides produced by Bacillus spp. in daqu 

fermentation, Food Microbiology, 2022, 111:104211. In this chapter, we were collaborators with 

Dr. Zhen Li in Dr. Michael Gänzle’s lab at the University of Alberta, and my main contributions 

were to the identification and quantification of antifungal lipopeptides in LB broth, simple media, 

and complex media. I was also involved in designing extraction and purification methodologies of 

these antifungal lipopeptides, as well as preparing the manuscript. 

 Chapter 4 has been published as two articles: (1) Fernandez, K. X., Pokorny, S., 

Ishangulyeva, G., Ullah, A., Peng, L., Nadeau, M., Todorova, S. I., Carroll, A., Erbilgin, N., 

Vederas, J. C. Greenhouse and field evaluation of Beauveria bassiana dry formulation for the 

population management of Mountain Pine Beetle, Dendroctonus ponderosae. Applied 

Microbiology and Biotechnology, 2023, 107:3341-3352. and (2) Li, J. X., Fernandez, K. X., 

Ritland, C., Jancsik, S., Engelhardt, D. B., Coombe, L., Warren, R. L., van Belkum, M. J., Carroll, 

A. L., Vederas, J. C. Genomic virulence features of Beauveria bassiana as a biocontrol agent for 

the mountain pine beetle population. BMC Genomics, 2023, 24:390. For section 3.2 Beauveria 

bassiana Shows Effective Lethalness to Dendroctonus ponderosae Populations in Greenhouse and 
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Field Experiments, this project was collaborative with research groups from several departments 

and institutions. For my contributions, I was tasked with managing the project and designing and 

performing all experimental methodologies. For the large-scale production of conidial biomass 

and in planta greenhouse assays, I worked with Guncha Ishangulyeva and Aziz Ullah from Dr. 

Nadir Erbilgin’s lab at the University of Alberta, and Dr. Albert Rosana from our research group. 

For the in natura field infection assays, I collaborated with Dr. Stanley Pokorny and Lucas Peng 

in Dr. Allan Carroll’s lab at the University of British Columbia.  For section 3.3 Genomic and 

Transcriptomic Virulence of Beauveria bassiana, my main contributions were the preparations of 

the DNA and RNA mycelial samples, determination of oosporein production levels, and analyses 

of the genomic and transcriptomic results. I collaborated with several members from the research 

groups of Dr. Inanc Birol and Dr. Joerg Bohlmann at the University of British Columbia.   
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always and forever, ayayaten kayo. Love wins, love always wins. 

 

Two roads diverged in a yellow wood, 
And sorry I could not travel both 
And be one traveler, long I stood 

And looked down one as far as I could 
To where it bent in the undergrowth; 

Then took the other, as just as fair, 
And having perhaps the better claim, 

Because it was grassy and wanted wear; 
Though as for that the passing there 

Had worn them really about the same, 

And both that morning equally lay 
In leaves no step had trodden black. 
Oh, I kept the first for another day! 

Yet knowing how way leads on to way, 
I doubted if I should ever come back. 

I shall be telling this with a sigh 
Somewhere ages and ages hence: 

Two roads diverged in a wood, and I— 
I took the one less traveled by, 

And that has made all the difference. 

“The Road Not Taken” by Robert Frost  
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Chapter 1 Introduction 

 

1.1 Background 

 

1.1.1 Peptides Background 

Chemical biology, a sub-discipline of organic chemistry with application to biological systems, 

aims to investigate, understand, and rationally influence biological processes and systems using 

chemical tools. This thesis will look at the development of biological- and chemical-based tools 

for improving therapeutics for cardiovascular protection, investigating and understanding of 

peptide-protein structures, understanding the role of peptides in fermentation, and lastly, 

investigating microbial organisms for ecosystem protection. This thesis will greatly focus on 

modified amino acids and peptides but will also touch on polyketide synthase (PKS), terpene 

synthase (TS) and nonribosomal peptide synthase (NRPS) products.  

 Peptides constitute an extremely important class of biomolecules, usually consisting of 

several amino acid subunits connected as a repeating backbone of — NHx — CHR — C(O) —, 

with (S)-stereochemistry (except for L-cysteine which has an (R)-stereochemistry by the Cahn-

Ingold-Prelog rules).1–3 In nature, peptides are responsible for many physiological roles, including 

antibiotics,4 enzymatic cellular machineries,5 medicines,6–8 signalling molecules,9 and structural 

elements,10. Peptides commonly are made of 20 canonical amino acids, with varying electronic 

and steric properties due to the different sidechains or R-groups (Fig. 1). Amino acids, and their 

complex secondary structures as peptides and proteins, are ubiquitous and greatly diverse in their 

function in biological systems; highlighting the potential to manipulate these structures to probe 

biological and biochemical processes. In addition to the 20 canonical amino acids, the use of 
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modified unnatural or non-canonical amino acids provides further opportunities to expand the 

characteristics and functions of peptides and proteins in nature. 

 

 
Fig. 1 Chemical structures of 20 canonical/natural amino acids.  
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1.1.2 Peptide-Based Therapeutics 

 Since the discovery of insulin,11 peptide-based drugs have been clinically used for the 

treatment of several illnesses and diseases1,3. Many of these peptides are isolated from natural 

sources (e.g., bovine stomach tissue), but with the introduction of protein sequencing and peptide 

synthesis, drugs like oxytocin and vasopressin can be made synthetically.1 These advances in 

peptide-based therapeutics have resulted in increased interest in pharmaceutical research and 

development and have now become one of the fastest-growing classes of therapeutics in clinical 

trials.12 In 2017, 155 peptide-based drugs were active in clinical development, of which half were 

in phase 2; 68 more peptide-based drugs were approved for therapeutic use.1,7 Briefly after, over 

1000 ongoing peptide-based clinical trials were performed in 2019.13 Peptides have complex and 

well-defined three-dimensional structures, and they are greatly specific to their respective targets, 

making them attractive drug targets.7,14 Contrary to many small molecule-based therapeutics, 

peptides have less off-target binding, therefore reducing off-target toxicity and the resulting side 

effects.1 In addition, peptide-based drugs can be administered in conjunction with other treatments, 

leading to increased potency.12 Despite these advantages, peptides also possess many drawbacks 

not seen with small molecule therapeutics. For example, peptide-based drugs tend to exhibit poor 

pharmacokinetics due to the body’s many responses in clearing them from the body.12 Peptides 

have low plasma half-lives due to the rapid degradation by endogenous proteases via proteolytic 

degradation.7,12 In addition, peptides have low metabolic stability and oral bioavailability due to 

their relatively large sizes.12 Although peptide therapeutics can be administered intravenously, 

intramuscularly, and subcutaneously, unwanted pain and low patient compliance have pushed for 

further development of these therapeutics for oral administration.15,16  
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1.1.3 Peptide Synthesis Solid-Phase Peptide Synthesis Overview and Advances 

 The term peptide was first coined by Emil Fischer and Ernest Fourneau in 1901 when they 

performed the first peptide synthesis.15 Peptides and proteins are made up of amino acid building 

blocks, which can be biologically and chemically synthesized in an iterative process. In 1932, the 

first reversible 𝑁𝛼-protecting group, carboxybenzoyl (Cbz), compatible with peptide synthesis, 

was invented. The synthesis of two peptide hormones, oxytocin and vasopressin, was performed 

by Vincent du Vigneaud; this work was recognized with the Nobel Prize in Chemistry in 1955.17 

 Shortly thereafter, Bruce Merrifield introduced solid phase peptide synthesis (SPPS) 

techniques, which further piqued the interest of many researchers in the field of peptide synthesis, 

garnering him the Nobel Prize in Chemistry in 1984.18 These techniques use the same chemistry 

as previous solution-phase methods, except now, the growing peptide is covalently linked to an 

insoluble, commonly polystyrene-based, solid support (or resin). The peptide is linked from the C-

terminus, and peptide elongation occurs sequentially, the opposite of naturally synthesized 

peptides. Anchoring the growing peptide chain to solid support allows for the removal of excess 

reagents from the previous step, allowing for further coupling of subsequent amino acids. Initially, 

SPPS used N,N’-dicyclohexylcarbodiimide (DCC) as the coupling reagent, and Cbz or Boc (tert-

butoxycarbonyl) as the N-terminal protecting group.18 Furthermore, SPSS relied on “relative 

acidolysis” where the Boc or Cbz group were labile in strong acid (e.g., trifluoroacetic acid (TFA)), 

and release of the peptide from the solid support used hydrogen fluoride (HF).18,19 However, an 

alternative protecting group, 9-fluorenylmethoxycarbonyl (Fmoc), was introduced, which required 

only a moderate base for the removal.20 The Fmoc group allows for selective deprotection in the 

presence of acid-labile protecting groups, resulting in great control over peptide synthesis (Scheme 

1).20,21 
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Scheme 1  Schematic overview of solid phase peptide synthesis (SPPS). 
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 With the rapid development in the field of SPPS, the development of more effective 

coupling reagents is needed. Peptide activity is highly dependent on the overall stereochemistry; 

however, many earlier coupling reagents tend to epimerize the 𝛼-carbon, potentially resulting in 

an inactive peptide. 𝑁𝛼-carbamate protecting groups slow epimerization but do not eliminate it 

entirely. New and more active coupling reagents (e.g., hydroxybenzotriazole/HOBt) were 

developed which activate the amino acid and allow for a rapid attack of the incoming nucleophile, 

therefore lowering the likelihood of racemization.22,23 Peptide synthesis continues to evolve with 

new methodologies, with one being the development of automated peptide synthesizers which 

have allowed for the synthesis of long peptides (> 60 amino acids).3,24–26  

 

1.1.4 Peptide Stability 

 Despite the many advantages of peptides being used as therapeutics, many limitations exist, 

especially when it comes to their susceptibility to proteolytic degradation. These enzymes cleave 

their respective peptide substrate to clear them from the bloodstream, resulting in the loss of 

therapeutic activity of the peptide. Many chemical modifications have been developed to mitigate 

this stability problem, including minor changes like the substitution with D-amino acids or amino 

acid isosteres,27,28 methylation on the 𝛼-carbon or -nitrogen,28,29 and the incorporation of 𝛽- or aza-

amino acids 30–32. Furthermore, larger modifications can be implemented to increase stability and 

activity by enforcing rigidity in the secondary structures of these peptides.3,33,34 These 

modifications (e.g., lactam formation between Lys to Glu or Asp) stabilize the secondary structure 

through covalent linkages, allowing these peptides to escape the binding pocket of degradative 

proteases.3 These modifications provide a foundation for the rational design of peptides for the 

next generation of therapeutics.   
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Chapter 2 Development of Apelin Peptides as Therapeutics for 

Cardiovascular Diseases 

 

2.1 Project Background  

 

2.1.1 Cardiovascular Diseases and Apelinergic System 

Cardiovascular diseases (CVDs) are one of the leading causes of death in the world, 

accounting for approximately 31%, or 18 million, deaths per year worldwide.35,36 In many 

countries around the world, CVDs continue to be a major burden on healthcare systems.37 

Coronary heart disease, which leads to heart failure, can result in myocardial infarction (MI), 

which is commonly referred to as a heart attack.38 MI is often treated with percutaneous coronary 

intervention (PCI) to restore blood flow to the affected heart tissue; however, this process can lead 

to the production of reactive oxygen species and necrosis, eventually resulting in myocardial 

ischemia reperfusion injury (MIRI).39 At present, there are no effective single-drug 

pharmaceuticals on the market for the treatment of MIRI, presenting a major challenge to 

physicians administering PCI.39,40  

 The human body is equipped with the apelinergic system, an endogenous cardioprotective 

hormone system which consists of the G-protein coupled apelin (APJ) receptor and the natural 

substrates, apelin and elabela.41–44 Apelin has been physiologically shown as an influential 

regulator of several metabolic functions, including fluid homeostasis,45 cardiovascular output,46–49 

and carbohydrate and fat metabolism.50 In addition, apelin has been shown to be expressed at 

higher levels in various types of cancers, such as colon, gastroesophageal, glioblastoma, prostate, 

and oral squamous cell carcinoma.51 In cancer diseases, apelin peptides induce cell proliferation 
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and migration in tumour neo-angiogenesis, as well as being a biomarker in cancerous tissues due 

to the elevated expression.52 Recently, researchers have also found that the apelinergic system is 

involved in age-associated sarcopenia, or degradation of muscle tissue, where apelin levels are 

negatively correlated with age in rodent and human models.53 

 Apelin, the product of the human APLN gene, was first identified in bovine stomach 

extracts (apelin-36) as a ligand for the human orphan receptor APJR.54 This X-linked gene, when 

transcribed, expresses a 77-amino acid long prepropeptide (Fig. 2).55–57 The N- and C-termini have 

distinctive roles; the 22 N-terminal residues convey the secretory signal, and the 55 C-terminal 

residues are involved in receptor binding signalling.58 The N-terminal amino acids are cleaved and 

the resulting apelin-55 is subsequently processed into bioactive peptides of various lengths 

forming apelin-36, apelin-17, and apelin-13.54,59,60 This cleavage is catalyzed by proprotein 

convertase subtilisin kexin (PCSK), which recognizes the di-basic amino acid motifs. Furthermore, 

the N-terminal region of apelin-13 can be post-translationally modified to generate pyr-1-apelin-

13, which is a more stable analogue than its counterpart;61,62 this analogue is the major isoform in 

plasma62 and the human heart63. The physiologically active isoforms of apelin all contain 12 

conserved C-terminal amino acids, which contain some regions vital for its interactions with the 

APJ receptor.  The “RPRL” region is the recognition motif required for receptor binding,64,65 while 

the C-terminal Phe residue is essential for peptide internalization. 
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Fig. 2 Apelin biochemistry pathway. The apelin (APLN) gene encodes a 77-amino acid prepropeptide, which is processed and cleaved 

into smaller active isoforms (apelin-13, pyr-1-apelin-13, and apelin-17). These isoforms are rapidly degraded by proteases (i.e., ACE2, 

NEP, and KLKB1) leading to the loss and/or reduction of cardiovascular protection. Secretory amino acids represent the 22 N-terminal 



 10 

residues. The yellow box represents the 12 conserved C-terminal residues. Dotted lines represent the site of cleavage. pE = pyroglutamic 

acid. Created with BioRender.com.   
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2.1.2 Apelin Peptides and Proteolytic Enzymes and Resistant Analogues 

 Although apelin peptides play critical protective roles in the cardiovascular system, these 

peptides are quite limited in their biological half-life (<5 min); due to the rapid metabolism by 

several endogenous proteases, namely ACE2, NEP, and KLKB1 (Fig. 2).47,66 First, ACE2, or 

angiotensin converting enzyme 2, catalyzes the hydrolysis of the C-terminal phenylalanine residue, 

generating partially inactive peptides apelin-12, pyr-1-apelin-12, and apelin-16.67 Neprilysin, or 

NEP,  cleaves at two sites within the critical “RPRL” region, to form fully inactive apelin 

fragments57; highlighting NEP as an endogenous negative regulator of apelin peptides. The third 

protease, KLKB1, the human plasma kallikrein, cleaves the three N-terminal residues of apelin-

17, within the KFRR motif, to form apelin-14, a partially inactive peptide.68 A decreased 

degradation of apelin peptides is desired as more stable analogues can illicit their protective effects 

longer (e.g., positive inotropy69,70 and vasodilation/reduced afterload46,47,66,71) in instances of heart 

failure.  

Various strategies have been tested on apelin-related peptides to enhance proteolytic 

stability, including the insertion of non-canonical amino acids72, D-amino acids72,73, and N- and C-

methylation57. Our lab and many others have worked on apelin analogues which have shown 

improved plasma half-life in vivo (Fig. 3). Briefly, the incorporation of non-canonical amino acids 

at the first three C-terminal residues (i.e., the substitution of Met-Pro-Phe for Nle-Aib-BrF) or C-

terminal lactamization resulted in complete resistance to ACE2, with retained cardiovascular 

activity and improved pharmacokinetics.67,74,75 These analogues were referred to as the “A2” 

generation (Fig. 4). N- and 𝛼-methylation at the leucine residue within the RPRL motif led to a 

significant increase in biological stability against NEP as well as a higher plasma half-life.57 These 

analogues are referred to as the “NMe” generation (Fig. 4). Lastly, an extension of the N-terminus 



 12 

via acylation using fatty acids,68,76,77 PEGylation,68,78,79 or the addition of a fluorocarbon chain73  

resulted in further improvement in stability, as well as cardiac inotropy, receptor binding affinity, 

and hypotensive effects. In combination, these modifications resulted in the target apelin-17 

analogue, annotated as Fmoc-PEG6-NMe17A2, exhibiting a plasma half-life of over 27 h in vivo, 

as well as improved physiological effects compared to the native apelin-17 peptide (Fig. 4).68 This 

chapter will cover the work that was done on optimizing the biological stability of apelin peptides 

against KLKB1, the investigation of substrate-receptor interactions between the RPRL and KFRR 

motifs, and the peptide backbone with the apelin receptor, and lastly, the future work on 

establishing metabolic stability of apelin peptides via oral distribution. 
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Fig. 3 Chemical modifications on apelin-17 for improved proteolytic stability. Modifications are highlighted in different colours: for 

angiotensin converting enzyme 2 (ACE2: Nle-AIb-BrF substitution for Met-Pro-Phe) depicted in blue; for neprilysin (NEP): 𝛼- and N-

methylation) in red, and human plasma kallikrein (KLKB1: extension with PALM and PEG chain) in green. 
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Fig. 4 Structures of the apelin analogues (3-7) from three generations of modifications. Chemical 

modifications are depicted by the different colours: blue for ACE2 resistance, red for NEP 

resistance, and green for KLKB1 resistance. 
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2.2 Optimization of PEG-Extended Apelin Peptides 

 

2.2.1 Background and Aims of Study 

 In addition to proteolytic cleavage by ACE2 and NEP, apelin peptides also contain a 

cleavage site for the human plasma kallikrein, KLKB1, at the N-terminal.68 Our lab has previously 

published on N-terminally extended apelin-17 analogues with modifications to address the three 

proteases, resulting in the development of the Fmoc-PEG6-NMe17A2 analogue.57,67,68,80 We 

initially suggested N-terminal extension via PALMitoylation (with a fatty acid) or PEGylation 

(with a polyethylene glycol chain) as potential stabilization approaches to increase the size of the 

peptide enough to escape the active site pocket volume of 2500 g/mol.68 We hypothesized that this 

extension would not affect the conformational integrity of the N-terminus; the respective 

PEGylation substantially improved the proteolytic stability and cardio-physiological effects (7, 

Fig. 4). In our initial study, we used an Fmoc-protected PEG6-tether attached to the 𝛼-amino group 

of the N-terminal lysine. This analogue led to a remarkable 27 h plasma half-life in human plasma 

in vivo and excellent blood-pressure-lowering effects, however, the potential carcinogenicity or 

cytotoxicity of the fluorenyl system led us to investigate suitable replacements for the Fmoc 

protecting group.  

 In this study, additional apelin peptides were synthesized by myself, Dr. Conrad Fischer, 

and Tess Lamer, based on the Fmoc-PEG6-NMe17A2 analogue to address two questions: (1) what 

are the ideal length and optimal biocompatible head groups for the N-terminal tether (8-16, Fig. 

5), and (2) is it possible to improve the blood-pressure-lowering effects and physiological 

durability of apelin-13 peptides by attaching a long PEG-tether (17-18, Fig. 5)79 The effects of 

these analogues, with varying PEG chain lengths and head group modifications, on stability, 
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receptor binding, and cardiovascular activity are reported. In addition, the physiological activity 

of the optimized apelin-17 analogues towards the prevention of MIRI was tested by Dr. Gavin 

Oudit’s research group via a Langendorff ischemia-reperfusion assay to determine its potential as 

a lead therapeutic for drug-based MIRI treatment.81 

 

 
Fig. 5 Isostere-substituted and N-terminally PEG-extended apelin analogues (1, 2, 6, 8-18) used in 

this study. Chemical modifications are depicted by the different colours: blue for ACE2 resistance, 

red for NEP resistance, and green for KLKB1 resistance. HG = head group. 
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2.2.2 Results and Discussion 

 

2.2.2.1 Tether and Head Group Optimization 

 A series of apelin-17 analogues containing either an Fmoc, methoxy, or free amine 

headgroups, as well as PEG chains including 3, 4, 6, or 10 monomer units (8-16, Fig. 6) were 

synthesized. Furthermore, three apelin-17 analogues incorporating the same PEG6-chain, with 

either a carboxybenzyl (Cbz, 13), a para-benzoylphenylalanine residue with a free N-terminus 

(pBpa, 14), or a phenylalanine residue with a free N-terminus (Phe, 15) N-terminal head group. 

These more biocompatible head groups represent less toxic and better pharmacophoric targets. 

These analogues (13-15) were made to test whether aromaticity in the head group was sufficient 

for increased physiological activity and whether a free N-terminal amine impedes this activity.  
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Fig. 6 PEG-extended apelin-17 (8-16) and apelin-13 (17-18) analogues. Chemical structures of the head groups (HG) are displayed in 

the box; n = number of units. 
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Regarding plasma stability, a trend is seen where increasing the length of the PEG-chain 

supports improved plasma stability, where the PEG6-analogues, except 11, were the most stable 

(Table 1). This increase in stability is observed in both human and murine plasma, although more 

pronounced in the human plasma assays, and we propose that this is likely caused by an increased 

self-aggregation. Considering the remarkable 27 h half-life of the Fmoc-PEG6 (7) and the 18 h 

half-life of Cbz-PEG6 (13) analogues in human plasma, compared to the free N-terminal head 

groups, shows that the N-terminal aromaticity may additionally boost proteolytic resistance likely 

through secondary effects (e.g., membrane interactions). In addition, the higher plasma protein 

binding detected for analogues 7 and 13, in comparison to the non-PEGylated analogue 6, may 

contribute to higher plasma stability (Table 2).82 Comparing the head group modifications, an 

increase of stability for carbamates 7 and 13, compare to amides 14 and 15, were prevalent, 

supporting the superior metabolic stability of carbamates as amide bond surrogates.83 Furthermore, 

the relatively lower plasma half-life of the Phe-PEG6 analogue 15 may be due to the 

aminopeptidase cleavage of the phenylalanine residue; the resulting cleavage compound 12 also 

shows a lesser extent of plasma protein binding (Table 2).84  
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Table 1 Proteolytic stability, calcium mobilization, receptor binding, and blood-pressure data of N-terminally-modified apelin 

analogues. Calcium mobilization efficacy relative to 2 (= 100%). The average difference in mean arterial blood pressure is reported for 

before and after compound administration. Experiments were performed in duplicates of three replicates. Errors are S.E.M.  

 Apelin analogue t1/2 human 

plasma (h) 

t1/2 murine 

plasma (h) 

pEC50 Ca2+ 

mobilization 

efficacy (%) 

pIC50 binding 

affinity (nM) 

∆MABP 

(mmHg) 

1 pyr-Apelin-13 (native) 0.1 ± 0.03  8.62 ± 0.15 93 9.52 ± 0.09 -15 ± 5 

2 Apelin-17 (native) 0.02 ± 0.01 0.03 ± 0.02 8.72 ± 0.18 100 10.30 ± 0.08 -17 ± 4 

6 NMe17A2 1.2 ± 0.1 0.9 ± 0.2 8.31 ± 0.08 104 9.22 ± 0.07 -36 ± 4 

7 Fmoc-PEG6-NMe17A2 27 ± 0.4 2.8 ± 0.7 8.60 ± 0.20 108 9.26 ± 0.10 -47 ± 5 

8 Fmoc-PEG3-NMe17A2 2.0 ± 0.5  7.77 ± 0.17 111 8.60 ± 0.15 -32 ± 9 

9 MeO-PEG3-NMe17A2 2.8 ± 0.6  7.27 ± 0.14 106 8.48 ± 0.07 -32 ± 3 

10 NH2-PEG4-NMe17A2 2.0 ± 0.3  8.11 ± 0.14 99 8.20 ± 0.12 -24 ± 9 

11 MeO-PEG6-NMe17A2 0.7 ± 0.1  8.09 ± 0.17 95 8.77 ± 0.09 -30 ± 10 

12 NH2-PEG6-NMe17A2 3.0 ± 0.2  8.54 ± 0.13 96 8.77 ± 0.17 -35 ± 7 

13 Cbz-PEG6-NMe17A2 18.2 ± 0.3 2.9 ± 0.8 8.21 ± 0.12 120 8.72 ± 0.06 -43 ± 6 

14 pBpa-PEG6-NMe17A2 8.2 ± 0.8  7.05 ± 0.09 122 8.89 ± 0.14 -43 ± 5 

15 Phe-PEG6-NMe17A2 6.4 ± 0.8  7.59 ± 0.15 103 8.77 ± 0.05 -24 ± 7 

16 Fmoc-PEG10-NMe17A2 17.2 ± 0.6  8.31 ± 0.15 105 8.62 ± 0.13 -28 ± 8 

17 Fmoc-PEG6-NMe13A2 6.9 ± 0.3  7.31 ± 0.11 103 8.52 ± 0.18 -9 ± 1 

18 Fmoc-PEG10-NMe13A2 8.6 ± 0.3  < 6.70 116 8.72 ± 0.12 +1 ± 6 
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Table 2. Plasma protein binding and logD7.4 of select apelin analogues. Experiments were 

performed on duplicates of three replicates. Errors are S.E.M. 

 Apelin analogue Human plasma  

protein binding (%) 

Murine plasma  

protein binding (%) 

logD7.4 

2 Apelin-17 (native) 57 ± 10 51 ± 15 -2.57 ± 0.15 

6 NMe17A2 52 ± 11 55 ± 13 -2.01 ± 0.11 

7 Fmoc-PEG6-NMe17A2 94 ± 6 89 ± 7 -1.45 ± 0.20 

12 NH2-PEG6-NMe17A2 79 ± 10 69 ± 14 -1.82 ± 0.16 

13 Cbz-PEG6-NMe17A2 85 ± 5 83 ± 4 -1.54 ± 0.19 

 

Calcium release can be used as an indicator for G-protein activation, and lower effective 

concentrations can be seen in all PEG6 analogues compared to the shorter extended isoforms (Fig. 

7). This improved receptor activation may partially result from the higher affinity binding to the 

APJ receptor compared to the shorter PEG isoforms (Table 1). Furthermore, the excellent plasma 

stability and APJ receptor activation of the PEG6 analogues 7 and 13 correlated with a strong 

hypotensive effect with an average mean arterial blood pressure drop of ~ 47 and ~ 43 mmHg, 

respectively (Table 1, Fig. 8). In fact, this time-stable MABP drop was superior to the native 

apelin-17 peptide 2 and the NMe17A2 analogue 6. 
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Fig. 7 Concentration-response curves of Ca2+-mobilization triggered by PEG-substituted apelin 

analogues (6, 8-18) in comparison to native compound 2. Experiments were performed in three 

replicates. Values represent means ± S.E.M. 

 

 
Fig. 8 Changes in heart rate (HR), mean arterial blood pressure (MABP), and systolic (SBP) and 

diastolic (DBP) blood pressure after IV injection of apelin analogues (2, 8-16). One-way ANOVA 
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statistical analysis indicated no significant changes in MABP (p > 0.05). The experiments were 

done in triplicates. Values represent means ± S.E.M.  

 

2.2.2.2 PEG-Extended Apelin-13 Analogues 

 NMe13A2, compound 5, surprisingly showed low hypotropic effects in mice, contrary to 

the longer NMe17A2 analogue, compound 6, which had better physiological activity (Fig. 4).57 

Therefore, the extension of the apelin-13 compound with either an Fmoc-PEG6 (17)or Fmoc-

PEG10 (18) chain was performed to evaluate if PEGylation could restore physiological activity 

(Fig. 5). If successful, this surrogate approach would make peptide synthesis more facile (13-mers 

vs. 17-mers) and eliminate additional cleavage sites found in the longer isoforms. A PEG10 chain 

was chosen to achieve approximately the same molecular weight as the Fmoc-PEG6-NMe17A2 

(7) analogue. Both analogues 17 and 18 showed moderate stability (t1/2 = ~ 6.9 and 8.6 h) in human 

plasma, which is significantly higher than that for the native pyr-1-apelin-13 (1), but still 

significantly lower than the size-related NMe17A2 analogues 7 and 16. Both analogues triggered 

calcium release at higher concentrations compared to 1 and 7 (Table 1, Fig. 7). However, both 

analogues 17 and 18 had negligible physiological activity in the blood-pressure assays (p > 0.05; 

Table 1, Fig. 9). This suggests that the simple addition of the molecular length of the inactive 

NMe13A2 backbone can extend proteolytic stability but does not restore full biological activity. 

These results may indicate that the four N-terminal residues (KFRR) in the 17-mer analogues are 

required for apelin peptides to exert the targeted physiological effects.  
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Fig. 9 Mean arterial blood pressure (MABP) data of PEG-extended apelin-13 (17-18) and -17 

analogues (6-7, 13). Experiments were performed in three replicates. Values represent mean ± 

S.E.M. 

 

2.2.2.3 Physiological and Cardioprotective Potential Experiments 

 The two most potent analogues, with regards to plasma stability and hypotensive activity, 

Fmoc-PEG6-NMe17A2 (7) and Cbz-PEG6-NMe17A2 (13), were then assessed by Dr. Oudit’s lab 

for their ability to prevent myocardial ischemia reperfusion injury (MIRI) using the Langendorff 

protocol.81 Stable isolated mice hearts were subjected to ischemic conditions for 30 mins and then 

were reperfused with either saline (vehicle), native apelin-17 (2), NMe17A2 (6), and the 

vasoactive analogues 7 and 13; 1 𝜇M concentrations were used as per the postconditioning 

protocol (Fig. 10). The heart was measured ex vivo to establish the following parameters to indicate 

heart performance and function: left ventricle developed pressure (LVDP), the rate-pressure 

product (RPP), the minimum derivative of change in diastolic blood pressure over time (min 

dP/dt), and the maximum derivative of change in systolic blood pressure over time (max dP/dt). 

Compounds 2 (LVDP = 30 ± mmHg; RPP = 1019 ± 215) and 6 (LVDP = 25 ± 7 mmHg; RPP = 

778 ± 132) showed relatively minor effects. Surprisingly, both analogues 7 (LVDP = 90 ± 2 
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mmHg; RPP = 2051 ± 204) and 13 (LVDP = 119 ± 6 mmHg; RPP = 2604 ± 214) showed a 

pronounced magnitude and prolongation in effect, therefore demonstrating an improved ability to 

rescue the heart from MIRI. These results indicate the potential of vasoactive analogues 7 and 13 

for an overall rapid and enduring heart recovery with minimal heart damage post-MIRI. 

 

 
Fig. 10 Langendorff isolated heart experiments of select apelin analogues. Results were reported 

following reperfusion of saline (negative control), native apelin-17 (2, positive control), NMe17A2 

analogue 6, and PEG-extended analogues 7 and 13, after a 30 min period of ischemia. Parameters 

assessed include the left ventricular developed pressure (LVDP), the rate pressure product (RPP, 

mmHg × BPM), the minimum derivative of change in diastolic pressure over time (min dP/dt), 

and the maximum derivative of change in systolic pressure over time (max dP/dt). The experiments 

were performed in five replicates. Values represent mean ± S.E.M. 
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2.2.3 Conclusion and Future Studies 

 The development of therapeutics that are selective for target sites is vital to sustainably 

address and treat cardiovascular diseases. Except for surgical procedures, effective single drug-

based treatments have not been significantly established for MIRI. In this project, we presented 

optimized N-terminally PEG-extended apelin-17 analogues with long plasma half-lives and time-

stable cardioprotective benefits. We found that the addition of six ethylene glycol units (PEG6), 

with an N-terminal Fmoc (7) or Cbz (13) group has been found optimal for plasma stability, 

hypotensive effects, and promising potential for MIRI rescue. These analogues can be used as lead 

structures for further MIRI-related drug design and cardioprotective potential. 

Our results also show that the N-terminal KFRR sequence may be crucial for functionality, 

as the shorter PEG-extended apelin-13 isoforms do not show cardio-physiological effects, as 

shown in the blood pressure assays performed by Dr. Oudit’s group. Further studies could be 

employed to investigate the structural importance of the four N-terminal residues in receptor 

binding and activity through isostere substitutions and alanine scans. In addition, our group is 

undertaking work to study the beneficial balance of the pharmacokinetics (PK) and 

pharmacodynamics (PD) properties of headgroup-PEGylated apelin-17 analogues for wider 

applications in various cardiovascular disease systems.44,52,85–88 

 

2.3 Determining the Importance of hArg/Cha Modifications in the RPRL Region 

 

2.3.1 Background and Aims of Study 

 A recently published X-ray crystal structure of an inactive modified APJ receptor, in 

complex with an inactive apelin derivative (AMG3054), suggests substrate-receptor binding 
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interactions at a minimum of two sites.89 Two approaches, amino acid isostere substitution and 

macrolactamization between Glu8 and Lys5, were used in combination to structurally rigidify the 

peptidic analogue AMG3054 to allow for a better fit into the modified APJ receptor. Among these 

modifications, L- cyclohexylalanine (L-Cha) and L-homoarginine (L-hArg) were introduced at 

positions 9 and 10 from the C-terminus within the “RPRL” receptor binding site. Despite an 

apparent good fit, the impact of AMG3054 on the agonistic vs. antagonistic interactions with the 

native APJ receptor was not disclosed.  

 This chapter will look at the work performed to examine the metabolic stabilization and 

receptor activation of these homologue-substituted apelin peptides by dissecting the individual and 

combined binding contributions of these substitutions. Since these substitutions are situated within 

the RPRL binding motif, even minute spatial changes in this region may likely affect the overall 

receptor binding and conformation change, which could define the extent of downstream G-protein 

signalling. Starting from the first generation “A2” analogues 3 and 4, already shown to possess 

higher proteolytic resistance compared to the native isoforms,67 nine new derivatives (3-5, 8-13), 

incorporating methylation and/or L-Cha/L-hArg at positions 9 and 10, respectively, were 

synthesized (Fig. 11). The metabolic stability of these analogues was determined through the 

isolated enzyme and human and mice plasma assays. In addition, the analogues were further 

characterized for their receptor activation through their capacity for calcium mobilization by Dr. 

Catherine Llorens-Cortès’ research group. Lastly, in vivo blood pressure assays in mice were 

performed by Dr. Oudit’s research lab to determine cardioprotective effects.  
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Fig. 11 Apelin derivatives synthesized in this study. ACE2-resistant analogues (3, 4), NEP-

stabilized analogues (5, 6), and newly synthesized derivatives (19-27) based on the A2 analogue 

generation. pGlu = L-pyroglutamic acid; hArg = L-homoarginine; Cha = L-cyclohexylalanine; 

NMeLeu = N-methylated L-leucine; NMeCha = N-methylated L-cyclohexylalanine.  

 

2.3.2 Solid-phase peptide synthesis and dipeptide synthesis 

 Starting from the ACE2-resistant analogue series (compounds 3 and 4),67 we attempted to 

achieve improved metabolic stabilization through relatively conservative homologue substitution 

(i.e., L-hArg and/or L-Cha substitution). This approach has the advantage of affordable and 

commercially available amino acids, which can be readily incorporated via solid phase peptide 

synthesis (SPPS) in good yield. Additionally, it has been reported that the use of L-hArg and L-Cha 

in other studies may have intrinsic advantages for cardiovascular activity. L-Cha has been shown 

to increase regulatory function in body fluid and blood pressure homeostasis, as well as exhibit 
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vasodilatory activities when substituted for phenylalanine in an atrial natriuretic peptide.54,90,91 L-

hArg has been shown as an independent protective biomarker,92,93 where lower L-hArg plasma 

levels were correlated with reduced nitric oxide bioavailability94 and renal failure95. Furthermore, 

L-hArg can be metabolically formed through the replacement of ornithine for lysine in liver 

enzyme-catalyzed reactions in urea cycles96,97 or via L-arginine:glycine amidinotransferase 

(AGAT) catalysis98, further contributing to its role as a biomarker.  

 Apelin analogues 19-21 (apelin-13) and 22-27 (apelin-17) were synthesized on 2-

chlorotritylchloride-resin using Fmoc-chemistry. The incorporation of the appropriate Arg/Leu to 

hArg/Cha modifications was completed after the formation of the octapeptide. Since the peptides 

also intend to address stability toward NEP cleavage, N-methylation of residue 9 (i.e., Leu or Cha) 

was performed to compare the metabolic and physiological features of NMeA2 generation 

analogues 5 and 6 (Scheme 2).57  
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Scheme 2 Synthetic scheme for N-methylation of L-Leu or L-Cha at position 9. * = Direct coupling of 30 (Fmoc-NMeCha-OBn) to Ser9 

of growing peptide chain or formation of dipeptide 33. PFA = paraformaldehyde; p-TsOH = para-toluenesulfonic acid; TFA = 

trifluoroacetic acid; Et3SiH = triethylsilane.  
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2.3.3 In vitro Enzymatic and Plasma Stability 

 First, the in vitro recombinant human neprilysin (rhNEP) stability of the newly developed 

analogues was compared to the native peptides, the ACE2-resistant first-generation analogues (3, 

4), and the NEP-stabilized pendants (5, 6) (Table 3, Fig. 12). The apelin peptides were incubated 

with rhNEP and the extent of degradation was analyzed. The A2 analogues 3 and 4 showed 

comparable NEP degradation rates to the native apelin isoforms, as previously reported.57 When 

examining the effects of the homologue substitutions, all new analogues (19-24) showed improved 

proteolytic stability compared to the A2 analogues, even showing comparable resistance to the 

NMeA2 analogues 5 and 6. Overall, the apelin-17 analogues (22-24) showed higher stability 

compared to the shorter 13-mer analogues (19-21). Furthermore, substitutions with both L-Cha and 

L-hArg, for residues 9 and 10, respectively, showed highly comparable stability as the NMeA2 

analogues 5 and 6.  
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Table 3 Metabolic features of reference (3-6) and homologue-substituted (19-27) apelin 

analogues. Experiments were done in duplicates of three replicates. Errors represent the S.E.M. 

 

 Analogue t1/2 human NEP (h) t1/2 human plasma 

(h) 

t1/2 mice plasma 

(h) 

1 pyr-1-apelin-13  0.1 ± 0.03  

3 Apelin13A2 10.31 ± 0.01 0.81 ± 0.20  

5 NMeLeu13A2 40.27 ± 0.01 3.54 ± 0.12  

19 hArg13A2 19.01 ± 0.01 1.31 ± 0.42  

20 Cha13A2 22.07 ± 0.01 1.77 ± 0.34  

21 hArgCha13A2 21.91 ± 0.02 2.58 ± 0.19  

2 Apelin-17  0.02 ± 0.01 0.03 ± 0.02 

4 Apelin17A2 10.95 ± 0.03 0.90 ± 0.17  

6 NMeLeu17A2 >48 8.29 ± 0.21 0.99 ± 0.11 

22 hArg17A2 40.59 ± 0.01 3.06 ± 0.04  

23 Cha17A2 47.03 ± 0.01 4.34 ± 0.03  

24 hArgCha17A2 46.39 ± 0.01 6.28 ± 0.02 0.52 ± 0.12 

25 NMeCha17A2  2.90 ± 0.03 0.44 ± 0.07 

26 hArgNMeCha17A2  3.41 ± 0.05 0.36 ± 0.25 

27 hArgNMeLeu17A2  5.63 ± 0.08 0.38 ± 0.21 
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Fig. 12 In vitro rhNEP degradation trends for apelin-13 and apelin-17 analogues. Analogues 

include native apelin (1, 2), ACE-resistant (3, 4), NEP-resistant (5, 6), and newly synthesized 

hArg/Cha (19-27). Experiments were performed in duplicates of three replicates. Errors represent 

S.E.M. 

 

 Next, the in vitro human plasma stability of the analogues was examined (Table 3, Fig. 13). 

All apelin-13 (19-21) and apelin-17 (22-27) analogues displayed enhanced stability compared to 

analogues 3 and 4, and these effects were more pronounced for the longer apelin-17 isoforms. 

These results suggest that NEP proteolysis appears to be more significant in the degradation of 

apelin-13 analogues compared to the 17-mer counterparts. However, compared to the inherently 

NEP-stabilized analogues 5 and 6, all newly synthesized analogues (19-27) still showed lower 
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levels of plasma stability. This stability difference may suggest that the modifications of the 

peptide sidechains, regardless of the bulkiness (i.e., Leu vs. Cha), have a lower ability in stabilizing 

the peptide against proteases, compared to modifications on the peptide backbone alone (e.g., 

methylation). The most stable apelin-17 analogue 24 (hArgCha17A2) still displayed a 25% lower 

plasma half-life compared to analogue 6. 

 

 
Fig. 13 In vitro human plasma degradation trends for apelin-13 and apelin-17 analogues. 

Analogues include native apelin (1, 2), ACE-resistant (3, 4), NEP-resistant (5, 6), and newly 

synthesized hArg/Cha (19-27). Experiments were performed in duplicates of three replicates. 

Errors represent S.E.M. 
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Lastly, the in vitro murine plasma stability of four target analogues (24-27) was tested and 

compared to the ACE2-resistant (4) and NEP-stabilized (6) analogues (Table 3, Fig. 14). In 

general, the proteolytic stability of peptides is significantly lower in rodents compared to humans, 

and this is due to the higher metabolic rate and renal clearance in rodents.99 Compared to analogue 

6 (~ 60 min), all apelin-17 analogues (24-27) showed slightly lower rates of proteolytic stability 

in murine plasma (≤40 min); analogue 24 (hArgCha17A2) displayed the highest stability of the 

apelin-17 isoforms. Nevertheless, compared to analogue 4, all new analogues showed enhanced in 

vitro plasma stability, which encouraged the further exploration of the physiological activities of 

each analogue in vivo mice models. 

 

 
Fig. 14 In vitro murine plasma degradation trends for apelin-13 and apelin-17 analogues. 

Analogues include native apelin (1, 2), ACE-resistant (3, 4), NEP-resistant (5, 6), and newly 

synthesized hArg/Cha (19-27). Experiments were performed in duplicates of three replicates. 

Errors represent S.E.M. 
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2.3.4 APJR Receptor Radioligand Binding Experiments 

 Next, the newly synthesized analogues 19-27 were compared to determine their ability to 

compete with [125I]-labelled pyr-1-apelin-13 binding on membrane preparations of CHO (Chinese 

hamster ovary) cells stably expressing the EGFP (enhanced green fluorescent protein)-labelled 

wild-type rat apelin receptor (Fig. 15, Table 4). These experiments were performed by Dr. 

Llorens-Cortès’ lab. All apelin-13 analogues (19-21) showed improved competitive binding in 

comparison to the radiolabeled ligand; lower pKi values compared to the ACE2-resistant analogue 

3 (pKi = 8.70 ± 0.06 nM). In addition, the apelin-17 analogues (22-27) showed comparable pKi 

values at the nanomolar range compared to the ACE2-resistant (4; pKi = 9.72 ± 0.01 nM) and 

NEP-stabilized (6; pKi = 9.35 ± 0.09 nM) isoforms (Fig. 15). In conclusion, these data show that 

all the newly synthesized analogues were orthosteric ligands, as they were able to interact with the 

APJ receptor at the same binding site as the natural ligand. 

 

 
Fig. 15 Box-and-whisker plot depicting the distribution of APJ receptor radioligand binding. 

Analogues include native apelin (1, 2), ACE-resistant (3, 4), NEP-resistant (5, 6), and newly 

synthesized hArg/Cha (19-27). Experiments were performed in three replicates. Values represent 

means ± S.E.M. 
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Table 4 Receptor binding and physiological response data of reference and homologue-substituted apelin analogues. aHypotensive 

effects maintained for the duration of the experiment. Experiments were performed in three replicates. Errors represent S.E.M.  

 Analogue pKi binding 

affinity /nM 

pEC50 Ca2+ -

mobilization (nM) 

Plasma protein 

binding efficacy 

(%) 

ΔMABP 

(mmHg) 

Duration of 

hypotensive effect 

(min) 

3 Apelin13A2 8.70 ± 0.06 8.37 ± 0.14  23.88 ± 7.60 60a 

5 NMeLeu13A2 10.00 ± 0.17 8.17 ± 0.12  9.52 ± 5.60 26 

19 hArg13A2 9.17 ± 0.07 8.66 ± 0.17  26.44 ± 12.60 60a 

20 Cha13A2 9.24 ± 0.10 8.62 ± 0.13  0.23 ± 5.30 15 

21 hArgCha13A2 9.43 ± 0.01 8.43 ± 0.12  15.33 ± 7.70 57 

4 Apelin17A2 9.72 ± 0.01 8.37 ± 0.14 52 ± 11 10.24 ± 2.60 33 

6 NMeLeu17A2 9.35 ± 0.09 8.56 ± 0.18 55 ± 10 31.98 ± 5.90 60a 

22 hArg17A2 9.08 ± 0.13 8.17 ± 0.12  40.45 ± 13.30 60a 

23 Cha17A2 8.80 ± 0.13 8.42 ± 0.10  19.72 ± 6.00 60a 

24 hArgCha17A2 8.96 ± 0.15 8.36 ± 0.11 65 ± 9 44.90 ± 12.80 60a 

25 NMeCha17A2 8.70 ± 0.11 7.79 ± 0.42 68 ± 8 28.83 ± 8.00 60a 

26 hArgNMeCha17A2 9.19 ± 0.08 7.14 ± 0.20 69 ± 8 47.57 ± 4.60 60a 

27 hArgNMeLeu17A2 8.85 ± 0.11 6.56 ± 0.17  34.69 ± 4.90 60a 
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2.3.5 APJR Receptor Activation and Plasma Protein Binding  

 To study the extent to which the newly derived analogues trigger downstream APJ receptor 

activation, fluorescence-coupled calcium release assays were performed (Table 4, Fig. 16). All 

analogues (19-27) displayed comparable pEC50 values as the reference apelin compounds (3-6), 

suggesting a similarly strong APJ receptor activation potential; these results support the obtained 

receptor binding affinity values (Table 4). Furthermore, the binding curves all indicate a positive 

sigmoidal functionality indicating that the analogues are agonistic ligands to the APJ receptor (Fig. 

16). 

 In addition, target analogues 24-26, generally displayed a slightly higher plasma protein 

binding (65 ± 9%, 68 ± 8%, and 69 ± 8%, respectively) compared to the native apelin-17 (2)79 and 

analogues 4 (52 ± 11) and 6 (55 ± 10) (Table 4). Considering the improved plasma half-lives (t1/2) 

of the apelin-17 analogues (22-27) compared to ACE2-resistant analogue 4, it appears that subtle 

homologue substitution (i.e., Arg10 to hArg10, or Leu9 to Cha/NMeCha/NMeLeu9) may increase 

the lipophilicity of apelin peptides proteolytic stability through plasma protein binding.100  
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Fig. 16 Concentration-response (fluorescence) curves of reference and newly synthesized apelin 

analogues. Analogues include native apelin (1, 2), ACE-resistant (3, 4), NEP-resistant (5, 6), and 

newly synthesized hArg/Cha (19-27). Experiments were performed in three replicates. Errors 

represent S.E.M. 

 

2.3.6 In Vivo Physiological Tests 

 Lastly, the analogues were evaluated, by Dr. Oudit’s group, for their cardioprotective 

abilities using in vivo mice models. Several parameters were measured including heart rate (HR), 

mean arterial blood pressure (BP), and systolic (SBP) and diastolic (DBP) blood pressure. The 

shorter apelin-13 analogues (19-21) displayed only marginal cardiovascular effects (Fig. 17). 
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However, all apelin-17 analogues (22-27) showed more pronounced cardio-physiological activity 

(Fig. 18, Fig. 19). In fact, analogues 24 and 26 showed a rapid and stable recovery in heart rate as 

well as prolonged blood-pressure lowering effects, rivalling the most potent compound (6) from 

our previous studies. These cardioprotective results suggest that in addition to the enhanced 

binding to the APJ receptor, substitutions with L-hArg and/or L-Cha are cardio-physiologically 

well tolerated and beneficial for the host, as well as providing a foundation for further development 

of cardiovascular-active apelin analogues. 

 

 
Fig. 17 In vivo heart rate (HR), mean arterial blood pressure (MABP), systolic blood pressure 

(SBP), and diastolic blood pressure (DBP) analyses for analogues 3, 5, and 19-21. Experiments 

were performed in three replicates. Values represent mean ± S.E.M.  
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Fig. 18 In vivo heart rate (HR), mean arterial blood pressure (MABP), systolic blood pressure 

(SBP), and diastolic blood pressure (DBP) analyses for analogues 4, 6, and 22-24. Experiments 

were performed in three replicates. Values represent mean ± S.E.M. 
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Fig. 19 In vivo heart rate (HR), mean arterial blood pressure (MABP), systolic blood pressure 

(SBP), and diastolic blood pressure (DBP) analyses for analogues 4, 6, and 25-27. Experiments 

were performed in three replicates. Values represent mean ± S.E.M. 
 

2.3.7 Conclusion and Future Directions 

 In this study, apelin analogues were modified at the NEP cleavage site (Leu10-Arg9), 

through methylation and substitution with L-hArg and/or L-Cha, to investigate their influence on 

metabolic stability and cardiovascular activity. A new and facile synthetic route was developed, 

resulting in the synthesis of N-methylated dipeptides using non-canonical amino acids. These 

unnatural dipeptides were then introduced in the natural peptide sequence and still showed 

biological activity. In vitro isolated enzyme, human plasma, and mice plasma stability assays were 

performed, and all newly synthesized analogues showed elevated metabolic stability. In vivo blood 
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pressure experiments were also performed, and the results indicate stable and prolonged blood 

pressure-lowering effects for all 17-mer analogues, especially analogues 24 and 26. In addition, 

the synthesized apelin derivatives displayed comparable or even improved APJ receptor binding 

and activation, compared to the reference compounds (3-6). Lastly, these results indicate that 

relatively conservative homologue-substitution in positions 9 and 10, from the C-terminus, 

contributes to a moderate metabolic peptide stabilization, yielding cardiovascular-active apelin 

analogues as promising therapeutic targets for cardiovascular diseases.  

 Further studies could be performed by combining both modifications, highlighted in the 

reference paper for this work (i.e., macrolactamization and homologue substitution), to determine 

their effects on the active native apelin receptor.89 In addition, molecular docking studies could be 

performed to determine the potential binding contributions of these modifications on the native 

APJ receptor.  

 

2.4 Additional and Future Apelin Investigations 

 

2.4.1 Determining the Importance of the KFRR Motif 

 

2.4.1.1 Background and Aims of Study 

 Several studies have been performed at investigating crucial structure-activity relationships 

(SARs) of the shorter pyr-1-apelin-13 peptide through alanine-101,102 and D-amino acid72 scans. 

These scans can predict the influence of certain amino acid residues on plasma stability, receptor 

binding, and downstream signalling, which have been supported by a published X-ray crystal 

structure of a truncated version of the APJ receptor.89 However, these vital SAR studies are missing 
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for the four N-terminal residues (i.e., KFRR motif) of apelin-17. In this study, in order to 

characterize the functional impact of these four amino acids, we generated two sets of alanine 

scans including the native apelin-17 (37-40) and our first-generation “A2” analogue series (41-44) 

(Table 5). From these alanine scan analogues, our lab, in collaboration with Dr. Llorens-Cortès’ 

and Dr. Oudit’s labs, performed in vitro APJ receptor binding and activation, as well as in vivo 

cardio-physiological experiments, to determine potential deficiencies as a result of these amino 

acid substitutions. 
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Table 5 Binding, activation, and blood-pressure data of KFRR-modified apelin analogues. Tests compounds include native apelin-17 

(2), NMeLeu17A2 (6), alanine-substituted (37-44), and methylated KFRR (45-46) analogues. Plasma protein binding efficacy relative 

to compound 2 (=100%). C-terminal Nle-Aib-BrF modification for ACE2-resistance highlighted in blue. Experiments were performed 

in three replicates. Values represent ± S.E.M.  

 Modification t1/2 human 

plasma (h) 

pIC50 binding 

affinity (nM) 

pEC50 Ca2+ -

mobilization 

(nM) 

Plasma protein 

binding efficacy 

(%) 

ΔMABP 

(mmHg) 

2 Apelin-17 0.02 ± 0.01 10.30 ± 0.08 8.72 ± 0.18 100 −18 ± 6 

6 NMeLeu17A2 
8.29 ± 0.21 

9.35 ± 0.09 8.56 ± 0.18 104 −31.98 ± 

5.90 

37 AFRRQRPRLSHKGPMPF  9.70 ± 0.02    

38 KARRQRPRLSHKGPMPF  9.53 ± 0.11    

39 KFARQRPRLSHKGPMPF  9.66 ± 0.10    

40 KFRAQRPRLSHKGPMPF  9.52 ± 0.09    

41 AFRRQRPRLSHKGPNleAibBrF  9.00 ± 0.11 8.27 ± 0.14 92 −14 ± 7 

42 KARRQRPRLSHKGPNleAibBrF  9.00 ± 0.23 8.21 ± 0.14 90 −3 ± 5 

43 KFARQRPRLSHKGPNleAibBrF  8.85 ± 0.15 7.40 ± 0.12 112 +1 ± 5 

44 KFRAQRPRLSHKGPNleAibBrF  8.66 ± 0.02 7.13 ± 0.09 114 −9 ± 7 

45 NMeArg14-NMe17A2 5.20 ± 0.20 8.82 ± 0.08 8.46 ± 0.18  −14 ± 4 

46 𝛼MeArg14-NMe17A2 7.10 ± 0.50 9.00 ± 0.18 8.62 ± 0.21  −18 ± 4 
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2.4.1.2 Results and Discussion 

 Analogues 37-40 and 41-44 were synthesized manually by solid phase peptide synthesis, 

based either on the native apelin-17 (2) or the ACE2-resistant apelin-17 analogue (4), respectively.  

The peptide analogues were synthesized through sequential amino acid coupling up to the Gln13 

residue. An alanine residue was then substituted for one of the four N-terminal amino acids (i.e., 

Lys17, Phe16, Arg15, or Arg14); referred to as the “KFRR head motif”. Although all analogues 

still showed low nanomolar binding affinity to the APJ receptor, certain trends were noticeable. 

Generally, the analogues displayed lower pIC50 values, with at least 5 times lower affinity than the 

native apelin-17 (2) and apelin-17A2 (4) analogues (Table 5, Fig. 20). Interestingly, the binding 

affinity decreases even more when either Arg15 or Arg14 is substituted with alanine. This trend is 

reflected in 39 times (Arg15, compound 43) or 21 times (Arg 14, compound 44) lower binding 

potency to trigger downstream Ca2+ release (Fig. 20). Despite the slightly increased efficacy of 

some alanine-substituted analogues (43 and 44), all analogues still showed an overall significantly 

lower potency, indicating a loss of signal transduction due to the substitution of alanine residues 

within the KFRR motif. 
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Fig. 20 Concentration-response (fluorescence) curves of alanine- and isostere-substituted apelin 

analogues. Isoforms include native apelin-17 (2), ACE-resistant (4), Ala-substituted (41-44) and 

isostere substituted (45-46). Experiments were performed in three replicates. Values represent 

mean ± S.E.M. 

 

From the in vivo blood pressure data, alanine substitution in the KFRR head region 

dramatically influences the physiological activity of the synthesized alanine-scan analogues (Fig. 

21). In particular, the substitution of alanine for the Arg15 (43) and Arg 14 (44) residues resulted 

in much less physiologically-active analogues. These alanine scan results suggest that the KFRR 

head motif may play an important role in the regulation of cardiovascular physiology. These 

alanine-scan analogues behave similarly to the parent pyr-1-apelin-13 (1)67 and apelin-17 (2) 

peptides, showing only a modest and short-term decrease in mean arterial blood pressure. 
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Fig. 21 In vivo mean arterial blood pressure (MABP) analyses for analogues 2, and 41-46. 

Experiments were performed in three replicates. Values represent mean ± S.E.M. 

 

 The results suggest that this cationic KFRR head motif may likely be involved in vital 

membrane interactions through the formation of salt bridges with the APJ receptor (i.e., Arg14 

and/or Arg 15 bridged with Asp92 and/or Asp94) and/or the possible recruitment of other GPCR 

proteins103 which regulate the renin-angiotensin system (Fig. 22).  

 

 
Fig. 22 Predicted apelin peptide-APJ receptor binding interactions at the KFRR motif. A) 

Electrostatic potential surface of pyr-1-apelin-13 (1) and apelin-17 (2). B) Suggested ligand-

receptor interactions in the X-ray crystal structure of the APJ receptor with a sidechain modified 
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apelin-17 analogue (PDB code 5VBL). The side chains of the N-terminal KFRR motif are not well 

resolved. Potential salt bridges are indicated by blue dotted lines.  

 

 To further investigate the importance of the KFRR motif in receptor interactions, myself, 

Dr. Conrad Fischer and Dr. Cameron Pascoe, introduced N-methylation (45) and 𝛼-methylation 

(46) at the Arg14 residue (Fig. 23, Scheme 3). The synthesis of these modified amino acids was 

previously done by Dr. Shaun McKinnie in our lab and showed that incorporating the NMeLeu 

residue as a dipeptide with Arg10 into the growing peptide chain was the best approach. This 

approach overcame the following disadvantages of direct coupling of the NMe-Leu benzyl ester 

p-toluenesulfonate salt with a Pmc/Pbf-protected Fmoc-Arg-OH residue: the incompatibility of 

Pbf or Pmc with benzyl ester hydrogenolysis, and the propensity of arginine to react 

intramolecularly to form lactams when they are C-terminally activated,104,105 particularly when 

being coupled to a sterically hindered amino acid. These disadvantages can be mitigated by 

coupling the N- or 𝛼- methylated Arg14 residue to a protected ornithine, which can be 

subsequently reacted with N,N’-di-Boc-N”-guanidine triflate to afford the arginine moiety 

followed by hydrogenation of the benzyl ester for coupling to the peptide chain. 

 



 50 

 
Fig. 23 Structures of methylated-Arg14 analogues (45-46) within the KFRR head motif of 

NMeLeu17A2 (6). 
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Scheme 3 Synthetic scheme for the formation of 𝛼-methylated Arg14 residue (50). 

 

Both analogues significantly increased the plasma stability compared to the parent apelin-17 

(2; about 300× increase) and the NMeLeu-17A2 analogue (6; about 5× increase) (Table 5).In 

addition, both analogues exhibited low nanomolar affinities towards the APJ receptor, as well as 

comparable abilities to trigger calcium release as a result of downstream G-protein activation as 

the reference peptides 2 and 6 (Fig. 20). However, it was surprising that neither of the methylated 

analogues displayed hypotensive effects, suggesting that they may be unpromising modifications 

for further physiologically active analogues (Fig. 21). It appears that the steric bulk in addition to 

the loss of H-bonding and the conformational restriction imposed by the additional methyl groups 

at Arg14 compromises the integrity of the N-terminus of apelin-17. These results support the 

findings from the alanine scans, as the stiffening of the KFRR motif, through the introduction of 

an N-methyl or 𝛼-methyl group (45, 46), correlated with a loss of function. Although the 

physiological activity of these analogues may pale in comparison to the reference compounds, 

these results provide a better understanding of the importance of the KFRR motif for APJ receptor 

downstream interactions. Recent reports suggest that peptide-based agonists can have differential 
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biases toward 𝛽-arrestin recruitment or to G-protein-coupled receptor activation.106 As the major 

indicator we used in our studies was blood pressure lowering associated with 𝛽-arrestin, the 

compounds should also be further investigated through Langendorff isolated perfused heart assays. 

 

2.4.2 Pharmacokinetics and Development of Oral Apelin Delivery System 

 

2.4.2.1 Background and Aims of Study 

 After thoroughly investigating the importance of vital motifs in the apelin sequence (i.e., 

KFRR, RPRL, and C-terminal Phe) on peptide stability and activity, we looked to explore 

alternative routes of administration for apelin peptides. To date, apelin peptides, like insulin, are 

administered to the body via subcutaneous injections.16,107 Although this administration route 

allows for apelin to exert its beneficial cardiovascular effects, the development of an effective 

delivery system for oral apelin is desired to overcome obstacles (e.g., patient compliance) for 

future human trials. The oral delivery of apelin has several limitations, including sensitivity to 

enzymatic degradation and hydrolysis in the digestive system, rapid clearance from the site of 

deposition, and poor epithelial membrane absorption in the small intestine. The use of 

encapsulation approaches with polymers stands as a promising strategy, where many natural 

polymers (e.g., chitosan, casein, alginate, pectin, and cyclodextrin) have shown promising results 

in other similar applications.16,108–111  In these preliminary studies, we aim to examine target apelin 

peptides (compounds 6, 7, and 13) for their pharmacokinetics features, as well as investigate the 

potential of an oral polymeric-based particle system using chitosan and cyclodextrin. 
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2.4.2.2 Results and Discussion 

 From our previous studies, we decided to further test apelin analogues 6 (NMeLeu17A2), 

7 (Fmoc-PEG6-NMe17A2), and 13 (Cbz-PEG6-NMe17A2) due to their high plasma stability, 

enhanced APJ receptor binding and activation, and their excellent cardioprotective ability. With 

one of our industry collaborators, PEARKO Therapeutics, compound 13 was tested in dog models 

to determine the time course for the distribution of the peptide drug. The dogs were injected with 

13 intravenously, and the blood was sampled at several time points. The results show that the half-

life (t1/2) for Dog 1 was approximately 7.4 min and about 4.6 min for both Dogs 2 and 3. These 

values are dramatically less than expected, compared with the plasma degradation assays 

performed in humans (Table 1), however, as was the case with the mice plasma degradation assays, 

this prompt decline may be due to rapid renal clearance99,112; further studies will be performed to 

address this decline in detectable analogue levels.  

 

 
Fig. 24. In vivo degradation of compound 13 (Cbz-PEG6-NMe17A2) in canine blood (n = 3). 

 

 Drug metabolism, specifically regarding the metabolic enzymes present in the digestive 

system, is an important pharmacokinetic factor that we are studying for future oral drug 
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development.113 The metabolic system consists of several key enzymes, namely elastase114, 

carboxypeptidase A115, trypsin116, and chymotrypsin117, which exhibit the ability to cleave apelin 

peptides at various proteolytic sites (Fig. 25). 

 

 
Fig. 25 Potential cleavage sites of four metabolic enzymes (elastase, carboxypeptidase A, trypsin, 

and chymotrypsin) presented on compound 6. 

 

 In this work, only compounds 6 (NMeLeu17A2) and 7 (Fmoc-PEG6-NMe17A2) have been 

tested in the in vitro metabolic enzyme assays (Fig. 26). From these results, both analogues showed 

relatively good stability in the presence of elastase and carboxypeptidase A after the 24 h 

incubation period. However, rapid cleavage of both analogues was seen in the presence of trypsin 

and chymotrypsin. These results are not extremely surprising, as trypsin and chymotrypsin account 

for 8 of the 12 potential cleavage sites within the peptide. Cleavage by carboxypeptidase A may 

be hindered by the substitution of the halogenated aromatic residue (i.e., BrF at position 1).118 

Furthermore, cleavage by elastase may be reduced by the increased steric bulk through the 

introduction of an NMeLeu9 residue or through a hindered cleavage site by a rigid Pro4 residue. 
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Future studies will need to be performed to investigate the stability of apelin peptides in the 

presence of gastric juices and intestinal contents. 

 

 
Fig. 26 In vitro metabolic enzyme degradation trends for target apelin-17 analogues. Analogues 

include NEP-resistant (6), and Fmoc-protected (7) isoforms. Experiments were performed in 

duplicates of three replicates. Errors represent S.E.M. 

 

 Lastly, preliminary studies using natural saccharides for the formation of oral hydrogels 

were studied, using chitosan and 𝛽-cyclodextrin.16,119 Chitosan is a cationic and non-toxic 

polysaccharide consisting of randomly distributed N-acetylglucosamine and glucosamine units 

and is made by treating the chitin shells of crustaceans with an alkaline substance (e.g., NaOH). 

Chitosan has been shown to be easily converted into gels, which can be used to orally transport 
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drugs. Cyclodextrins are a family of cyclic oligosaccharides made of glucose units in a macrocyclic 

ring; 𝛽-cyclodextrin consists of 7 glucose units.16 These cyclic oligosaccharides have previously 

been used as “shuttles” which encompass the drug in their lipophilic central cavity to escape 

metabolic degradation and allow for direct release in the intestine.110,111 The synthesis of the 

CMCD-g-CMC compound 53, from the crosslinking of CMC (51) and CMCD (52), was 

performed and characterized with FTIR and X-ray diffraction (Scheme 4). However, the amount 

(%) of crosslinked product was relatively low (<40%) compared to previous papers, therefore, 

further synthetic endeavours must be taken to reach the approximate 80% threshold to have enough 

cavities available for apelin peptides to occupy. Once the desired CMCD-g-CMC hydrogel is 

formed, the swelling behaviour and apelin loading content, as well as quantifying the amount of 

apelin released will be determined. In addition, cytotoxicity assays of the hydrogels in HEK or 

Caco-2 cells must be performed. Furthermore, transepithelial transport of the apelin-loaded 

hydrogel may be quantified using lab-grown epithelial cells, prior to tests on in vivo mice models. 

The combination of these pharmacokinetic studies and the formation of a chitosan-cyclodextrin-

based hydrogel may allow for insight into the formation of an effective oral drug delivery system 

for apelin peptides to manage cardiovascular diseases. 
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Scheme 4 Synthetic scheme for the production of a chitosan-cyclodextrin-based hydrogel. *Crosslinking conditions: EDC, NHS, H2O, 

25 ℃, 24h. Abbreviations: MCA = monochloroacetic acid; EDC = 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride; 

NHS = N-hydroxysuccinimide; CMC = carboxymethylchitosan; CD = cyclodextrin; CMCD = carboxymethyl-𝛽-cyclodextrin; CMCD-

g-CMC = carboxymethyl-𝛽-cyclodextrin-grafted-carboxymethylchitosan.
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2.4.3 Determining the Importance of the Apelin Peptide Backbone 

 

2.4.3.1 Background and Aims of Study 

 As therapeutics, peptides possess fascinating properties, including high specificity and 

binding affinity, low risk of peptide-drug interactions, and generally low toxicity.120 In addition, 

due to their sequence- and structure-dependence, peptides can be designed as therapeutics for 

many diseases. However, natural peptides are highly sensitive to most proteases, resulting in 

degradation and excretion, resulting in poor bioavailability and distribution, as well as rapid renal 

clearance – limiting therapeutic potential.7,121,122  

 Most amino acids, except glycine, possess chiral centers and exist predominantly as L-

enantiomers in nature.7 D-Amino acid-containing peptides often are a result of post-translational 

modifications and are also found in nature (e.g., some bacteria and frog species).123,124 Compared 

to their L-counterparts, D-peptides display an innate resistance to enzymatic degradation, 

overcoming their  limited therapeutic potential.125,126 However, the introduction of isomerism often 

leads to the reduction or even suppression of biological activity.124   

A facile, elegant, and often successful solution to overcoming this diminished biological 

activity is to incorporate D-amino acids (‘enantio’) as stable surrogates of L-amino acids127, but, 

presented in the reverse (‘retro’) order compared to the parent molecule125 (Fig. 27). These 

modifications  result in a new analogue composed of all D-amino acids introduced in the sequence 

in reverse direction – known as retro-all-D or retro-enantio (RE) peptides.128,129 The importance of 

this peptide subclass is that when viewed in a fully-extended conformation, the side-chains can be 

superimposed with those of the parent L-peptide, but with inverted amide bonds, and N- and C-

termini.130 Therefore, in cases where biological activity is mostly associated with the amino acid 



 59 

side chains, without a significant contribution from the backbone chemical groups, an RE analogue 

has the potential to achieve the same activity and function as the L-parent peptide, but with superior 

stability towards proteolytic degradation.131–133   

 

 

Fig. 27 Schematic diagram of retro-enantio peptides. L-amino acids are represented as capital one-

letter codes: C = cysteine; H = histidine; A = alanine; R = arginine; O = ornithine; T = threonine. 

D-amino acids are represented as lowercase one-letter codes. 

 

2.4.3.2 Results and Discussion 

 In this study, four preliminary analogues (54-57), based on the parent peptide (1-4), were 

synthesized incorporating D-amino acids in retro sequence (Fig. 28, Fig. 29) using solid-phase 

peptide synthesis. Based on our previous studies, the interactions between the APJ receptor and 

apelin peptide (i.e., C-terminal Phe receptor internalization, RPRL binding motif, and KFRR 

membrane-interaction head motif) should ideally be left undisturbed by these D-amino 

substitutions. Furthermore, the introduction of D-amino acids in the apelin sequence should 

enhance proteolytic stability (Fig. 30), resulting in improved bioavailability. As seen from the 

results from the human and mice plasma assays, all new retro-enantio analogues (54-57) exhibited 

excellent stability against the inherent proteolytic enzymes, compared to compound 6, which had 

a t1/2 of approximately 8 min in human plasma and was entirely degraded after 1 h in mice plasma. 
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Studies are currently ongoing to determine receptor binding through the displacement of a 

radiolabelled-apelin, as well as cardiovascular output through cardiac pressure-volume (PV) loop 

analyses. Once these studies have been completed, further investigation will be performed to 

determine receptor activation through calcium mobilization as well as analyze the potential effects 

of these retro-enantio peptides on receptor interactions via molecular docking experiments.    
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Fig. 28 Structure of synthesized retro-enantio apelin analogues (54-57).  
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Fig. 29 Schematic overview of the investigated retro-enantio peptides (54-57, yellow) and their 

mother L-peptides (1-4, green). 
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Fig. 30 In vitro human plasma degradation trends for target retro-enantio analogues. Analogues 

include NEP-resistant (6), and RE (54-57) isoforms. Experiments were performed in duplicates of 

three replicates. Errors represent S.E.M. 
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Chapter 3 Composition and Activity of Antifungal Lipopeptides 

Produced by Bacillus Spp. During Daqu Fermentation 

 

3.1 Daqu Fermentation and Bacillus Spp. Background 

Baijiu, distilled Chinese liquor, is one of the most popular alcoholic beverages in China,134 

and is usually prepared with wheat, rice, barley, sorghum, or corn.134,135 Baijiu differs from 

Japanese sake, which uses back-slopped koji (cooked rice or soya bean) with domesticated strains 

of Aspergillus oryzae as the main fermentation organisms.136 In addition, baijiu differs from the 

alcoholic cereal fermentations in Europe and Africa where malt is used as a source of enzymes; 

but for baijiu, hydrolytic enzymes are provided by microbial saccharification cultures including 

daqu, which is produced by spontaneous fermentation of cereals.137–139 The fermentation process 

of Chinese liquor consists of two stages: (1) the production of the saccharification starter daqu, 

and (2) the mash fermentation for ethanol production.140,141 Daqu is divided into three categories: 

low-, medium-, and high-temperature daqu, which result in either a light, soy sauce, or strong 

baijiu flavour, respectively.142 The medium-temperature daqu is the most widely used starter in 

the production of traditional Chinese baijiu.143 

 The microorganisms in daqu consist of various bacteria, yeasts, and mycelial fungi.144 

Bacterial species include Bacillus species, such as Lactobacillaceae and Enterobacteriaceae. 

Bacillus species are found to be the dominant organism throughout the fermentation process.144–

146 Saccharomyces spp. are the most frequently isolated yeasts,145 and the fungal strains consist of 

Mucor spp., Penicillium spp., and the dominant strain, Aspergillus spp.145,147.  

 Daqu is produced using unsterilized raw materials exposed to an open environment, 

without a starter culture or inoculum, where the fermentation organisms are obtained from the raw 
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material or the environment. Bacillus spp. are invariably present in cereal grains148 because they 

form stable associations with plants in the rhizosphere or as endophytes.149,150 Daqu blocks provide 

a large surface area to support the growth of aerobic bacilli, and the low moisture content limits 

the growth of Enterobacteriaceae and lactic acid bacteria.134 These ecological parameters, and the 

ability of Bacillus endospores to remain active at high-temperature conditions and low relative 

humidity, allow Bacillus spp. to dominate throughout the production.146,151  

During daqu production, hydrolytic enzymes (e.g., amylolytic enzymes) are produced by 

bacteria and fungi, where Bacillus spp. are the major producers of extracellular amylolytic 

enzymes.152,153 Bacillus amylases are the major components for starch liquefication and 

saccharification in the subsequent mash fermentation.154 In addition, proteolytic enzymes, 

produced by bacilli and fungi, produce amino acid precursors for the synthesis of volatile flavour 

compounds during mash fermentation.153 Bacillus spp. also produces a variety of lipopeptides that 

exhibit antimicrobial activity,155,156 which are produced by polyketide synthases (PKS) and non-

ribosomal peptide-synthetases (NRPS).157 The lipopeptides produced by Bacillus spp. in this study 

are grouped into several families (e.g., fengycins, iturins, and surfactins).155 These lipopeptides 

inhibit or kill fungi either by affecting spore germination, inhibiting mycelial growth, or causing 

the hyphae or spores to swell or lyse.158 The genes responsible for the production of these 

antifungal lipopeptides, bioA, bymB, fenD, ituC, srfAA, srfAB, yngG, and yndJ, were identified in 

the bacilli genome isolated from daqu.159 Bacillus lipopeptides were also identified in daqu and 

baijiu, where surfactin accumulated to a concentration of 7 mg/kg in the daqu stage of baijiu 

fermentation, where the concentration of the non-volatile peptide in the distilled end-product was 

< 1 𝜇g/L. 152,160  
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3.2 Aims of Study 

 In this study, initiated and done in collaboration with Dr. Michael Gänzle’s research group, 

we looked to provide a comprehensive qualitative analysis of several antifungal lipopeptide 

congeners of fengycin, iturin A, and surfactin, from LB broth, and simple and complex daqu 

models. In addition, we looked to determine the in situ antifungal activity in simple and complex 

daqu models, since previous studies discovered only one or two peptides in jiuqu/baijiu samples 

and did not verify their biological activity.160,161 In addition, current studies on the contribution of 

the diverse microbes in daqu to enzymatic and microbial compositions is based on uncontrolled, 

spontaneous fermentations,140,143,147 but we looked to perform targeted analysis of daqu models to 

determine the role of the Bacillus species, and the correlated production of antifungal lipopeptides, 

on community assembly in daqu. 

 

3.3 Results and Discussions 

 

3.3.1 Antimicrobial Lipopeptides in LB Cultures 

 antiSMASH was performed by Dr. Gänzle’s lab to predict the production of antimicrobial 

peptides in the genomes of three Bacillus species, B. amyloliquefaciens Fad We, B. 

amyloliquefaciens Fad 82, and B. velezensis FUA2155. The predicted peptides (i.e., bacillaene, 

bacillibactin, bacilysin, butirosin A/B, fengycin, iturin, and surfactin) and percent sequence 

identity of these peptides were identical in the two strains of B. amyloliquefaciens (Fig. 31). B. 

velezensis FUA2155 was predicted to also produce three additional antimicrobial peptides; two 

surfactin, a difficidin, and a macrolactin H gene clusters. Difficidin has been shown to exhibit both 

antibacterial and antifungal activity,162 and macrolactin H has shown antibacterial activity against 
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Staphylococcus aureus (MIC = 10 mg/L).163 BLASTn was used to verify the predictions by 

antiSMASH. Based on the presence of the gene clusters for antimicrobial lipopeptides and 

literature data on their antifungal activity, the peptides fengycin, iturin, and surfactin were selected 

for subsequent experiments. 

 

 
Fig. 31 Chemical structures of predicted products from the genomes of three Bacillus strains, B. 

amyloliquefaciens Fad We, B. amyloliquefaciens Fad 82, B. velezensis FUA2155, using 
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antiSMASH. Fengycin peptides (A-D, S) differentiated by R1-R4: A = D-Allo-Thr, D-Ala, D-Tyr, 

L-Ile; B = D-Allo-Thr, D-Val, D-Tyr, L-Ile; C = D-Allo-Thr, D-Ala, D-Thr, L-Ile; D = D-Allo-Thr, D-

Val, D-Tyr, L-Val; and S = D-Ser, D-Val, D-Tyr, L-Val.  

 

To determine whether the presence of these gene clusters is correlated with the production 

of the corresponding lipopeptide, a mixture of lipopeptides were extracted from LB culture 

supernatants of B. amyloliquefaciens Fad We, B. amyloliquefaciens Fad 82, and B. velezensis 

FUA2155. The signal intensities of fengycin, iturin A, and surfactin were qualitatively analyzed 

with high performance liquid chromatography coupled with mass spectrometry (HPLC-MS), and 

the signal intensities were log10 transformed and shown in a gradient (Fig. 32). Of the three families 

of lipopeptides assessed, fengycins were not detected in any of the LB cultures. Iturins were 

produced by all three strains, but the log[signal intensities] in the methanol extracts, from the LB 

cultures of B. amyloliquefaciens Fad We and B. amyloliquefaciens Fad 82, were present at 

approximately 100 times lower than that in the B. velezensis FUA2155 extracts. However, 

surfactins were detected in all three strains of Bacillus with high signal intensity. The signal 

intensity of most surfactin congeners from the LB cultures of B. amyloliquefaciens Fad 82 were 

several orders of magnitude lower than that of the other two strains. 
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Fig. 32. Heat map of detected lipopeptide congeners from Bacillus amyloliquefaciens Fad We, B. 

amyloliquefaciens Fad 82, and B. velezensis in LB broth samples. Each LB sample was analyzed 

via high performance liquid chromatograph coupled with mass spectrometry (HPLC-MS) and the 

log[signal intensities] are represented in a gradient. CX (X = number of total carbons in the 

molecule). The heatmap is representative of experiments performed in three biological replicates. 
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Lastly, using commercial fengycin, iturin A and surfactin, critical dilution assays were 

performed to determine the minimum inhibitory concentration (MIC) (Fig. 33). Five filamentous 

fungi and three yeasts were used as indicator strains. Iturin A inhibited 7 of the 8 indicator strains, 

exhibiting a MIC range of 10 to 50 mg/L; only Saccharomycopsis fibuligera FUA4036 was 

relatively resistant. The MIC values of fengycin and surfactin against most indicator strains ranged 

from 300 to 500 mg/L; with the higher value being the highest concentration tested. Fengycin 

showed inhibition of Mucor racemosus FUA5009 and Saccharomyces cerevisiae FUA4002 at a 

concentration of approximately 200 mg/L.  

 

 
Fig. 33 Minimum inhibitory concentration (MIC) of three lipopeptides against filamentous fungi 

and yeasts. Surfactin (yellow bar), fengycin (green bar) and iturin A (blue bar). MIC values are 
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presented as means ± standard deviation of four independent experiments. Significant differences 

(labelled with asterisks, *) were determined using a t-test: *, P < 0.05, **P < 0.01, ***, and P < 

0.001.  

 

3.3.2 Antimicrobial Lipopeptides in Simplified Daqu Model 

The three strains of Bacillus used in this study were isolated from daqu (B. velezensis 

FUA2155)164 and ropy bread (B. amyloliquefaciens Fad We and B. amyloliquefaciens Fad 82)165. 

These strains are beneficial technological traits in daqu as they encode several amylases which can 

hydrolyze starch during the storage of bread.148 In order to determine their suitability as cultures 

for daqu fermentation, the strains were evaluated in a simplified daqu model, where each treatment 

was inoculated with one strain of the Bacillus; un-inoculated wheat flour was used as a control. 

From these fermentations, a similar trend in the pH changes was seen between the three Bacillus 

species and the control treatment (Fig. 34).  
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Fig. 34 pH changes throughout the fermentation of the simplified daqu model. The different stages 

of the fermentation process are indicated; Rh = relative humidity. Different line colours indicate 

the Bacillus strains used to inoculate the daqu models: B. amyloliquefaciens Fad We (green); B. 

amyloliquefaciens Fad 82 (blue); B. velezensis FUA2155 (yellow); and control (grey, without the 

addition of a Bacillus strain). Results represent the means ± standard deviation for five biological 

replicates. 

 

For all treatments, a pH decrease was seen from 6.5 to approximately 5.5, with a slight 

overall higher pH for samples inoculated with B. velezensis FUA2155, especially during the 

ripening stage. The total viable cell counts were also determined during the simplified daqu 

fermentation (Fig. 35). B. amyloliquefaciens Fad We and B. velezensis FUA2155 showed 

consistent and high cell counts of approximately 8 log(CFU/mL) throughout the fermentation 

stages. However, the cell counts of samples inoculated with B. amyloliquefaciens Fad 82 

significantly dropped after the ripening stage; a similar trend was observed in the control treatment. 
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Fig. 35 Viable cell counts during the incubation of the simplified daqu model. The different stages 

of the fermentation process are indicated; Rh = relative humidity. Different line colours indicate 

the Bacillus strains used to inoculate the daqu models: B. amyloliquefaciens Fad We (green); B. 

amyloliquefaciens Fad 82 (blue); B. velezensis FUA2155 (yellow); and control (grey, without the 

addition of a Bacillus strain). Results represent the means ± standard deviation for five biological 

replicates. 

 

To determine the longevity or viability of the Bacillus inocula, an initial assessment was 

done to observe the colony morphology on LB agar plates. In the uninoculated control samples, 

less than 10% of the total colonies matched the characteristic colony morphologies for the Bacillus 

strains used.  However, in the samples inoculated with B. amyloliquefaciens Fad 82, approximately 

70% of the total colonies resembled the morphology of the Bacillus strain. Furthermore, samples 

inoculated with B. amyloliquefaciens Fad We or B. velezensis FUA2155 resulted in more than 90% 
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of the total colonies displaying the same morphology as the inoculum. From the quantification of 

gene expression, cell counts, and observation of the colony morphologies, these results suggest 

that B. amyloliquefaciens Fad We and B. velezensis FUA2155 were the dominant fermentation 

microbes in the simplified daqu models. In addition to the bacterial growth, the growth of mycelial 

fungi was also observed on the daqu sample surfaces (Fig. 36). In the uninoculated control 

samples, substantial mould growth was observed at day 2, and by day 3, most of the surface was 

covered with mycelia. The mould growth on samples inoculated with B. amyloliquefaciens Fad 82 

was comparable to the control. Samples inoculated with B. amyloliquefaciens Fad We did not show 

visible mould growth and formation of conidia until day 4. Daqu samples inoculated with B. 

velezensis FUA2155 showed no visible mould growth throughout the fermentation period. On day 

4, all daqu samples were transferred to 55 ℃, which would inhibit further growth of moulds. 
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Fig. 36 Degree of mould growth during the first 4 days of the simplified daqu model. Fungal 

growth was indicated as follows: —, no visible mycelial growth;+, small spots of mycelial growth; 

+ +, spots of mycelial growth and conidia, + + +, 25-50 % of surface covered by mycelia; and 

+ + + +, >50 % of surface covered by mycelia. 

 

 To determine whether antifungal lipopeptides are expressed during bacilli growth in the 

simplified daqu model, quantification of the mRNA, encoding for fenA, ituA, and srfAA, was 

performed using RT-qPCR (Fig. 37). All three genes were expressed by all three Bacillus strains, 

where overexpression of fenA and srfAA was observed at day 1 and/or day 2 of fermentation. On 

day 3, srfAA was downregulated in all three strains. FenA I and ituA were also down-regulated on 

day three of incubation with B. amyloliquefaciens Fad 82. With these results, the expression of 

fenA, ituA, and srfAA indicates that the corresponding lipopeptides may be present in the simplified 

daqu preparation. 



 76 

 
Fig. 37 Gene expression levels of fenA, ituA, and srfAA in the simplified daqu model inoculated 

with B. amyloliquefaciens Fad We, B. amyloliquefaciens Fad 82 and B. velezensis FUA2155. Days 

are depicted as coloured bars: 1st (orange bar), 2nd (blue bar), and 3rd day (purple bar). Relative 

gene expression was quantified with RT-qPCR using gyrB as the housekeeping gene and the 

exponential cultures in LB broth as reference conditions. Significant differences (*, P < 0.05) were 

determined between the daqu model and LB broth conditions with t-tests. Data represent the means 

± standard deviation from three independent experiments. 

 

3.3.3 Antimicrobial Lipopeptides in Complex Daqu Model 

 To provide evidence of the production of antifungal lipopeptides in Bacillus-inoculated 

daqu samples, extracts were analyzed for their antifungal activity and the presence of fengycin, 

iturin A, and surfactin (Table 6). A complex daqu model was prepared for this investigation, which 

consists of inoculating daqu samples with one of the Bacillus strains and the following 

fermentation organisms: Aspergillus niger FUA5001, Mucor racemosus FUA5009, Penicillium 

roqueforti FUA5012, Saccharomyces cerevisiae FUA4002, Saccharomycopsis fibuligera 

FUA4036, Pichia kudriavzevii FUA4039, Kosakonia cowanii FUA10121 and Weissella cibaria 

FUA3456. Control samples included inoculation with all 8 fermentation organisms, in the absence 

of the Bacillus strains; Aspergillus niger FUA5001 was used as the indicator strain.  Methanol 

extracts from the control samples did not inhibit mould growth, indicating that the Bacillus strains 

may be the sole or main contributors to antifungal activity. After 1 d of incubation, the inhibitory 
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activity of the daqu extracts was highly variable. Extracts from daqu samples inoculated with B. 

amyloliquefaciens Fad We, B. amyloliquefaciens Fad 82, and B. velezensis FUA2155 showed 

strong and consistent antifungal activity from days 1 to 6; however, the inhibitory activity of the 

two B. amyloliquefaciens strains was weaker compared to the daqu with B. velezensis FUA2155.  

 

Table 6 Antifungal activity of peptides extracted from the complex daqu model. daqu samples 

were inoculated with eight fermentation organisms with or without (control) one of the Bacillus 

strains in this study. 0 = no inhibition; 0-0.9 = slight inhibition; 1-1.9 = moderate inhibition; 2-2.9 

= strong inhibition; ≥ 3 = significant inhibition. Data represent the means ± standard deviation of 

three independent experiments, performed in three replicates. 

Inoculated strain Incubation time  

 Day 1 Day 3 Day 6 Day 10 Day 13 Day 16 

Control 0 0 0 0 0 0 

B. amyloliquefaciens Fad We 3 ± 4 1 ± 1 1 ± 0.5 1 ± 0.5 0 ± 0 0.3 ± 0.5 

B. amyloliquefaciens Fad 82 0.3 ± 0.5 2 ± 1.7 1 ± 0.8 1 ± 0 1 ± 0 2 ± 2 

B. velezensis FUA2155 3 ± 4 3 ± 1 2 ± 1 1 ± 0 1 ± 0.5 1 ± 2 

 

 To confirm the antifungal activity of the Bacillus strains, an analysis of the microbiota was 

performed to quantify the Bacillus strains, total bacteria, and fungi (Fig. 38). In the ripening stage 

(days 1 to 3), an increase of the three parameters (Bacillus, total bacteria, and fungi) was found in 

each sample. B. velezensis FUA2155 showed the highest log(copies/g) of Bacillus and total 

bacteria gene copies with the lowest log(copies/g) of fungal gene copies throughout the 

fermentation period. The log(copies/g) of total bacteria of the samples inoculated with B. 

amyloliquefaciens Fad We and B. amyloliquefaciens Fad 82, during the high-temperature stage 
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(days 3 to 10), ranged from 11 to 12 but decreased on the 13th day; the log(copies/g) of fungi 

remained stabled after day 3.  Overall, the gene copies of Bacillus, total bacteria, and fungi, 

differed among the complex daqu samples inoculated with the three Bacillus strains, however, 

inoculation with B. velezensis FUA2155 showed competitive growth against fungal organisms. 

 

 
Fig. 38 Microbiota analysis of the complex daqu samples. Different line colours indicate the 

Bacillus strains used to inoculate the daqu: B. amyloliquefaciens Fad We (green); B. 

amyloliquefaciens Fad 82 (blue); B. velezensis FUA2155 (yellow); and control (grey, without the 

addition of a Bacillus strain). I = shaping stage (30 ℃, Rh 90 %); II = ripening stage (37 ℃, Rh 

95 %); III = high-temperature stage (55 ℃, Rh 95 %); and IV = shaping stage (37 ℃, Rh 75 %). 

 

3.3.4 Analysis of antifungal lipopeptides in extracts from the complex daqu model by LCMS-

MS  

 To further assess the production of the lipopeptides from the three Bacillus strains in daqu, 

methanol extracts from the complex daqu model were analyzed for the presence of three target 

antifungal lipopeptides (Fig. 39). The signal intensities (area under the curve) of the lipopeptides 

extracted from several incubation time points were detected by reverse phase-high performance 

liquid chromatography-mass spectrometry (RP-HPLC-MS). The signal intensities of fengycin, 

iturin A, and surfactin were log10 transformed, log[signal intensity]. The signal intensity of the 
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three lipopeptide families was variable among the different daqu samples. Similar to the results 

from the LB culture extracts, fengycin was not detected in any of the samples. Some surfactin 

congeners were detected among all the samples, including the control group; low levels of the 

lipopeptides can be expected since the grains used as the substrate for daqu fermentation already 

contained Bacillus. Signal intensities for surfactins C52-C55 in the B. amyloliquefaciens Fad We 

samples were relatively high from days 1 to 10 (Fig. 39). Surfactin C50-C55 showed the highest 

intensities in the B. velezensis FUA2155 samples from days 3 to 10. The signal intensities for the 

surfactin congeners were not as high for the B. amyloliquefaciens Fad 82 samples, where the signal 

intensities decreased below the limit of detection after day 10. Finally, the log[signal intensity] of 

the iturin congeners demonstrated a substantial difference between the complex daqu samples. For 

the B. velezensis FUA2155 samples, iturin C47-C51 was found at relatively high intensities 

throughout the incubation period. The trend was similar for the B. amyloliquefaciens Fad We 

samples but at a lower signal intensity and absence of detection of the iturin A C47 congener. 

Lastly, the signal strengths of iturin congeners were low or below the limit of detection for the B. 

amyloliquefaciens Fad 82 and control samples.  
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Fig. 39 Signal intensities of lipopeptides extracted from the complex daqu model at different time 

points of incubation. (A) Heat map of lipopeptide congeners produced by B. amyloliquefaciens 

Fad We (teal), B. amyloliquefaciens Fad 82 (green), and B. velezensis FUA2155 (magenta) in the 

complex daqu model inoculated with an additional eight bacterial and fungal strains. The control 

samples (blue) represent inoculation with the eight bacterial and fungal strains, in the absence of 

the Bacillus strains. Samples were analyzed via reverse phase- high performance liquid 

chromatography-mass spectrometry (RP-HPLC-MS), and the log[signal intensities] are shown as 

a gradient. (B) Base structures of the present antifungal lipopeptide congeners; varying alkyl chain 

lengths are denoted by the bolded numbers. CX (X = number of total carbons in the molecule). 

The heatmap is representative of three biological replicates, performed in two replicates. 
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3.4 Conclusions and Future Directions 

 The production of antifungal lipopeptides has been previously described for multiple 

Bacillus strains isolated from solid-state fermented products.159,166,167 These lipopeptides have 

unique chemical structures and biological activities (e.g., broad-spectrum antimicrobial 

activity).155 For example, fengycin and iturin interact with lipid layers to alter the permeability of 

cell membranes,168,169 or surfactins, which are powerful biosurfactants with emulsifying properties 

able to tightly anchor into lipid layers and can thus interfere with the integrity of the biological 

membrane.170 The substrate used for bacilli growth strongly impacts the overall amount of 

lipopeptides produced, as well as the relative abundance of the different lipopeptides,171 therefore, 

studies in laboratory media are not reliable to predict the production of lipopeptides in food 

fermentations. In this study, we were able to demonstrate the presence and production of three 

families of antifungal lipopeptides, fengycin, iturin, and surfactin in LB media, and simple and 

complex daqu fermentation.  

To date, the formation of these lipopeptides and their different congeners, in food 

fermentations, have not been described. Based on the MIC assays performed of fengycin, iturin A, 

and surfactin against several strains of fungi and yeasts, iturin A showed the highest antifungal 

activity against 7 of the 8 indicator strains, resulting in an MIC range of 10 to 50 mg/L, which 

supports earlier studies.172,173 Considering the MIC assays and mass spectrometry analysis of the 

simple and daqu samples, iturin A, produced by B. velezensis FUA2155, is likely the main 

contributor to the higher antifungal effect of this strain compared to the two B. amyloliquefaciens 

strains.174,175 In conclusion, the presence of Bacillus species in daqu fermentation affects both the 

production of amylolytic and proteolytic enzymes and the community assembly through the 

production of antimicrobial lipopeptides. The bacterial production of both hydrolytic enzymes and 
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lipopeptides are dependent on the growth medium, therefore, further studies are necessary to 

understand the interaction between the Bacillus species and fungi, and its impact on product 

quality. Moreover, the role of the length of the acyl side chain on antifungal activity is not 

completely understood since these studies are limited by the presence of multiple isoforms or 

multiple lipopeptides in even purified fractions. Therefore, more specific purification techniques 

could be developed to further separate these congeners and determine their antifungal 

properties.176–178 
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Chapter 4 Investigation on the Biocontrol Potential of Beauveria 

bassiana Against the Mountain Pine Beetle, Dendroctonus 

ponderosae, Epidemic 

 

4.1 MPB epidemic and B. bassiana background 

The mountain pine beetle (MPB), Dendroctonus ponderosae (Hopkins; Coleoptera: 

Curculionidae), is an irruptive bark beetle that has infested millions of hectares of pine (Pinus) 

forests in western Canada.179 In addition, in the Western continental United States, over 10 million 

hectares of pine forests have been affected by MPB, resulting in approximately 50% of the total 

area affected by all bark beetle species in this region.180 Periodic outbreaks of mountain pine 

beetles can cause mortality of trees over large areas, where the most recent outbreak, beginning in 

the late 1990s, was exacerbated due to the warming environment. This change in climate increased 

MPB populations and their spread, as well as increased the abundance of susceptible host trees.181 

At present, over 50% of mature lodgepole pine trees (Pinus contorta Dougl. ex. Loud.) have been 

lost in British Columbia, resulting in an estimated loss of $57 billion CAD in GDP (gross domestic 

product) and $90 billion CAD in welfare.179 MPB is now considered an invasive species in 

northern Alberta, as these beetles have not historically occupied the boreal and subboreal pine 

forests east of the Rocky Mountains (Fig. 40).182–185 Eastward expansion into Alberta has 

facilitated infestations within populations of lodgepole pine (P. contorta), jack pine (P. 

banksiana), and their hybrid (P. contorta × P. banksiana); hosts with limited defensive capacity 

due to inadequate coevolutionary interactions with MPB.185–188 MPB poses a highly alarming 
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threat to the continent, as jack pine is the predominant species which extends across the Canadian 

boreal forest and the Atlantic Coast of Canada.182,188–191 

  

 
Fig. 40 Geographical distribution of the Dendroctonus ponderosae epidemic in Canada. (A) 

Outbreak (red) in relation to Pinus contorta (dark green) and P. banksiana (light green) 

populations. (B) Mountain pine beetle adult. Photo provided by K. Bolte. 

 

Efforts to mitigate the spread of MPB have been restricted by the lack of effective control 

methods, where the conventional approach comprises of the detection and physical removal of 

infested trees, through salvage harvesting and processing, or felling and burning.192 However, 

these approaches are labour-intensive, costly, and logistically difficult, especially for remote 

infestations.192 In the use of burning or fire as a direct control of MPB infestations, previous 

attempts have shown that high fire intensity was required for appreciable mortality; however, 

controlling high-intensity fires was difficult. The cryptic nature of MPBs also limits the 

development of alternative approaches to manage their populations. With the exception of the 

beetle flight periods from the parental trees, MPBs spend their entire life under the tree bark, where 
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they feed and develop – making the application of conventional exogenous pesticides 

impractical.193 Furthermore, the mutualistic ophiostomatoid blue stain fungi, vectored by attacking 

MPBs during colonization, reduces the efficacy of systemic insecticides due to the blockage of the 

tree’s vascular system.194,195 From the limited registered pesticides used for the management of 

Canadian forests,196 only chemical-based pesticides (e.g. carbaryl)197 have been used for the 

management of trees colonized by MPB populations. However, these chemicals are often 

hazardous to both the ecosystem in general, and to off-target eukaryotic hosts, including 

humans.198,199 The biological and physiochemical transformation, and the environmental 

persistence of these synthetic pesticides may affect the entire ecosystem negatively.198,200,201 

Therefore, exploration of an environmentally-friendly and biological-based mitigation approach, 

directly targeting MPBs, is critical for the management of their population; one approach being 

the use of entomopathogenic fungi (EPF).199,202  Although the biocontrol potential of these fungal 

species had not been widely investigated, recent studies have shown that they demonstrate high 

host specificity while showing low detrimental effects on non-arthropod organisms (e.g., 

domesticated avian species).203  

Studies of the mysterious silkworm disease in Italy lead to the discovery of the white 

muscardine fungus, Beauveria bassiana.204 This organism is an entomopathogenic fungus that has 

previously been demonstrated to efficiently kill many species of insect pests, including the pine 

shoot beetle (Tomicus piniperda L.),205 the European spruce bark beetle (Ips typographus L.),206 

the spruce beetle (Dendroctonus rufipennis),207 and the red palm weevil (Rhynchophorus 

ferrugineus)208. Although certain B. bassiana strains have been shown to be lethal to MPB209,210 

and other bark beetle species in the laboratory207,211, field tests in North America have often failed 

to demonstrate the desirable mycosis propagation and control of MPB populations. These field 
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observations may be associated with the harmful effects of ultraviolet (UV) light damage, lack of 

drought tolerance, and inefficient conidial density and viability of the B. bassiana strains.207,212,213 

Because of the extensive effort involved in these laboratory and field tests, most studies focus on 

only a few strains. 

 Recently, ninety-three B. bassiana isolates from various culture collections worldwide 

were evaluated and selected for their different phenotypes and virulence toward D. ponderosae.210 

A criterion was established (i.e., colony morphology, growth rate, conidial capacity, mycelial 

density, and pigmentation) to assess the pathogenicity and virulence potential of these B. bassiana 

strains against MPB in the laboratory. The strains were also categorized into three phenotypic 

classes based on the production of the pigment, oosporein. Oosporein is an extensively-studied 

red-coloured dibenzoquinone virulence factor, associated with insecticidal activity, which may 

also show potential UV resistance.214–217 Class I strains grew felty, reddish colonies which produce 

high oosporein levels and display the highest levels of virulence against MPB.210 Class II strains 

grew thin, cream-coloured powdery colonies with no pigment and had the lowest virulence against 

MPB; requiring a higher conidial titer to achieve the same pathogenicity. Lastly, the class III 

strains grew felty, yellowish colonies, with intermediate levels. Furthermore, several strains of B. 

bassiana have been approved as safe biological insecticides for agricultural 

purposes,207,210,211,218,219 due to their limited effects on beneficial pollinating insects (e.g., 

honeybees, Apis melligera). In this thesis, we will look at the work we performed to evaluate the 

biocontrol potential of target B. bassiana strains to manage the MPB population, in planta and in 

natura conditions; in collaboration with Dr. Nadir Erbilgen’s and Dr. Allan Carroll’s research 

groups. In addition, the genome and transcriptome of several strains were assessed to determine 
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potential virulence factors; in collaboration with Dr. Inanc Birol’s and Dr. Joerg Bohlmann’s 

research groups. 

 

4.2 Beauveria bassiana Shows Effective Lethalness to Dendroctonus ponderosae Populations 

in Greenhouse and Field Experiments 

 

4.2.1 Aims of Study 

In this study, we selected several target Beauveria bassiana isolates, representative of the 

various phenotypic morphotypes we previously established,210 and evaluated their efficacy as a 

potential biocontrol agent for Dendroctonus ponderosae populations in greenhouse and field 

studies. We looked to develop and evaluate these isolates for their conidial stability under cold 

storage, in planta (i.e., greenhouse) and in natura (i.e., acreage and forest stand) conditions. To 

access the large B. bassiana conidial biomass, required for our infection assays in the field, we 

also looked to develop a large-scale biphasic liquid-solid fermentation approach using commercial 

fungal broth and parboiled rice substrate.220 In addition, we formulated in planta bioassays to 

assess the virulence of B. bassiana powder formulations against MPB under greenhouse 

conditions. Lastly, we devised in natura experiments, under forest field conditions, to determine 

the effects of B. bassiana on the reproductive success of MPB. 
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4.2.2 Results and Discussion  

 

4.2.2.1 Conidial Stability of B. bassiana Powder Formulation Under Variable Conditions, 

and Comparative Conidial Yield of Biphasic Liquid-Solid Conidial Fermentation 

 The stability of entomopathogenic fungi-based powder formulations is dependent on 

various abiotic factors, including the type of formulation carrier and water activity.221–224 An 

integral aspect that must be considered during mycoinsecticide development is the maintenance of 

the conidial state as a function of time, especially during storage. In this study, we used a 

proprietary kaolin clay-soluble starch-xantham gum-calcium carbonate powder formulation to 

determine the time-course conidial viability of representative B. bassiana conidial formulations 

under several abiotic factors (i.e., long-term cold storage, and in planta greenhouse and in natura 

acreage/field conditions). Using serial dilution, coupled with spread-plating techniques, the viable 

conidial population of select B. bassiana strains (i.e., UAMH 299, UAMH 1076, ANT-0, UAMH 

4510, and 110.25) was monitored routinely. Across the eight-week cold storage at 4 ℃, the 

conidial titer was consistent for the BioTitan WP powder formulation, containing the B. bassiana 

strain ANT-03, maintaining a culturable conidial yield of approximately 1.0 x 1010 CFU/g (Fig. 

41). In addition, a year-old batch of BioTitan WP maintained the same conidial titre, supporting 

the commercial claim of a minimum concentration of 1.0 × 1010 CFU/g of B. bassiana ANT-03 

for 18 months. Although starting at a much lower titer (1.0 × 107 CFU/g) than the BioTitan WP 

formulation, our in-house powder formulations, containing either B. bassiana strain UAMH 299, 

UAMH 4510, and 110.25, also supported conidial formulation stability after eight weeks of storage 

at 4 ℃. However, the powder formulations containing UAMH 4510 and 110.25 decreased in 



 89 

conidial titer (< 1.0  × 106 CFU/g) to the extent that they were excluded from further in planta and 

in natura insect bioassays. 

 With the cold storage conidial stability results, we looked at developing a fermentation 

approach that we could use to produce enough conidia, relative to the starting titer of the BioTitan 

WP formulation, for our field trials. We developed a biphasic liquid-solid state fermentation 

approach, using a combination of Czapex Dox Yeast Extract Broth (CDBYE) medium and 

parboiled rice substrate. This fermentation approach resulted in a significant increase in conidial 

yield for both UAMH 299 by 10-fold, and UAMH 1076 by 100-fold (Fig. 41). This increase in 

conidial yield is likely a result of the enhanced aeration and increased surface area of the individual 

rice grains, which increases the mycelial yield during fermentation.225 In addition, the higher 

vertical mycelial biomass may play a role in increasing the surface area for the aerial development 

of conidiophores, thereby enhancing the conidial yield.225,226   

 The in planta conidial viability of the powder formulations of ANT-03 and UAMH 299 

were also tested on lodgepole pine bolts, which were incubated under greenhouse conditions at 25 

℃ for 8-12 weeks (Fig. 41). When applied to the bolts, the high titer (HIGH: 1.0 × 109 CFU/cm2) 

of ANT-03, in the BioTitan WP formulation, resulted in significant stability over 12 weeks. 

However, the low titer (LOW: 1.0 × 107 CFU/cm2) decreased a 100-fold by the eighth week. The 

conidial viability of both titers of the UAMH 299 formulation (HIGH: 1.0 × 108 CFU/cm2, LOW: 

1.0 × 106 CFU/cm2) decreased by a 100-fold by the eight-week, resulting in a conidial 

concentration below the culturable limit of detection (1.0 × 106 CFU/cm2). These results prompted 

us to substitute UAMH 299 with another phenotypically similar strain within the red morphotype, 

UAMH 1076, due to its increased conidia l fermentation yield (10-fold vs. 100-fold, respectively). 



 90 

 Lastly, in natura conidial viability experiments were performed prior to the in-field 

infection assays (Fig. 41). We observed an average 10-fold reduction in conidial viability per week 

for all treatments throughout the three-week time course, suggesting that the abiotic factors had 

similar effects, regardless of the B. bassiana strains. The high titer of BioTitan WP, with the ANT-

03 strain, declined from 1.0 × 109 CFU/cm2 to 1.0 × 107 CFU/cm2, while all the other treatments, 

BioTitan WP LOW (1.0 × 107 CFU/cm2), UAMH 1076 HIGH (1.0 × 108 CFU/cm2), and UAMH 

1076 LOW (1.0 × 106 CFU/cm2), all declined under the effective lethal dose (1.0 × 106 CFU/cm2). 

We suspect that the viability may be affected by fluctuations in abiotic factors (i.e., temperature, 

humidity, and UV index), potentially limiting the stability and survival of the conidial 

formulation.207,224 These results suggest that the powder formulations are sufficiently stable for 1 

to 2 weeks in the field, to provide a viable conidial concentration that will cause MPB death.210,223 

At a regional scale, the MPB flight period typically occurs over a 2-3 month period in the summer, 

the majority of beetles, in localized infestations, will emerge and disperse within a 2 week 

period.193 A recent degree-day model was developed which accounted for almost 90% of the 

timing variation in MPB emergence.227 This model can be used to predict the emergence of beetles 

in local infestations and time the application of B. bassiana formulations to maximize MPB contact 

and mortality. 
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Fig. 41 Conidial viability of Beauveria bassiana formulations under cold storage, in planta and in natura conditions, and biphasic liquid-

solid fermentation conidial yield. (A) In vitro conidial stability of B. bassiana conidial powder formulations (BioTitan WP (1 year), 

BioTitan WP, UAMH 299, UAMH 4510, and 110.25) incubated at 4 ℃ for 8 weeks. (B) Conidial density [log(CFU/g)] of B. bassiana 

strains UAMH 1076 and 299, grown on CDAYE media or parboiled rice substrate. Vertical bars represent the mean conidial yield ± 

standard deviation. The letters represent the post hoc Tukey’s HSD pairwise comparison among the four treatments, where different 

letters indicate a significant difference (𝛼 = 0.05). (C) In planta conidial viability of B. bassiana powder formulations (BioTitan WP 
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and UAMH 299) applied on lodgepole pine bolts incubated at 25 ℃ for 12 weeks. (D) In natura conidial viability of B. bassiana powder 

formulations (BioTitan WP and UAMH 1076) applied on lodgepole pine bolts under pseudo-in natura conditions for three weeks. 

Starting conidial titers (CFU/cm2): BioTitan WP HIGH – 1.0 × 109, BioTitan WP Low – 1.0 × 107, UAMH 1076 HIGH – 1.0 × 108, 

UAMH 1076 LOW – 1.0 × 106, UAMH 299 HIGH – 1.0 × 108, and UAMH 299 LOW – 1.0 × 106. The dotted grey line indicates the 

effective lethal dose (1.0 × 106 CFU/cm2). Conidial concentrations below the culturable limit of detection are indicated by an asterisk 

(*). 
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4.2.2.2 Evaluation of Virulence of B. bassiana Powder Formulations Against D. ponderosae 

Under In Planta Greenhouse Conditions  

 Due to their long-term greenhouse stability and high in vitro MPB virulence,210 we then 

tested two powder formulations containing either B. bassiana ANT-03 or UAMH 299, to establish 

the in planta efficacy (Fig. 42). Naturally MPB-infested trees were felled near Whitecourt, AB, 

Canada, in September 2020, and were sub-sectioned into 0.4 m bolts. Both ends of the bolts were 

sealed with melted wax to reduce desiccation and then incubated at 4 ℃ for 2 months to simulate 

winter. The bolts were then placed in an emergence bin at 25 ℃ for the in planta experiments. The 

emerging beetles from the bolts were collected and used to infest healthy bolts to provide An F1 

MPB generation.  
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Fig. 42 Mean lethal times and mycosis proportions of Beauveria bassiana ANT-03 (BioTitan WP) 

and UAMH 299 powder formulation-treated Pinus contorta bolts, under in planta greenhouse 

conditions. (A) Mean lethal time (days, dark grey bars) and corresponding B. bassiana-associated 

mycosed mountain pine beetle collected in the glass trap containers (%, light grey bars), of conidial 

powder formulation treatments. (B) Mycosis proportion of B. bassiana (%, light grey bar) and 

non-B. bassiana (%, dark grey bar) -associated mycosis from emerged mountain pine beetles. The 

BioTitan WP formulation, containing B. bassiana ANT-03, was applied on the bark at two titers: 

1.0 × 109 CFU/cm2 (T1) or 1.0 × 107  CFU/cm2 (T2). In-house powder formulations containing 

B. bassiana UAMH 299 were applied on the bark at either 1.0 × 108 CFU/cm2 (T3) or 1.0 × 106 

CFU/cm2 (T4). The control group (T5) was not treated with any formulations. Error bars represent 

the standard deviation of three biological replicates. The letters represent the post hoc Tukey’s 

HSD pairwise comparisons, where different letters indicate a significant difference (𝜶 = 0.05). The 
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capital letters represent the differences between the dark grey bars, and the lowercase letters 

represent the differences between the light grey bars. 

 

 Five bolt treatments (T), with three replicates, were sprayed with two titers (CFU/g = 

colony forming units per gram) of the conidial powder formulations: T1, ANT-03 at 1.0 × 109 

CFU/g; T2, ANT-03 at 1.0 × 107 CFU/g; T3, UAMH 299 at 1.0 × 108 CFU/g; T4, UAMH 299 at 

1.0 × 106 CFU/g; T5, carrier powder negative control. The B. bassiana powder formulation was 

manually sprayed on the bark surface under a sterile BioSafety Cabinet (model MB4-2A-49) using 

a powder duster application pump (Amazon, Toronto, Canada). The bolts were stored in sealed 

rearing bins fitted with a messed glass trap for the collection of emerging MPBs. The bins were 

incubated at the BioTron Facility, University of Alberta, under greenhouse conditions: 25 ℃, 26-

30% relative humidity, and continuous illumination (30 𝜇mol photons m-2 s-1). 

 Daily collection and counting of the emerged live and dead MPBs, that reached the glass 

collection jars through phototropism,228 were performed for fifty-five consecutive days, with over 

600 beetle emergence events. All collected live MPBs from each respective rearing bin were 

transferred to a Petri dish lined with a moist Kimwipe and incubated at 25 ℃ until they were dead 

(i.e., lethal time). Once the MPBs were dead, the carcasses were transferred to individual cells in 

a 96-well titer plate, lined with a moist Kimwipe to maintain a relative humidity of 70%, and 

incubated at 25 ℃ for 14 days to determine B. bassiana-associated mycosis. In addition, we 

debarked all pine bolts and assessed B. bassiana-associated mycosis of the non-emerged MPBs. 

 Each well was assessed for B. bassiana-associated mycosis using three parameters. First, 

each well was assessed for the characteristic white and granular conidiation. Second, each mycosed 

MPB was viewed under a dissecting microscope to analyze for the distinct staphylococcal-like 

arrangement of B. bassiana conidial clusters at the end of the conidiophores.229 Lastly, a swab of 
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the mycelial biomass was obtained using a nichrome wire and stained with lactophenol blue and 

viewed to assess the B. bassiana mycelial morphology using an inverted phase contrast 

microscope. In addition, an inoculating needle was used to touch-point B. bassiana-infected MPB 

to support the classical Koch’s postulate of infection230. CDAYE plates, with 150 𝜇g/mL 

chloramphenicol, were spot-inoculated with the conidial samples. Non-B. bassiana-mycosed 

MPBs were evaluated using the same procedure. 

 The mean lethal times exhibited a conidial concentration-dependent effect for the BioTitan 

WP (ANT-03) treatments (Fig. 42). Both the high (T1, 1.0 × 109 CFU/cm2) and low (T2, 1.0 × 

107 CFU/cm2) titer treatments showed the shortest killing time at about 3 days. However, the lower 

dose treatment (T2) showed greater variations. The high and low conidial treatments exhibited 

98% and 80% B. bassiana-specific mycosis rates, respectively. The mycosis data supported the 

classical Koch’s postulate of microbial infection because the desired B. bassiana ANT-03 strain 

was re-isolated from the mycosed MPB (Fig. 43). Lastly, the conidial concentrations used in these 

in planta experiments resulted in comparable mean lethal times as the in vitro results on the direct 

conidial application on MPB exoskeleton.209,210,231 
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Fig. 43 Mountain pine beetle mycosis after application on Pinus contorta bolts with B. bassiana 

ANT-03 (BioTitan WP) powder formulation. (A) (1) Stereomicroscope image of B. bassiana-

mycosed mountain pine beetle, (2) B. bassiana conidiophore clusters on the insect exoskeleton, 

(3) B. bassiana-isolated from mycosed MPB and grown on CDAYE agar, and (4) a lactophenol-

blue stained B. bassiana mycelium and conidiophores. (B) Four visually and morphologically 

distinctive fungal conidiophores from non-B. bassiana mycosed MPB. (C) Re-isolated axenic 

fungi from non-B. bassiana mycosed MPB, grown on CDAYE media.  

 

However, treatment with the B. bassiana UAMH 299 powder formulation resulted in an 

extended mean lethal time of about one day (Fig. 42). This extended mean lethal time was seen 

regardless of the conidial concentration (T3, 1.0 × 108 CFU/cm2; T4, 1.0 × 106 CFU/cm2), 

although the lower dose treatments also showed greater variation. The conidial treatments resulted 

in approximately 76% (T3) and 55% (T4) of the MPB population showing B. bassiana-associated 

mycosis. As expected, no B. bassiana-associated mycosis was detected in the control treatments 

(T5) (Fig. 42), however, several autochthonous fungal species were observed on the MPB 

exoskeleton (Fig. 43). The success of the in planta greenhouse experiments was affected by the 

variations in MPB emerging from the naturally-infested and laboratory-infested lodgepole pine 
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bolts (Table 7). Three of the eleven naturally-infested bolts did not produce an F1 generation, but 

the laboratory-infested bolts showed a consistent population of MPB emergence (100%) compared 

to the naturally-infested bolts (73%). After the 55 day greenhouse incubation, the residual B. 

bassiana powder titer was determined, and the titer was shown to be strain-dependent and conidial 

concentration-dependent (Fig. 41, Table 7). T1, the high-dose BioTitan WP treatment, showed a 

consistently high viable and culturable residual conidia. However, T2, the low-dose BioTitan WP 

treatment, resulted in lower and ineffective conidial titer, after the 55 day greenhouse incubation 

(Fig. 41).  Both the high (T3) and low (T4) dose UAMH 299 treatments resulted in undetectable 

and ineffective B. bassiana titer, which may have resulted from being outcompeted by the 

autochthonous fungal species on the bark surface (Fig. 41, Table 7).  With these results, the current 

application should be sufficient in providing an effective dose of B. bassiana to elicit MPB death, 

if the application coincided with the emergence of the MPB population.221–223 In order for 

maximum conidial contact, we propose a single application of the B. bassiana powder formulation 

during the estimated date of the massive MPB emergence event.227 A bi-weekly application may 

be considered as an alternative if the culturable titer shows a weekly one-log reduction under in 

natura conditions. 
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Table 7 Status summary of debarked Pinus contorta bolts treated with Beauveria bassiana powder formulations incubated for 55 days 

under greenhouse conditions. BioTitan WP – T1, T2; UAMH 299 – T3, T4; Control – T5. R = replicate. MPB = mountain pine beetle. 3 = 

High, 2 = Average, 1 = Minimal, and 0 = Absent. T = treatment; R = Replicate. 

Code MPB 

infection 

source 

B. bassiana 

conidial 

titer 

(CFU/cm2) 

MPB presence 
 

Fungal status of P. 

contorta outer 

bark 

Fungal status of bolt 

and gallery 

MPB parental 

gallery and pupal 

chamber 

development  
   

Bins Glass 

trap 

Debarked 

bolt 

 
B. 

bassiana 

Axenic 

fungi 

  

T1 R1 Natural 1.0 x 109 Not 

detected 

Not 

detected 

Not 

detected 

 
3 1 Bark excellent, 

sapwood good, non-

mouldy 

Parental galleries 

interrupted 

T1 R2 Natural 1.0 x 109 Present Present Present 
 

3 1 White mouldy galleries Successful 

development 

T1 R3 Laboratory 1.0 x 109 Present Present Present 
 

3 2 White and green 

mouldy galleries 

Successful 

development 

T2 R1 Natural 1.0 x 107 Present Present Present 
 

2 2 Mouldy, variable 

moisture 

Successful 

development 

T2 R2 Laboratory 1.0 x 107 Present Present Present 
 

2 2 White mouldy galleries Successful 

development 

T2 R3 Laboratory 1.0 x 107 Present Present Present 
 

2 2 White and green 

mouldy galleries 

Successful 

development 

T3 R1 Laboratory 1.0 x 108 Present Present Present 
 

0 3 Mouldy & decaying 

bolt; white mouldy 

galleries 

Successful 

development 
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T3 R2 Natural 1.0 x 108 Not 

detected 

Not 

detected 

Not 

detected 

 
0 1 Bark excellent, 

sapwood good, non-

mouldy 

Parental galleries 

interrupted 

T3 R3 Natural 1.0 x 108 Present Present Present 
 

0 3 Mouldy & decaying 

bolt; white mouldy 

galleries 

Successful 

development 

T3 R4 Natural 1.0 x 108 Present Present Present 
 

0 3 Mouldy and dried bolt Successful 

development 

T4 R1 Laboratory 1.0 x 106 Present Present Present 
 

0 3 Mouldy & decaying 

bolt; white mouldy 

galleries 

Successful 

development 

T4 R2 Natural 1.0 x 106 Present Present Present 
 

0 3 Mouldy and dried bolt Successful 

development 

T4 R3 Natural 1.0 x 106 Present Present Present 
 

0 3 Mouldy, variable 

moisture 

Successful 

development 

T4 R4 Natural 1.0 x 106 Not 

detected 

Not 

detected 

Not 

detected 

 
0 3 Mouldy and dried bolt No galleries 

detected 

T5 R1 Natural ___ Present Present Present 
 

0 2 Mouldy and dried bolt Successful 

development 

T5 R2 Laboratory ___ Present Present Present 
 

0 3 Mouldy & decaying 

bolt; white mouldy 

galleries 

Successful 

development 

T5 R3 Natural ___ Present Present Present 
 

0 3 Mouldy & decaying 

bolt; white mouldy 

galleries 

Successful 

development 
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4.2.2.3 Field Evaluations of BioTitan WP (B. bassiana ANT-03) Powder Formulation Against 

D. ponderosae Under In Planta and In Natura Conditions  

 

 Following the conidial viability and greenhouse infection assays, we assessed the efficacy 

of the BioTitan WP powder formulations, containing B. bassiana strain ANT-03, in reducing the 

reproductive success of MPB. Using two infection modes, an exit and entry approach, we 

evaluated the parental and larval characteristics of field populations of MPBs. The two infection 

modes are categorized into four treatments: IL — MPB-infested bolt with low dose BioTitan WP 

(MPB exit experiment); NL — non-infested food bolt with low dose BioTitan WP (MPB entry 

experiment); IH — MPB-infested bolt with high dose BioTitan WP (MPB exit experiment); and 

NH — non-infested food bolt with high dose BioTitan WP (MPB entry experiment). 

The mean parental gallery length and mean larvae per parental gallery were significantly 

lower in all the treated enclosures compared to the control enclosures (Fig. 44). Treatment with 

BioTitan WP, regardless of concentration, resulted in a significant decrease in parental gallery 

length and termination of the larval gallery network, compared to the untreated control (C) 

treatments (45 ± 15 cm long parental galleries, 48 ± 10 MPB larvae per gallery). A high dose (1.0 

× 109 CFU/cm2) treatment of BioTitan WP (IH, NH) resulted in a significant reduction in parental 

gallery length (F(4,13) = 9.885, P < 0.001). The parental galleries measured were less than 5 ± 1 

cm in length and were associated with zero reproduction (i.e., absence of MPB larvae) (Fig. 44). 

The recovered parental MPBs from these reduced galleries were covered in B. bassiana mycelia. 

The low-dosage (1.0 × 107 CFU/cm2) treatments of BioTitan WP also resulted in shorter mean 

parental gallery length for the MPB entry (NL; 10 ± 4 cm) and MPB exit (IL; 20 ± 10 cm) 

experiments. The reduced capacity for female MPBs to create parental and larval galleries was 
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associated with a significant reduction in the mean number of larvae per female (F(4,13) = 8.772, 

P = 0.0011) in a concentration-dependent manner (Fig. 44). In addition, the larval yield dropped 

to approximately 30% (IL) AND 15% (NL) for the low-dose BioTitan WP treatments; the mean 

larval yield was reduced to virtually zero with the high dose treatments (IH, NH). 

 The data suggests that by utilizing a low dose of BioTitan WP formulation, the ability to 

reduce reproductive success seems to be more effective when MPBs encounter B. bassiana while 

tunnelling into healthy P. contorta bolts (entry experiment), suggesting that the MPBs emerging 

from treated trees may shed some conidia during flight (exit experiment). However, a successful 

reproductive reduction can be attained using a higher titer of BioTitan WP, regardless of the 

infection mode. We proposed that the developed infection modes can be implemented to treat 

every infested tree over an infested area, fulfilling an essential requirement for successful and 

significant direct control of MPB populations.192 
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Fig. 44 Mountain pine beetle (MPB), Dendroctonus ponderosae, reproductive success in MPB-

infested Pinus contorta bolts with or without BioTitan WP (Beauveria bassiana ANT-03) powder 

formulation treatment. (A) Untreated control P. contorta bolts with successful MPB colonization 

shown by the extensive network of MPB vertical parental galleries (green arrow) and horizontal 

larval galleries (yellow arrow). (B) MPB-infested P. contorta bolts, treated with a high dose of 

BioTitan WP powder formulation (IH), baited with non-infested P. contorta food bolts; shortened 

parental gallery length (yellow arrow). (C) Mean parental gallery lengths of P. contorta bolts and 

(D) corresponding mean larvae per gallery observed in 75 cm debarked logs.  P. contorta treatment 

codes: C – control, untreated; IL – MPB-infested bolt with low dose BioTitan WP (MPB exit 

experiment); NL –non-infested food bolt with low dose BioTitan WP (MPB entry experiment); IH 

– MPB-infested bolt with high dose BioTitan WP (MPB exit experiment); NH – non-infested food 

bolt with high dose BioTitan WP (MPB entry experiment). Connected dots are the treatment mean, 

and the vertical bars represent the mean ± standard deviation. Letters indicate a significant 

difference at α = 0.05. 



 104 

4.2.3 Conclusions and Future Directions 

 This study provides an intensive investigation of the efficacy of several phenotypically 

diverse strains of B. bassiana in managing MPB populations. The development of an 

entomopathogenic fungi-based biocontrol agent may provide an alternative approach to the 

currently limited mitigation efforts (i.e., removal and destruction of infested trees).192 Five 

candidate B. bassiana strains were identified and assessed for their conidial viability under various 

conditions (i.e., cold storage, in planta greenhouse and in natura acreage). In addition, we 

developed a liquid-solid fermentation approach to access large-scale B. bassiana conidial biomass. 

Lastly, we developed infection modes, using B. bassiana conidial formulations, to spray on 

lodgepole pine trees to effectively reduce MPB reproductive success under forest field conditions.  

 For future studies, we propose a variety of ways to suppress MPB populations using the 

developed B. bassiana formulation. For instance, during the peak flight period of MPBs, aerial 

application of the formulation can be employed to maximize the infection of dispersing individual 

beetles, which can further contaminate uninfected male and female beetles, already under the bark, 

during host colonization.196 In addition, bark beetle traps can be used as “assisted 

autodissemination” of B. bassiana spores to infect field populations of bark beetles. This requires 

modification of the current bark beetle traps, to allow beetles to enter and exit the traps, where the 

beetles can carry the fungal spores as they exit the traps. We hypothesize that these proposed 

applications would be more successful in the established range of MPB, because beetle densities 

are more closely monitored (i.e., location of majority of the infested trees has been determine) and 

more vulnerable to local extinction133. 232 
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4.3 Genomic and Transcriptomic Virulence of Beauveria bassiana 

  

4.3.1 Aims of Study 

 Due to the numerous strains of B. bassiana and their phenotypes,233 identification of the 

genomic or molecular markers to determine the potential efficacy of the fungus as a biocontrol 

agent for MPB,209,210 are highly desirable. In our previous study, we characterized 93 strains based 

on colony morphology, pigmentation, growth rate, conidial rate, infection rate, and MPB virulence 

in the laboratory.210 The strains were categorized into three phenotypic groups based on the red 

pigment, oosporein (Fig. 45). Oosporein is an extensively studied red dibenzoquinone compound, 

which has been previously reported to have limited insecticidal activity,234,235 but can 

synergistically improve insect mortality when combined with B. bassiana conidia.234 Oosporein 

has been shown to contribute to immune system evasion by B. bassiana, as well as suppressing 

the insect host immune system, resulting in infection.217 The Group I B. bassiana all produce this 

red pigment, albeit at variable intensities, but they produce the highest levels of oosporein and 

displayed the highest levels of virulence against MPB. The Group II strains develop thin, cream-

coloured colonies, no detectable oosporein production, and had the lowest virulence against MPB, 

requiring a higher conidial titer to be effective. Lastly, the Group III strains develop felty, 

yellowish colonies with intermediate virulence levels. 

 In this study, eight potential B. bassiana isolates, across the three phenotypic groups, were 

used for genome sequencing and transcriptome analysis. These analyses assessed the genome and 

transcriptome signatures to identify those associated with UV resistance, virulence, and secondary 

metabolite biosynthesis. The presence and absence of secondary metabolite biosynthetic gene 

clusters (BGC) were assessed to identify those associated with MPB virulence. Types of BGCs 
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were determined, including terpenoids synthases, non-ribosomal peptide synthetases (NRPS), and 

polyketide synthases (PKS). Of special interest was the oosporein BGC, a PKS cluster identified 

in all the sequenced B. bassiana strains, and differentially expressed in some. Large-scale 

differences between the eight strains were identified through the assessment of phylogenetic 

relationships, gene content, and differential expression. 

 

 
Fig. 45 Oosporein structure and the phenotypic differences of the three Beauveria bassiana groups 

plated on CDAYE media. 

 

4.3.2 Results and Discussion 

 

4.3.2.1 In Vitro Competition Assays Between Beauveria bassiana and Grosmannia clavigera  

The blue stained fungi (BSF), are a group of phenotypically and phylogenetically 

heterogeneous fungal species that have established symbiotic associations with several bark beetle 

systems.236,237 In the MPB system, there are three known associated BSF species; Grosmannia 

clavigera, Ophiostoma montium, and Leptographium longiclavatum.238–241 Our studies focused on 
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G. clavigera as it is the most prevalent BSF in the teneral adult stage of MPBs237,242, and is the 

most invasive BSF in P. contorta.243 Two types of interaction responses were determined between 

the eight strains of B. bassiana and two strains of G. clavigera (Fig. 46): (1) positive mycelial 

contact but non-inhibition of G. clavigera strains EL033 and EL035 by the red-pigmented and 

non-pigmented strains UAMH 298, UAMH 298-UVR, UAMH 4510, and ANT-03 (Fig. 46), and 

(2) inhibition of G. clavigera strains EL033 and EL035 by the red-pigmented and yellow-

pigmented strains UAMH 299, UAMH 299-UVR, UAMH 1076, and 110.25 (Fig. 46).  

The first interaction responses showed no zones of inhibition (ZOI) and contact at the 

mycelial front, shown by the B. bassiana ANT-03 mycelial growing on top of the G. clavigera 

(Fig. 46). Contact of the two mycelial fronts suggests the absence of any radially-diffusible 

antagonist molecules, and that the available space occupied by either species is related to its media-

dependent growth rate alone. Interestingly, under a media with a high C/N ratio (e.g., PDA), the 

interaction assays for the non-inhibitory B. bassiana strains delayed the melanization of the 

mycelial front of the G. clavigera strains. 

The second interaction resulted in the formation of a clear zone of inhibition, noted by the 

stop of mycelial expansion of both the B. bassiana and G. clavigera strains (Fig. 46). On high C/N 

media (i.e., PDA, MEA, 0.25xSDA), crescent-shaped ZOIs were seen, supporting potential 

radially diffusible compound(s) produced by B. bassiana to prevent the further mycelial expansion 

and colonization of G. clavigera. Interestingly, faster growth rates of G. clavigera than B. bassiana 

on high C/N media correlated with slower melanization of G. clavigera (Fig. 46). However, 

competition assays on low C/N media (i.e., CDAYE) showed comparable growth rates between 

B. bassiana and G. clavigera, colonizing equal areas on the agar surface. In addition, the low C/N 

media did not induce G. clavigera melanization until the zone of inhibition was formed at interface 



 108 

of the mycelial fronts. Although the ZOI was observed consistently across the red-pigmented B. 

bassiana strains (i.e., UAMH 299, UAMH 299-UVR, UAMH 1076), the yellow-pigmented strain, 

110.25, also showed significant ZOI. Attributing the inhibitory activity solely to oosporein is not 

fully supported in these results because of the presence of the ZOI in the tenellin-producing 110.25 

strain.244 Furthermore, ZOIs were present across media conditions (i.e., high C/N ratios) that do 

not support oosporein or tenellin production. 

The mycelial growth of G. clavigera depended on the C/N ratio of the assay media (fig 5c-

e). High C/N media (i.e., PDA) allowed for the fastest mycelial expansion of G. clavigera, until a 

ZOI developed on day 4. The clear inhibitory region significantly decreased the mycelial 

expansion rate, up to 10 d. However, in the absence of inhibition, the G. clavigera mycelial 

expansion showed exponential growth and plateaued only when reaching the contact point with 

the B. bassiana strain (Fig. 46). Growth on a low C/N media (i.e., CDAYE) showed similar 

response curves for all treatments (Fig. 46). Regardless, in both high and low C/N media, the end 

of the logarithmic growth rate coincided with the development of the zones of inhibition. This 

suggests that the B. bassiana strain-specific inhibitory potential, against G. clavigera, is 

independent of the available nutritional content. However, it has yet to be established if these 

inhibitions will be relevant under in vivo and in planta competition experiments.  
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Fig. 46 In vitro interactions between Beauveria bassiana and the MPB-associated symbiotic blue 

stain fungus, Grosmannia clavigera. (A) Non-inhibitory or (B) inhibitory mycelial expansion of 

G. clavigera strains EL033 and EL035, under high (PDA, MEA, 0.25xSDA) or low (CDAYE) 

C/N ratio media. (C) PDA or (D) CDAYE) media-grown G. clavigera strain EL033, and the 

corresponding growth rate and zone of inhibition, in the presence of non-inhibitory (black square) 

and inhibitory (black circle) B. bassiana groups. Zones of inhibition are indicated by the presence 

of non-inhibitory (white square) and inhibitory (white circle) B. bassiana groups. (E) The growth 

rate of G. clavigera strains EL033 and EL035 on media with different C/N ratios. Vertical bars 

represent the mean growth rate (mm/d) of three biological experiments, and the error bars represent 
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the standard deviation. The letters represent the post hoc Tukey’s HSD difference (𝛼 = 0.05). 

Capital letters depict the differences between the black bars, and lowercase letters depict the 

differences between the grey bars. 

 

4.3.2.2 Functional Genomics of Beauveria bassiana Biosynthetic Gene Clusters 

 The genome of the eight B. bassiana strains were assembled in relation to the reference B. 

bassiana strain ARSEF 2860, Beauveria pseudobassiana, and Cordyceps militaris (outgroup), to 

estimate a phylogenetic tree (Fig. 47). The eight B. bassiana isolates fell into two distinct clusters 

with high bootstrap support. The Group I strains: UAMH 298, UAMH 298-UVR, UAMH 299, 

UAMH 299-UVR, and UAMH 1076 were clustered together, while the other strains from Group 

II (ANT-03 and UAMH 4510) and Group III (110.25) formed a separate cluster with ARSEF 2860. 

The two phylogenetic clusters were designated as the red and non-red groups, respectively, and 

the strains within these groups were designated as the red and non-red strains, with respect to 

oosporein production. B. bassiana ARSEF 2860 has been shown in previous studies to produce 

oosporein,235 but our findings suggest an increased capacity for oosporein synthesis by the red 

strains as well as differential content of oosporein BGC genes. Interestingly, the red strains formed 

a clade with B. pseudobassiana rather than the reference B. bassiana strain, ARSEF 2860. The B. 

pseudobassiana species was first described using a multilocus phylogeny of 68 Beauveria strains 

based on the partial gene sequences of Rpb1, Rpb2, Tef 1-a, and the nuclear intergenic region 

Bloc.245 As the name suggests, B. pseudobassiana is phenotypically similar to B. bassiana, albeit 

with smaller conidia, and has been shown to exhibit entomopathogenic properties.246,247 Whole 

genome annotations would be required to confirm the phylogenetic placement of the five red 

strains and B. pseudobassiana, but our current results show that the two isolate groups have 
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undergone different evolutionary histories, demonstrating different virulence and oosporein 

production levels. 

 

 

Fig. 47 Comparative genomics analysis of Beauveria bassiana isolates. (A) Best-scoring 

maximum-likelihood phylogenetic tree based on 3,939 complete, single-copy Benchmarking 

Universal Single-Copy Ortholog (BUSCO) proteins. The phylogenetic inference includes the eight 

B. bassiana strain, the reference B. bassiana strain ARSEF 2860, Beauveria pseudobassiana strain 

KACC 47484, and Cordyceps militaris strain CM01 as the outgroup. All non-labelled nodes have 

bootstrap support values of 100. (B) Orthogroups shared between pairs of isolates. Red and non-

red groups are indicated on the y-axis.  

 

 The predicted gene counts of the eight genomes, between 10,117 and 10,754 predicted 

genes, were shown to be comparable to the 10,366 genes encoded in ARSEF 2860,248 and the 

genome annotations were highly complete. Orthogroups (OGs), analogous to an ortholog, are a set 

of two or more genes descended from a single ancestral gene; however, orthogroups allow for the 

comparison of several species of strains rather than a pair.249 A total of 11,120 orthogroups were 

inferred between the B. bassiana isolates (Fig. 47). There was a considerable amount of gene 
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content variation between the isolates; the red and non-red strains shared more orthogroups with 

strains from the same group. 

 antiSMASH analysis showed that the secondary bioactive metabolic profiles of the eight 

B. bassiana genomes correlated with an arsenal of known and unknown biomolecules. More 

clusters were predicted in the red strains than in the non-red strains, which could reflect an 

increased capacity of secondary metabolism and virulence. The three major biosynthetic gene 

cluster types among all strains include non-ribosomal peptide synthetase (NRPS), type I polyketide 

synthase (PKS) and terpene synthase (Table 8, Fig. 48). The oosporein BGC, a polyketide gene 

cluster, was detected across all sequenced B. bassiana genomes, however, oosporein production 

was detected only in the group I strain (UAMH 298-UVR, UAMH 299, UAMH-299-UVR, and 

UAMH 1076) (Table 9). The main biosynthetic genes responsible for oosporein production (OpS1-

OpS7) were detected in all strains with 90.50 to 97.75% identity to ARSEF 2860. However, the 

putative cell surface protein (OpS9) was absent in all eight strains, and the putative heat-labile 

enterotoxin IIB, A chain (OpS10), was absent in UAMH 298, UAMH 298-UVR, UAMH 1076, 

and UAMH 4510. 
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Table 8 Bioinformatic predictions of common, group- and strain-specific gene clusters from the 

draft genome sequences of eight Beauveria bassiana strains. Predictions were performed with the 

phylogenetically-close reference strain, B. bassiana ARSEF 2860, using antiSMASH’s 

KnownClusterBlast algorithm. 

Strains Accession Chemical Name Cluster Type 

Common Clusters    

All BGC0001249 dimethylcoprogen NRPS 

All BGC0001720 oosporein PKS 

All BGC0001248 clavaric acid triterpene 

All BGC0001839 squalestatin S1 PKS 

All BGC0000313 beauvericin NRPS 

Pigment Group-Specific   

Red BGC0000030 bikaverin PKS 

Non-red BGC0000312 bassianolide NRPS 

Strain-Specific    

UAMH 299 BGC0001811 trichodiene-11-one terpene 

UAMH 1076 BGC0001966 BII-rafflesfungin NRPS 

UAMH 1076 BGC0001882 chrysoxanthone A/B/C PKS 

UAMH 1076 BGC0001278 nivalenol/deoxynivalenol/3-

acetyldeoxynivalenol/15-

acetyldeoxynivalenol/neosolaniol/calonectrin/

apotrichodiol/isotrichotriol/15-

decalonectrin/T-2 toxin/3-acetyl T-2 

toxin/trichodiene 

sesquiterpene 

UAMH 1076 BGC0001775 sespendole indole;terpene 
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Fig. 48 Chemical structures of common, group- and strain-specific gene clusters predicted by antiSMASH. 
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Table 9 Presence (+) and absence (—) of oosporein in purified B. bassiana mycelial supernatant 

extracts, detected on LCMS. 

Strain/Day of 

detection 

UAMH 

298 

UAMH 

298-UVR 

UAMH 

299 

UAMH 

299-UVR 

UAMH 

1076 

ANT-03 UAMH 

4510 

110.25 

Day 5 — + + + + — — — 

Day 10 — — + — + — — — 

Day 15 — — + — + — — — 

 

Additionally, several previously characterized gene clusters were found in all eight strains 

(Table 8, Fig. 48). The gene clusters responsible for the production of beauvericin, an NRPS 

product, was nearly complete, where all genes, except the predicted pseudogene glycolate oxidase 

(orf4), were identified in all strains. The clusters for dimethylcoprogen (NRPS product) and 

clavaric acid (triterpene product), both containing only one gene, were found in all strains. Finally, 

the squalestatin SI PKS cluster was identified in all strains, but only two of the five genes were 

detected in each strain. The gene clusters for a similar red-pigmented PKS product from Fusarium 

species, bikaverin,250 were detected in all red strains, but absent in the non-red strains. Bikaverin 

exhibits antibiotic and antifungal activity and could function similarly to oosporein by 

outcompeting other organisms in the host microbiome during infection.251 Additionally, the NRPS 

gene cluster for bassianolide, a virulence factor, was unique to the non-red strains, and this may 

contribute to the insecticidal activity in these strains. The bikaverin and bassianolide gene clusters 

may potentially contribute also to the phenotypic separation of the Group I strains from the Group 

II and III B. bassiana strains. The trichodiene-11-one terpene cluster was uniquely identified in 

the UAMH 299 isolate, and UAMH 1076 contained four unique clusters including nivalenol 
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(sesquiterpene) and sespendole (indole-terpene). Further characterization of these biosynthetic 

gene clusters and their products is necessary to determine their role in B. bassiana virulence. 

 

4.3.2.3 Functional Genomics of Oosporein Biosynthetic Gene Clusters 

 Given the phenotypic diversity of B. bassiana strains, it was originally hypothesized that 

the Group I strains contained oosporein BGCs, while the strains from Groups II and III did not. 

The core biosynthetic genes in the oosporein cluster (OpS1-OpS7) were identified in all eight 

strains by antiSMASH, indicating that the high levels of oosporein production in the Group I red 

strains are a result of regulatory factors or differential expression (Fig. 49). The conserved seven-

gene OpS operon includes: OpS1 (catalytic polyketide synthase), OpS2 (putative MFS multidrug 

resistance transporter, OpS3 (GAL4-like Zn2Cys6 transcription factor), OpS4 (FAD- binding 

domain-containing hydroxylase), OpS5 (a laccase-multicopper oxidase, OpS6 (a glutathione-S-

transferase, and OpS7 (cupin 2 superfamily protein). The transcriptome data supported the 

previously stated hypothesis, where oosporein genes OpS1-OpS7 were upregulated, except for 

OpS3, which raised additional questions about the regulation of this gene cluster. Many OpS genes 

displayed log2 fold change (LFC) values greater than 5, including OpS1, the core PKS enzyme 

responsible for the synthesis of the precursor orsellinic acid.235 OpS11, a putative evolved D-

lactonohydrolase,215 was also upregulated. OpS3 is a GAL4-like Zn2-Cys6 fungal transcription 

factor (TF) and is required for the expression of the main biosynthetic genes (OpS1-OpS7), 

including OpS3 itself.235  
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Fig. 49 Organization of the oosporein biosynthetic gene cluster of the eight Beauveria bassiana 

sequenced draft genomes. The reference strain, B. bassiana ARSEF 2860, was used to determine 

the core genes, OpS1-OpS7, using the MiBiG database. The putative upstream genes were 

predicted using the fungiSMASH database. 

 

Regulation of the oosporein BGC is not well understood, but some regulatory factors were 

identified with the transcriptomic analysis. Bbmsn, a zinc finger TF and stress response protein, 

negatively regulates oosporein in a pH-dependent manner.252 This regulatory factor was 

upregulated in the red strains, which are contradictory to their phenotype and the differential 

expression results. Unfortunately, the genetic mechanisms underlying the regulation of oosporein 

expression by Bbmsn2 have not been elucidated. Differential co-expression analysis identified 
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several potential transcription factors involved in regulating OpS1 and OpS3 expression. Many 

identified were Zn2-Cys6 type TFs, the same type of TF as OpS3, and may play a role in regulating 

oosporein gene cluster expression and oosporein production, upstream of OpS3. In addition, VeA, 

the Velvet protein-encoding gene, is of interest, as it is responsible for conidiation, secondary 

metabolism, and stress response in B. bassiana; therefore, potentially plays a role in the virulence 

of the red strains.253 Differential co-expression results showed a negative regulatory relationship 

between VeA and OpS3, which contradicts the findings of this protein’s function. Although these 

results are inconclusive, it is possible that there is an intermediate positive regulator of OpS3, 

whose expression is regulated by VeA, or vice versa. Given the fact that a complete oosporein 

BGC is present in the strains of the non-red groups, induction of oosporein expression may occur 

when infecting a host. These conditions are difficult to replicate under laboratory growth 

conditions, so the mechanism by which oosporein may be upregulated in the non-red group will 

need further investigation. 

 

4.3.3 Conclusions and Future Directions 

 In conclusion, the outcome of this study provides an intensive investigation on the efficacy 

of various phenotypically diverse Beauveria bassiana strains in managing MPB populations. From 

an economic standpoint, the development of an entomopathogenic fungi-based biocontrol agent 

may provide a more economically-viable and environmentally-conscious approach to the currently 

limited mitigation efforts. The combination of conidial stability and viability of the powder 

formulation, and the effective treatment concentration, coupled with critical beetle emergence, 

resulted in a successful reduction of MPB reproduction under dynamic forest conditions. In 

addition, we provided a biphasic fermentation approach for the large-scale production of conidial 
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biomass. Further studies could implement the use of aerial application of the powder formulation 

during the peak flight period of MPBs, ultimately maximizing the infection of dispersing 

individuals. In addition, modified bark beetle traps can be used as “assisted autodissemination” of 

fungal spores, where MPBs can pick up B. bassiana spores as they exit these traps.  

  In addition, this work has characterized the genomic and transcriptomic features of eight 

B. bassiana strains, and how these features contribute to increased virulence and oosporein 

production. Oosporein biosynthetic cluster genes were upregulated in the red group, and 

differential co-expression analysis was performed to infer regulatory factors for the oosporein 

BGC. In addition, several secondary bioactive metabolites were identified and inferred for B. 

bassiana virulence. This broad-scale analysis reveals major genetic features and patterns which 

contribute to the phenotypic diversity of these strains, and further in vivo studies will be needed to 

further validate these results. Furthermore, in vitro competition bioassays were performed between 

B. bassiana strains and two strains of G. clavigera, an MPB-symbiotic blue stain fungus, and the 

results show potential competition with several Group I and Group III strains. These results can 

provide a foundation for future exometabolomics work to isolate and elucidate the potential 

bioactive molecules expressed by B. bassiana in the presence of different G. clavigera species.  
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Chapter 5 Experimental Procedures 

 
5.1 General procedures 

 

5.1.1 General Information. Reagents, Solvents, and Purification. 

 Commercially available biological and chemical reagents and solvents were purchased 

from Alfa Aesar Ltd., Caledon, Chem-Impex International Inc., Fisher Scientific Ltd., Harvard 

Apparatus, R&D Systems, Sigma-Aldrich Canada, Tocris Bioscience, or VWR International. All 

reagents and solvents were of American Chemical Society (ACS) grade and used without further 

purification unless otherwise stated. All anhydrous reactions were performed under a positive 

pressure of argon using flame-dried glassware. Distillation of solvents for anhydrous reactions 

were performed: dichloromethane (DCM) and dichloroethane were distilled over calcium hydride, 

diethyl ether and tetrahydrofuran were distilled over sodium with benzophenone as an indicator, 

and methanol was distilled over magnesium. HPLC-grade acetonitrile (ACN), dimethylformamide 

(DMF), hexanes, 2-propanol (IPA), and methanol (MeOH) were used without further purification. 

Commercially available ACS-grade solvents (> 99% purity) were used for column 

chromatography. A Milli-Q reagent water filtration system (Millipore Co., Milford, MA) was used 

for deionized water). All reactions and fractions (from column chromatography) were monitored 

by glass-back thin layer chromatography (TLC) plates with a UV fluorescent indicator (normal 

SiO2, Merck 60 F254). TLC plate visualization was performed by fluorescence quenching or 

staining with ninhydrin (ninhydrin/acetic acid/n-butanol, 0.6 g/6 mL/200 mL), phosphomolybdic 

acid in ethanol (10 g in 100 mL), or potassium permanganate (KMnO4, K2CO3/NaOH, H2O; 1.5 

g/10 g/0.12 g/200 mL). Flash column chromatography was performed using Merck type 60, 230-

400 mesh silica gel. Analytical and semipreparative scale high performance liquid chromatography 
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was performed on a Gilson chromatograph (fitted with a model 322 pump heads, a model 171 

diode array detector, a FC 203B fraction collector, and a Rheodyne 7725i injector fitted with a 

1000 𝜇L sample loop) or an Agilent chromatograph (fitted with a model 1260 Infinity II binary 

pump heads, a model 1260 Infinity II variable wavelength detector, a model 1260 Infinity II 

analytical (semi-preparative)-scale fraction collector, and a Rheodyne 7725i injector fitted with a 

500 𝜇L sample loop). HPLC solvents were filtered through a Millipore filtration system under 

vacuum prior to use. Peptides were purified to a > 95% purity, as assessed by analytical re-

injection. 

 Optical rotation values (in 10-1 deg cm2 g-1) were measured on a PerkinElmer 241 

polarimeter with a microcell (10 cm, 1 mL) at ambient temperature. All reported optical rotations 

were referenced against air and measured at the sodium D line (𝜆 = 589.3 nm). Mass spectra (MS) 

were recorded on Kratos AEIMS-50, Bruker 9.4 T Apex-QE FTICR (high resolution, HRMS), or 

Perspective Biosystems Voyager Elite MALDI-TOF-MS, using 4-hydroxy-𝛼-cyanocinnamic acid 

as the matrix. MS/MS was performed on a Bruker Ultraflextreme MALDI-TOF-TOF. LCMS was 

performed on an Agilent Technologies 6130 LCMS instrument. Infrared (IR) spectra were 

recorded on a Nicolet Magna 750 or a 20SX FT-IR spectrometer; a cast film refers to the 

evaporation of the chemical solution on a NaCl plate. Nuclear magnetic resonance (NMR) spectra 

were recorded using an Inova 400, DD2 MR 400, Unity 500, Unity Agilent/Varian Inova 600, or 

a VNMRS 700 spectrometer, at 27 ℃. For 1H (400, 500, 600, or 700 MHz) spectra, 𝛿 values were 

referenced to CDCl3 (7.26 ppm), D2O (4.79 ppm), or CD3OD (3.30 ppm). For 13C (100, 125, 150, 

or 175 MHz) spectra, 𝛿 values were referenced to CDCl3 (77.0 ppm) or CD3OD (49.0 ppm). 

Reported splitting patterns are abbreviated as: s = singlet, d = doublet, t = triplet, q = quartet, sept 
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= septet, m = multiplet, app. s = apparent singlet, dd = doublet of doublets, and dt = doublet of 

triplets. 

 

5.1.2 General Solid-Phase Peptide Synthesis Procedures. 

 

5.1.2.1 General 2-Chlorotrityl Chloride Resin Loading Procedure. 

 Resin beads were washed with DCM (3 × 5 mL) then DMF (3 × 5 mL) in a solid phase 

peptide synthesis (SPPS) vessel; resin bubbled under argon for 1 min in between washing steps. 

The resin was resuspended in DMF (5 mL) and swelled for 10 min under argon. To achieve the 

desired resin loading (mmol/g), 1 equiv of the first Fmoc-protected amino acid was pre-mixed in 

10 mL of a 1:1 solution of DCM/DMF with 5 equiv of DIPEA. The amino acid solution was then 

added to the resin and bubbled for 2.5 h under argon, with continuous replenishment of DCM. 

MeOH was added to the vessel (0.8 mL/g), to end-cap any remaining chlorotrityl groups, and 

bubbled for 15 min under argon. The resin was then washed with DMF (3 × 5 mL), DCM (3 × 5 

mL), and MeOH (3 × 5 mL), with 1 min bubbling in between each washing step, and then dried 

under argon until further use. 

 

5.2.2.2 General Manual SPPS Elongation Procedure 

 The resin was suspended in DMF (5 mL) and bubbled for 15 min under argon to swell in 

an SPPS vessel. Fmoc-deprotection was performed by bubbling 20% piperidine in DMF (3 x 5 

mL) for 5 min each, with a 1 min resin wash with DMF (3 × 5 mL) after each deprotection. The 

extent of Fmoc-deprotection was monitored by TLC by observing the presence of the 

dibenzofulvene-piperidine adduct as a bright, dark purple spot under UV. The coupling protocol 
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consisted of pre-activation of the subsequent amino acid (1.1 equiv compared to resin loading) 

with a solution of PyBOP (1.0 equiv), HOBt (1.1 equiv), DIPEA (4.0 equiv) in DMF (5 mL), and 

stirred for 10 min. The activated amino acid solution was added to the resin and bubbled under 

argon for 2 h. After coupling, the resin was washed with DMF (3 × 10 mL), and the coupling 

process was assessed by cleaving a small sample of resin with a solution of 95:2.5:2.5 

TFA/TIPS/H2O for 1-2 h and analyzing the crude mass by MALDI-TOF. To end-cap any 

unreacted amines, a solution of 20% acetic anhydride in DMF (5 mL) was added to the resin and 

bubbled for 10 min under argon. The resin was washed thoroughly with DMF (3 × 5 mL), 

subjected to either Fmoc-deprotection for further peptide elongation or rinsed with DCM (3 × 5 

ml) and dried for storage or cleavage from the resin. 

 

5.2.2.3 General N-terminal PEGylation Procedure. 

 Fmoc-deprotected peptide on resin (1 equiv to loading) was combined with an N-terminally 

protected PEG chain (5 equiv), HOBt (5 equiv), and DIC (5 equiv) in dry DMF (5 mL) and shaken 

for 24 h, at room temperature. The solution was filtered to collect the resin beads, and the peptide 

was then cleaved from the resin according to the procedure below. 

 

5.2.2.4 General Resin Cleavage Procedure 

 Resin-bound apelin peptides (0.05 mmol) were suspended in a solution of 95:2.5:2.5 

TFA/TIPS/H2O with shaking under argon for 2-3 h. The cleaved resin was filtered through a ball 

of glass wool and rinsed thoroughly with TFA. The crude solution was concentrated in vacuo. 

Cold diethyl ether (2 × 5 mL) was added to triturate the crude peptide, and the solvent was 

decanted into a 15 mL falcon tube and centrifuged briefly to pellet any residual peptide. The 
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triturated crude residue and diethyl ether pellet were pooled together and dissolved in 0.1% 

aqueous trifluoroacetic acid (TFA). 

 

5.1.3 General HPLC Method 

 Apelin peptides were purified with either a C18 or a diphenyl RP-HPLC column, with an 

eluent system consisting of 0.1% aqueous TFA (solvent A) and 0.1% TFA in acetonitrile (solvent 

B). The analytical and semi-preparative purification methods are as follows: 0-3 min (10% B), 3-

18 min (ramp 10-45% B), 18-25 min (ramp 45-100% B), 25-26.15 min (100% B), 26.15-27.25 

min (ramp 100-10% B), and 27.25-36 min (10% B). 

 

5.1.4 Ca2+ Mobilization Assay 

 Chem-5 cells (Millipore, USA), expressing the APJ receptor, were incubated in 100 𝜇L of 

media (HBSS, 20 mM HEPES, pH 7.4) in 96-well plates (approximately 20,000 cells/well) at 37 

℃ and 5% CO2 for 24 h. The media was exchanged for a new buffer system (HBSS, 20 mM 

HEPES, 2.5 M probenecid, pH 7.4) and a fluorescence dye was added (Calcium 6-GF, Molecular 

Devices, USA). The cells were incubated at 37 ℃ and 5% CO2 for 2 h. Apelin analogues were 

diluted in HBSS buffer at pH 7.4 and an aliquot was added to the cells according to a serial dilution 

of known concentration. Change in fluorescence after the addition of the apelin peptides was 

monitored with a Spectramax i3x plate-reader (Molecular Devices, USA); values were analyzed 

using Prism 5.01 (GraphPad, USA). Experiments were performed in three replicates.  
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5.1.5 Plasma protein binding 

 Adapting from a published protocol, plasma protein binding studies were performed using 

a custom-built 96-well equilibrium dialysis apparatus (25 kDa MWCO membrane).254 1 mM 

DMSO stock solutions for each peptide (final concentration of 100 𝜇M) were diluted in EDTA 

and MLN-4760 stabilized pooled 55% human or mouse plasma. 150 𝜇L of the peptide-plasma 

solution was added to the retentate side of the dialysis vial and 150 𝜇L of PBS buffer (pH 7.4) was 

added to the dialysate side. The 96-well plate was incubated at 37 ℃ and shaken at 120 rpm for 3 

h; 3 h was determined to be sufficient to reach equilibrium. After the incubation period, 25 𝜇L of 

retentate was mixed with 25 𝜇L of PBS buffer, and 25 𝜇L of dialysate was mixed with 25 𝜇L of 

pooled plasma and incubated on ice for 10 min. Samples were quenched with 20 𝜇L of 10% 

aqueous TFA, and 5 𝜇L of 1mM Dans-YVG was added as the standard. These samples were 

purified using a pre-equilibrated C18 spin column as previously described prior to LCMS 

quantification of the area under the curve (AUC) ratios. 

 

5.1.6 Log D7.4 Determination 

 Adapting from a published protocol from OECD40, log D7.4 values were measured using 

a shake flask procedure using n-octanol (>99%, Sigma-Aldrich, St. Louis, USA) and phosphate-

buffered saline (PBS) at pH 7.4 and at room temperature.255 A 10 𝜇m stock solution of each peptide 

were prepared in either 1 mL of PBS-saturated n-octanol or 1 mL n-octanol-saturated PBS buffer. 

100 𝜇L of the solution was submitted for LCMS (10 𝜇L onto a C18 column) for reference 

quantification before shaking. 300 𝜇L of each solution was added to an Eppendorf tube and 

vortexed for 10 min. The phases were allowed to settle for 10 min and were then centrifuged at 
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10,200 × g for 10 min. 100 𝜇L of each phase was submitted for LCMS quantification (10 𝜇L onto 

a C8 column). 

 

5.1.7 Experimental Animals and Protocol 

 All experiments were performed by Dr. Oudit’s lab, with experimental discussions and 

advice from our lab. Wildtype male mice at 12 weeks of age (C57BL/6, 24-30 g in weight) were 

purchased from Jackson Laboratories (Bar Harbor, ME, USA). Mice were provided water and 

standard chow ad libitum and housed in a 12 h light:dark cycle facility. The experiments were 

performed as per the University of Alberta institutional animal care and use guidelines, which 

conform to the Canadian Council on Animal Care and U.S. National Institutes of Health Guide for 

the Care and Use of Laboratory Animals guidelines.  

 

5.1.8 In Vivo Mice Blood Pressure Assays 

 All experiments were performed by Dr. Oudit’s lab, with experimental discussions and 

advice from our lab. Male mice (24-30 g in weight) were anesthetized with 1.5 % 

isoflurane/oxygen, and the body temperature was maintained and monitored at 36 ℃ by a heating 

pad. The aorta was cannulated via the right carotid artery using a PV loop catheter (model 1.2F 

from Scisense Transonic) to continuously record arterial blood pressure and heart rates (LabScribe 

2.0, Scisense). Apelin peptide (1.4 𝜇M/kg body weight) or the same volume of saline was injected 

via the right jugular vein (n = 3). The results are reported as heart rate (HR), mean arterial blood 

pressure (MABP), systolic blood pressure (SBP), and diastolic blood pressure (DBP). Changes in 

HR, MABP, SBP, and DBP (i.e., ∆ MABP) from the baseline at 15 min post-injection are presented 

as mean ± SEM. Blood pressure traces were analyzed with LabScribe2 (iWorx Systems Inc.), and 
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plotted using OriginLab (Northhampton, MA), and analyzed with SPSS (IBM Corporation, 

Chicago, IL). One-way ANOVA tests were performed, and Tukey post-hoc analyses were 

conducted to determine statistical significance for the MABP values at 15 min post-injection with 

the apelin peptides; P < 0.05 was considered significant.  

 

5.1.9 Langendorff Isolated Heart Assays 

 All experiments were performed by Dr. Oudit’s lab, with experimental discussions and 

advice from our lab. Langendorff isolated heart assays were performed to measure cardiac function 

and heart perfusion post ischemia-reperfusion injury. Male mice (24-30 g in weight) were 

heparinized and anesthetized with 1.5-2 % isoflurane inhalation. The heart was excised from the 

mouse and mounted on a Langendorff set-up, and then subsequently perfused with modified 

Krebs−Henseleit solution (116 mM NaCl, 3.2 mM KCl, 2.0 mM CaCl2, 1.2 mM MgSO4, 25 mM 

NaHCO3, 1.2 mM KH2PO4, 11 mM glucose, 0.5 mM EDTA, and 2 mM pyruvate). The heart was 

kept at 37 ℃ and continuously oxygenated with 95 % O2 and 5 % CO2, which maintained the 

perfusion buffer at pH 7.4. After stabilization and 10 min of baseline recording, global ischemia 

was induced for 30 min followed by 40 min of reperfusion. Apelin peptides were given at the start 

of reperfusion for 10 min at a concentration of 1 𝜇M (n=5). Left ventricular functions were 

obtained continuously by the PowerLab system (ADInstruments, Australia). Data were reported 

as the mean value of every 5 min. Left ventricular functions were reported as the LVDP, HR, max 

dP/dt, min dP/dt, and RPP. Ischemia reperfusion traces were analyzed using LabChart 

(ADInstruments, Australia) and presented as mean ± SEM. The resulting graphs were plotted with 

OriginLab, and statistical analysis was conducted with SPSS. One-way ANOVA followed by 
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Tukey post-hoc analysis was conducted for LVDP, RPP, and max and min dP/dt values at 15 min 

post-reperfusion; P < 0.05 was considered statistically significant.  

 

5.1.10 Radioligand Receptor Binding Assay 

 All experiments were performed by Dr. Llorens-Cortès’ lab, with experimental discussions 

and advice from our lab. Membrane preparations from Chinese hamster ovary (CHO) cells, stably 

expressing the wild-type rat apelin receptor-EGFP were previously described.256,257 Crude 

membrane preparations (1 𝜇g total mass of membranes/assay) were incubated at 20 ℃ for 3 h with 

0.2 nM [125I]-pyr-1-apelin-13 (monoiodinated on Lys9 with the Bolton-Hunter reagent, 

PerkinElmer, Wellesley, MA, USA) in binding buffer (50 mM HEPES, 5 mM MgCl2, pH 7.5, 

bovine serum albumin (BSA) 1 %) with or without the different apelin compounds at various 

concentrations. The reaction was quenched with 4 mL of cold binding buffer, and the product was 

filtered on Whatman GF/C filters and washed with 5 mL of cold binding buffer. Radioactivity was 

counted using a Wizard 1470 Wallac 𝛾 counter (PerkinElmer, Turku, Finland). Binding 

experiment data were analyzed with GraphPad Prism 6.  
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5.2. Procedures for the Optimization of PEG-extended Apelin Peptides 

 

5.2.1 Synthesis of Analogues 7-18 

 

5.2.1.1 Synthesis of PEG6-NMe17A2 (7).  

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(tBu)-OH. The ArgNMeLeu dipeptide was attached manually as 

described previously.57 The peptide was then extended with automated SPPS with additional 

amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Gln(Trt)-OH, 

Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-OH. Resin-

bound peptide was then coupled to Fmoc-PEG6-CH2CH2COOH was coupled according to the 

general N-terminal PEGylation procedure and subsequently cleaved from the resin. The peptide 

was purified with a Vydac Diphenyl RP-HPLC column (300 Å, 5 𝜇m, 250 mm × 4.6 mm).  The 

desired peptide was eluted at 17.1 min and isolated as a white solid after lyophilization (6.5 mg, 

8%). Monoisotopic mass calculated for C127H199BrN35O29 690.1142, found (FTICR-ESI-MS) 

690.1151 [M + 4H]4+. 

  

5.2.1.2 Synthesis of FmocPEG3 -NMeLeu17A2 (8) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 
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subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(t-Bu)-OH, with end-capping after each step. The ArgNMeLeu 

dipeptide was attached manually as described previously but extended for 4 h.57 Manual SPPS then 

proceeded with amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, Fmoc-

Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH. After the final N-terminal deprotection, Fmoc-(PEG)3-CH2CH2COOH was coupled according 

to the general N-terminal PEGylation procedure. The peptide was then cleaved from the resin and 

purified using the HPLC general method and a Vydac Diphenyl RP-HPLC column (300 Å, 5 𝜇m, 

250 mm × 4.6 mm). The desired peptide was isolated as a white solid after lyophilization (0.075 

mmol, 15 mg, 7.6%). Monoisotopic mass calculated for C121H186BrN35O26 2624.3492, found 

(FTICR-ESI-MS) 2624.3361 [M+H]+. 

 

5.2.1.3 Synthesis of MeOPEG3-NMeLeu17A2 (9) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(t-Bu)-OH, with end-capping after each step. The ArgNMeLeu 

dipeptide was attached manually as described previously but extended for 4 h.57 Manual SPPS then 

proceeded with amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, Fmoc-

Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH. After the final N-terminal deprotection, MeO-(PEG)3-CH2CH2COOH was coupled according 
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to the general N-terminal PEGylation procedure. The peptide was then cleaved from the resin and 

purified using the HPLC general method and a C18 RP-HPLC analytical column (Supelco Ascentis 

Si, C18 100 Å, 5 𝜇m, 25 cm × 4.6 mm). The desired peptide was isolated as a white solid after 

lyophilization (0.075 mmol, 12 mg, 6.6%). Monoisotopic mass calculated for C107H177BrN34O25 

2417.2721, found (FTICR-ESI-MS) 2417.2808 [M+H]+. 

 

5.2.1.4 Synthesis of NH2PEG4-NMeLeu17A2 (10) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(t-Bu)-OH, with end-capping after each step. The ArgNMeLeu 

dipeptide was attached manually as described previously but extended for 4 h.57 Manual SPPS then 

proceeded with amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, Fmoc-

Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH. After the final N-terminal deprotection, NH2-(PEG)4-CH2CH2COOH was coupled according 

to the general N-terminal PEGylation procedure. The peptide was then cleaved from the resin and 

purified using the HPLC general method and a C18 RP-HPLC analytical column (Supelco Ascentis 

Si, C18 100 Å, 5 𝜇m, 25 cm × 4.6 mm). The desired peptide was isolated as a white solid after 

lyophilization (0.075 mmol, 16 mg, 8.7%). Monoisotopic mass calculated for C108H180BrN35O25 

2446.3073, found (FTICR-ESI-MS) 2446.2956 [M+H]+. 
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5.2.1.5 Synthesis of MeOPEG6-NMeLeu17A2 (11) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale.  Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH,  and  Fmoc-Ser(t-Bu)-OH,  with end-capping after each step.  The ArgNMeLeu 

dipeptide was attached manually as described previously but extended for 4 h.57 Manual SPPS then 

proceeded with amino acids in the following order:  Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH,  Fmoc-

Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH. After the final N-terminal deprotection, MeO-PEG6-CH2CH2COOH was coupled according 

to the general N-terminal PEGylation procedure. The peptide was then cleaved from the resin and 

purified using the HPLC general method and a C18 RP-HPLC analytical column (Supelco Ascentis 

Si, C18 100 Å, 5 𝜇m, 25 cm × 4.6 mm). The desired peptide was isolated as a white solid after 

lyophilization (0.075 mmol, 9 mg, 4.7%). Monoisotopic mass calculated for C113H189BrN34O28 

2539.3594, found (FTICR-ESI-MS) 2549.3484 [M+H]+. 

 

5.2.1.6 Synthesis of NH2PEG6-NMeLeu17A2 (12) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(t-Bu)-OH,  with end-capping after each step. The ArgNMeLeu 

dipeptide was attached manually as described previously but extended for 4 h.57 Manual SPPS then 
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proceeded with amino acids in the following order:  Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH,  Fmoc-

Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH. After the final N-terminal deprotection, Fmoc-PEG6-CH2CH2COOH was coupled according 

to the general N-terminal PEGylation procedure. The peptide was then Fmoc-deprotected by 

bubbling 20% piperidine in DMF (3 × 10 mL for 5 min each). The peptide was then cleaved from 

the resin and purified using the HPLC general method and a C18 RP-HPLC analytical column 

(Supelco Ascentis Si, C18 100 Å, 5 𝜇m, 25 cm × 4.6 mm). The desired peptide was isolated as a 

white solid after lyophilization (0.075 mmol, 10 mg, 5.3%). Monoisotopic mass calculated for 

C113H188BrN33O28 2534.3485, found (FTICR-ESI-MS) 2534.3462 [M+H]+        . 

 

5.2.1.7 Synthesis of CbzPEG6-NMeLeu17A2 (13) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(t-Bu)-OH, with end-capping after each step The ArgNMeLeu 

dipeptide was attached manually as described previously but extended for 4 h.57 This dipeptide  

was coupled according to the general method but extended for 4 h. Manual SPPS then proceeded 

with amino acids in the following order:  Fmoc-Pro-OH,  Fmoc-Arg(Pmc)-OH,  Fmoc-Gln(Trt)-

OH,  Fmoc- Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-OH. After 

the final N-terminal deprotection, Fmoc-PEG6-CH2CH2COOH was coupled according to the 

general N-terminal PEGylation procedure. The peptide was then Fmoc-deprotected by bubbling 

20% piperidine in DMF (3 × 10 mL for 5 min each). The peptide N-terminus was then protected 
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by coupling with benzyl chloroformate: Resin-bound Fmoc-deprotected peptide (1 equiv) was 

suspended in 10 mL of DMF along with benzyl chloroformate (2 equiv) and DIPEA (5 equiv). 

The reaction mixture was shaken for 24 hours at room temperature, and then filtered, washed with 

3 x 10 mL DMF, and set up again for another 24 hours. After filtering and washing this reaction 

solution, the peptide was then cleaved from the resin and purified using the HPLC general method 

and a Vydac Diphenyl RP-HPLC column (300 Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide 

was isolated as a white solid after lyophilization (0.075 mmol, 13 mg, 6.5%). Monoisotopic mass 

calculated for C120H198BrN35O293+ 668.1064, found (FTICR-ESI-MS) 668.1069 [M+4H]4+. 

 

5.2.1.8 Synthesis of pBpaPEG6-NMeLeu17A2 (14) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(t-Bu)-OH, with end-capping after each step. The ArgNMeLeu 

dipeptide was attached manually as described previously but extended for 4 h. Manual SPPS then 

proceeded with amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, Fmoc-

Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH. After the final N-terminal deprotection, Fmoc-PEG6-CH2CH2COOH was coupled according 

to the general N-terminal PEGylation procedure. The peptide was then Fmoc-deprotected by 

bubbling 20% piperidine in DMF (3 × 10 mL for 5 min each). Fmoc-4-benzoyl-L-phenylalanine 

was then coupled according to the general elongation procedure and finally deprotected to give a 

free N-terminal amine. The peptide was then cleaved from the resin and purified using the HPLC 
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general method and a Vydac Diphenyl RP-HPLC column (300 Å, 5 𝜇m, 250 mm × 4.6 mm). The 

desired peptide was isolated as a white solid after lyophilization (0.075 mmol, 10 mg, 4.8%). 

Monoisotopic mass calculated for C128H210BrN36O2933+ 930.4925, found (FTICR-ESI-MS) 

930.4928 [M + 3H]3+. 

 

5.2.1.9 Synthesis of PhePEG6-NMeLeu17A2 (15) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(t-Bu)-OH, with end-capping after each step. The ArgNMeLeu 

dipeptide was attached manually as described previously but extended for 4 h.57 Manual SPPS then 

proceeded with amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, Fmoc-

Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH. After the final N-terminal deprotection, Fmoc-PEG6-CH2CH2COOH was coupled according 

to the general N-terminal PEGylation procedure. The peptide was then Fmoc-deprotected by 

bubbling 20% piperidine in DMF (3 × 10 mL for 5 min each). Fmoc-Phe-OH was then coupled 

according to the general elongation procedure and finally deprotected to give a free N-terminal 

amine. The peptide was then cleaved from the resin and purified using the HPLC general method 

and a Vydac Diphenyl RP-HPLC column (300 Å, 5 μum, 250 mm × 4.6 mm). The desired peptide 

was isolated as a white solid after lyophilization (0.075 mmol, 11 mg, 5.3%). Monoisotopic mass 

calculated for C121H200BrN36O2833+ 895.8171, found (FTICR-ESI-MS) 895.8167 [M + 3H]3+. 
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5.2.1.10 Synthesis of FmocPEG10-NMeLeu17A2 (16) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(t-Bu)-OH, with end-capping after each step. The ArgNMeLeu 

dipeptide was attached manually as described previously but extended for 4 h.57 Manual SPPS then 

proceeded with amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, Fmoc-

Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH. After the final N-terminal deprotection, Fmoc-(PEG)10-CH2CH2COOH was coupled 

according to the general N-terminal PEGylation procedure. The peptide was then cleaved from the 

resin and purified using the HPLC general method and a Vydac Diphenyl RP-HPLC column (300 

Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide was isolated as a white solid after lyophilization 

(0.075 mmol, 15 mg, 6.7%). Monoisotopic mass calculated for C135H217BrN35O33 978.5182, found 

(FTICR-ESI-MS) 978.5190 [M+3H]3+. 

 

5.2.1.11 Synthesis of FmocPEG6-NMeLeu13A2 (17) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(t-Bu)-OH, with end-capping after each step. The ArgNMeLeu 

dipeptide was attached manually as described previously but extended for 4 h.57 Manual SPPS then 
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proceeded with amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, and 

Fmoc-Gln(Trt)-OH. After the final N-terminal deprotection, Fmoc-PEG6-CH2CH2COOH was 

coupled according to the general N-terminal PEGylation procedure. The peptide was then cleaved 

from the resin and purified using the HPLC general method and a Vydac Diphenyl RP-HPLC 

column (300 Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide was isolated as a white solid after 

lyophilization (0.075 mg, 11 mg, 6.3%). Monoisotopic mass calculated for C100H156BrN24O25 

724.0280, found (FTICR-ESI-MS) 724.0282 [M+3H]3+. 

 

5.2.1.12 Synthesis of FmocPEG10-NMeLeu13A2 (18) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(t-Bu)-OH, with end-capping after each step. The ArgNMeLeu 

dipeptide was attached manually as described previously but extended for 4 h.57 Manual SPPS then 

proceeded with amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, and 

Fmoc-Gln(Trt)-OH. After the final N-terminal deprotection, Fmoc-PEG10-CH2CH2COOH was 

coupled according to the general N-terminal PEGylation procedure. The peptide was then cleaved 

from the resin and purified using the HPLC general method and a Vydac Diphenyl RP-HPLC 

column (300 Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide was isolated as a white solid after 

lyophilization (0.075 mmol, 13 mg, 7.4%). Monoisotopic mass calculated for C108H171BrN24O292+ 

1175.0915, found (FTICR-ESI-MS) 1175.0908 [M + 2H]2+. 
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5.2.2 In Vitro Human and Mice Plasma Stability Assays 

 20 𝜇L of pooled human or mouse plasma was aliquoted into 1.7 mL Eppendorf tubes and 

incubated at 37 ℃ for 10 min. 5 𝜇L of apelin analogue (400 𝜇M) was added and incubated at 37 

℃ at varying time lengths. The reaction solutions were quenched with 20 𝜇L of 10% aqueous 

TFA, followed by the addition of 5 𝜇L of an internal standard peptide dansyl-YVG-OH (1 mM). 

The quenched mixtures were diluted with another 50 𝜇L of 0.1% aqueous TFA and centrifuged at 

10,200 × g for 10 min. The supernatant was loaded onto pre-equilibrated C18 or diphenyl spin 

column (Harvard Apparatus) with 100 𝜇L of 0.1% aqueous TFA; the columns were pre-wetted 

with 50 % ACN in 0.1% aqueous TFA (2 × 200 𝜇L) and 0.1% aqueous TFA (2 × 200 𝜇L) with 

centrifugation at 300 × g for 2 min between each loading. The quenched samples were loaded onto 

the column at 300 × g and then washed with 0.1% aqueous TFA (2 × 200 𝜇L); filtrated discarded 

after each wash. The desired peptides were eluted with 40 % ACN in 0.1% aqueous TFA with 

centrifugation at 300 × g. The eluate was stored at -20 ℃ until loading onto an RP-HPLC 

instrument using the method previously described. The 0 min incubation internal 

standard/analogue area ratio was used to compare the internal standard/analogue area ratio for the 

timed experiments and determine the remaining analogue (%). Experiments were performed in 

three replicates. 

 

5.3 Procedures for the hArg/Cha Modifications in the RPRL Region 

 

5.3.1 Synthesis of Analogues 19-27 
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5.3.1.1 Synthesis of hArg13A2 (19) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at a 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Leu-OH, Fmoc-hArg(Pbf)OH, Fmoc-Pro-OH, Fmoc-

Arg(Pmc)-OH, and Fmoc-pGlu-OH. The resin-bound peptide was subsequently cleaved from the 

resin. The peptide was purified with a Phenomenex Luna C18 RP-HPLC column (100 Å, 5 𝜇m, 

250 mm × 4.6 mm). The desired peptide was eluted at 13.2 min and isolated as a white solid after 

lyophilization (10 mg, 12%). Monoisotopic mass calculated for C72H115BrN22O16 811.4017, found 

(FTICR-ESI-MS) 811.4019 [M+2H]2+. 

 

5.3.1.2 Synthesis of Cha13A2 (20) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at a 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Cha-OH, Fmoc-Arg(Pbf)OH, Fmoc-Pro-OH, Fmoc-

Arg(Pmc)-OH, and Fmoc-pGlu-OH. The resin-bound peptide was subsequently cleaved from the 

resin. The peptide was purified with a Phenomenex Luna C18 RP-HPLC column (100 Å, 5 μm, 

250 mm × 4.6 mm). The desired peptide was eluted at 13.3 min and isolated as a white solid after 

lyophilization (11 mg, 13%). Monoisotopic mass calculated for C70H113BrN22O16 798.3939, found 

(FTICR-ESI-MS) 798.3916 [M+2H]2+. 
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5.3.1.3 Synthesis of hArgCha13A2 (21) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at a 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Cha-OH, Fmoc-hArg(Pbf)OH, Fmoc-Pro-OH, Fmoc-

Arg(Pmc)-OH, and Fmoc-pGlu-OH. The resin-bound peptide was subsequently cleaved from the 

resin. The peptide was purified with a Phenomenex Luna C18 RP-HPLC column (100 Å, 5 μm, 

250 mm × 4.6 mm). The desired peptide was eluted at 13.1 min and isolated as a white solid after 

lyophilization (13 mg, 15%). Monoisotopic mass calculated for C73H117BrN22O16 818.4095, found 

(FTICR-ESI-MS) 818.4074 [M+2H]2+. 

 

5.3.1.4 Synthesis of hArg17A2 (22) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at a 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Leu-OH, Fmoc-hArg(Pbf)OH, Fmoc-Pro-OH, Fmoc-

Arg(Pmc)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, 

and Fmoc-Lys(Boc)-OH. The resin-bound peptide was subsequently cleaved from the resin. The 

peptide was purified with a Phenomenex Luna C18 RP-HPLC column (100 Å, 5 μm, 250 mm × 

4.6 mm). The desired peptide was eluted at 13.2 min and isolated as a white solid after 
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lyophilization (12 mg, 14%). Monoisotopic mass calculated for C99H164BrN34O20 742.7343, found 

(FTICR-ESI-MS) 742.7329 [M+3H]3+. 

 

5.3.1.5 Synthesis of Cha17A2 (23) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at a 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Cha-OH, Fmoc-Arg(Pbf)OH, Fmoc-Pro-OH, Fmoc-

Arg(Pmc)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, 

and Fmoc-Lys(Boc)-OH. The resin-bound peptide was subsequently cleaved from the resin. The 

peptide was purified with a Phenomenex Luna C18 RP-HPLC column (100 Å, 5 μm, 250 mm × 

4.6 mm). The desired peptide was eluted at 13.1 min and isolated as a white solid after 

lyophilization (15 mg, 18%). Monoisotopic mass calculated for C97H162BrN34O20 734.0624, found 

(FTICR-ESI-MS) 734.0605 [M+3H]3+. 

 

5.3.1.6 Synthesis of hArgCha17A2 (24) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at a 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Cha-OH, Fmoc-hArg(Pbf)OH, Fmoc-Pro-OH, Fmoc-

Arg(Pmc)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, 
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and Fmoc-Lys(Boc)-OH. The resin-bound peptide was subsequently cleaved from the resin. The 

peptide was purified with a Phenomenex Luna C18 RP-HPLC column (100 Å, 5 μm, 250 mm × 

4.6 mm). The desired peptide was eluted at 13.8 min and isolated as a white solid after 

lyophilization (12 mg, 14%). Monoisotopic mass calculated for C100H166BrN34O20 747.4062, found 

(FTICR-ESI-MS) 747.4050 [M+3H]3+. 

 

5.3.1.7 Synthesis of NMeCha17A2 (25) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at a 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(tBu)-OH. The synthesized Fmoc-NMeCha-OH (29) was attached 

manually as described previously.57 The peptide was then extended with manual SPPS with 

additional amino acids in the following order: Fmoc-Arg(Pbf)OH, Fmoc-Pro-OH, Fmoc-

Arg(Pmc)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, 

and Fmoc-Lys(Boc)-OH. The resin-bound peptide was subsequently cleaved from the resin. The 

peptide was purified with a Phenomenex Luna C18 RP-HPLC column (100 Å, 5 μm, 250 mm × 

4.6 mm). The desired peptide was eluted at 21.3 min and isolated as a white solid after 

lyophilization (14 mg, 17%). Monoisotopic mass calculated for C100H163BrN34O20 747.4076, found 

(FTICR-ESI-MS) 747.4062 [M + 3H]3+. 
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5.3.1.8 Synthesis of hArgNMeCha17A2 (26) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at a 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(tBu)-OH. The synthesized Fmoc-hArg(Boc)2-NMe-Cha-OH (33) was 

attached manually as described previously.258 The peptide was then extended with manual SPPS 

with additional amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, Fmoc-

Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH. The resin-bound peptide was subsequently cleaved from the resin. The peptide was purified 

with a Phenomenex Luna C18 RP-HPLC column (100 Å, 5 μm, 250 mm × 4.6 mm). The desired 

peptide was eluted at 21.5 min and isolated as a white solid after lyophilization (14 mg, 17%). 

Monoisotopic mass calculated for C100H165BrN34O20 564.3025, found (FTICR-ESI-MS) 564.3103 

[M + 4H]4+. 

 

5.3.1.9 Synthesis of hArgNMeLeu17A2 (27) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at a 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subjected to manual SPPS (general method) introducing L-amino acids in the following order: 

Fmoc-Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-

His(Trt)-OH, and Fmoc-Ser(tBu)-OH. The synthesized Fmoc-hArg(Boc)2-NMeLeu-OH (36) was 

attached manually as described previously.258 The peptide was then extended with manual SPPS 

with additional amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, Fmoc-
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Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH. The resin-bound peptide was subsequently cleaved from the resin. The peptide was purified 

with a Phenomenex Luna C18 RP-HPLC column (100 Å, 5 μm, 250 mm × 4.6 mm). The desired 

peptide was eluted at 21.3 min and isolated as a white solid after lyophilization (16 mg, 19%). 

Monoisotopic mass calculated for C98H161BrN34O20 554.3025, found (FTICR-ESI-MS) 554.2950 

[M + 4H]4+. 

 

5.3.2 Synthesis of hArg-(NMe)Cha dipeptides 

 

5.3.2.1 Synthesis of (4S)-3-(9-Fluorenylmethyloxycarbonyl)-4-cyclohexylalanine-5-oxo-

oxazolidinone (28) 

 

This reaction was adapted from a literature procedure.259 Fmoc-L-Cha-OH (2.00 g, 5.08 

mmol) was suspended in toluene (100 mL), and paraformaldehyde (1.06 g, 33.8 mmol) and p-

toluenesulfonic acid (0.12 g, 0.55 mmol) were subsequently added. The mixture was refluxed at 

120 ℃ for 2 h with azeotropic water removal, resulting in a pale-white suspension. The solution 

was cooled to room temperature and subsequently washed with 1 M NaHCO3 (3 × 50 mL) and 

brine (3 × 50 mL). The organic layer was dried over Na2SO4 and concentrated in vacuo. The 

product was purified by flash chromatography (silica gel, 25% EtOAc in hexanes), yielding 28 

(1.90 g, 95%) as a white solid. (Rf =0.29 on SiO2, 25% EtOAc in hexanes); [α]D26 63.36 (c 0.65 

CH2Cl2); IR (CH2Cl2 cast) 3067, 3041, 3019, 2924, 2851, 1801, 1716, 1478, 1450, 1417, 1056 cm-
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1; 1H (CDCl3, 400 MHz) δ 7.78 (dd, J = 3.3 Hz, 2H, Fmoc Ar-H), 7.54 (d, J = 7.3 Hz, 2H, Fmoc 

Ar-H), 7.42 (dt, J = 7.5 Hz, 2H, Fmoc Ar-H), 7.33 (dt, 7.39 Hz, 2H, Fmoc Ar-H), 5.34 (app. s, 1H, 

Fmoc-CH), 5.07 (d, J = 4.61 Hz, 2H, Fmoc-CH2), 4.68 (app. s, 2H, oxazolidinone CH2), 4.23, (t, 

J = 4.74, 1H, Cha-CH𝛼), 1.80 – 1.60 (app. s, 6H, Cha-CH2), 1.45 – 1.35 (app. s, 2H, Cha-CH2𝛽), 

1.25 – 1.15 (app. s, 4H, Cha-CH2), 1.00 – 0.60 (app. s, 1H, Cha-CH𝛾); 13C (CDCl3, 100 MHz) 𝛿 

188.9, 172.5, 141.5, 128.0, 127.3, 127.2, 124.6, 120.2, 65.9, 52.9, 47.3, 37.8, 33.2, 26.3, 26.1, 26.0, 

15.3; HRMS (ESI) Calculated for C25H27NO4 405.1940, found 428.1831 [M+Na]+. 

 

5.3.2.2 Synthesis of Fmoc-NMeCha-OH (29) 

 

This reaction was adapted from a literature procedure.259 The oxazolidinone intermediate 

28 (1.90 g, 4.67 mmol) was dissolved in CHCl3, and trifluoroacetic acid (30 mL) and triethylsilane 

(2.35 mL, 14.67 mmol) were added. The solution was stirred at room temperature for 22 h followed 

by concentration in vacuo, affording a sticky yellow solid. The product was purified by flash 

chromatography (silica gel, 5% MeOH in CH2Cl2), yielding 29 (1.50 g, 80%) as an off-white solid. 

(Rf =0.54 on SiO2, 5% MeOH in CH2Cl2); [α]D26 -22.05 (c 1.16 CH2Cl2); IR (CH2Cl2 cast) 3067, 

3043, 3019, 2924, 2851, 1742, 1706, 1478, 1451 cm-1; 1H (CDCl3, 400 MHz) δ 8.68 (bs, 1H, 

COOH), 7.75 (d, J = 7.6 Hz, 2H, Fmoc Ar-H), 7.65 – 7.52 (t, J = 6.6 Hz, 2H, Fmoc Ar-H), 7.39 

(dt, J = 7.4 Hz, 2H, Fmoc Ar-H), 7.37 – 7.27 (dt, 6.89 Hz, 2H, Fmoc Ar-H), 5.01 – 4.50 (d, 4.8 

Hz, 2H, Fmoc-CH2), 4.46 (t, J = 7.6 Hz, Cha-CH𝛼), 4.34 – 4.19 (t, J = 7.0 Hz, 1H, Fmoc-CH), 

2.88 (s, 3H, N-CH3), 1.92-1.48 (m, 6H, Cha-CH2), 1.34 – 1.08 (m, 4H, Cha-CH2), 1.05 – 0.91 (m, 
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2H, Cha-CH2𝛽), 0.83 – 0.71 (m, 1H, Cha-CH𝛾); 13C (CDCl3, 100 MHz) δ 177.7, 157.2, 144.0, 

141.4, 127.7, 127.1, 125.1, 124.8, 120.0, 67.9, 56.1, 47.3, 36.0, 33.9, 31.9, 31.8, 30.5, 26.4, 26.3, 

26.0; HRMS (ESI) Calculated for C25H29NO4 407.2097, found 408.2165 [M+H]+. 

 

5.3.2.3 Synthesis of Fmoc-NMeCha-OBn (30) 

 

This reaction was adapted from a literature procedure.260 A solution of 29 (1.50 g, 3.68 

mmol) in DMF (100 mL) was cooled to 0 ℃. K2CO3 (0.67 g, 4.86 mmol) was added, and the 

reaction mixture was stirred at 0 ℃ for 1 h. Subsequently, benzyl bromide (0.58 mL, 4.86 mmol) 

was added, and the reaction was stirred at 0 ℃ for 30 min and then reacted at room temperature 

overnight to afford an off-white solution. The solution was poured into H2O (200 mL) and 

extracted with hexane (4 × 200 mL). The organic layers were combined and washed with cold 

H2O (2 × 200 mL) and brine (2 × 200 mL), then dried over Na2SO4 and concentrated in vacuo to 

afford a yellow oil. The product was purified by flash chromatography (silica gel, 6:1 

hexane:EtOAc), yielding 30 (1.33 g, 89%) as white crystals. (Rf = 0.41 on SiO2, 6:1 

hexane:EtOAc); [α]D26 -13.47 (c 1.24 CH2Cl2); IR (CH2Cl2 cast) 3089, 3066, 3037, 2924, 2851, 

1740, 1703, 1149 cm-1; 1H (CDCl3, 400 MHz) δ 7.80 – 7.58 (d, J = 7.5 Hz, 2H, Fmoc Ar-H), 7.76 

– 7.49 (t, J = 6.8 Hz, 2H, Fmoc Ar-H), 7.43 – 7.34 (dt, J = 7.4 Hz, 2H, Fmoc Ar-H), 7.33 – 7.27 

(m, 2H, Fmoc Ar-H), 7.33 – 7.27 (m, 5H, Ar-H), 5.15 (s, 2H, Ar-CH2), 5.03 – 4.57 (d, J = 4.9 Hz, 

2H, Fmoc- CH2), 4.41 (t, J = 7.3 Hz, Cha-CH𝛼), 4.28 (t, J = 7.1 Hz, 1H, Fmoc-CH), 2.86 (s, 3H, 

NCH3), 1.74 – 1.60 (m, 6H, Cha- CH2), 1.29 – 1.17 (m, 4H, Cha- CH2), 1.17 – 1.08 (m, 2H, Cha-
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CH2𝛽), 0.98 – 0.89 (m, 1H, Cha-CH𝛾); 13C (CDCl3, 100 MHz) δ 172.1, 171.2 156.5, 143.6, 140.9, 

135.3, 128.2, 127.9, 127.8, 127.7, 127.3, 126.6, 124.6, 123.4, 119.6, 67.2, 66.4, 55.6, 46.9, 35.9, 

35.7, 33.5, 31.6, 29.8, 26.0, 25.9, 25.6; HRMS (ESI) Calculated for C32H35NO4 497.2566, found 

498.2646 [M+H]+. 

 

5.3.2.4 Synthesis of Fmoc-Lys(Boc)-NMeCha-OBn (31) 

 

This reaction was adapted from a literature procedure.57 30 (0.67 g, 1.35 mmol) was 

dissolved in a 1:1 solution of DEA:DCM (2 mL) and stirred at room temperature for 1 h. The 

reaction mixture was concentrated under reduced pressure affording a sticky yellow oil. The free 

amine was used as the crude for the next step. Fmoc-L-Lys(Boc)-OH (1.71 g, 3.65 mmol), PYBOP 

(1.39 g, 2.67 mmol), HOBt (0.36 g, 2.67 mmol) and DIPEA (3.5 mL, 16 mmol) were dissolved in 

DMF (20 mL) and allowed to pre-activate for 10 min. The free amine was dissolved in dry CH2Cl2 

(30 mL) and DIPEA (0.47 mL, 2.7 mmol) was added to it, where the solution was then added to 

the previous step. The reaction was stirred at room temperature for 22 h. Subsequently, the reaction 

was washed with saturated NaHCO3 (50 mL) and EtOAc (50 mL) was added to dissolve the 

resulting precipitate. The organic layer was washed with 10% citric acid (50 mL), cold H2O (50 

mL) and brine (50 mL), then dried over Na2SO4 and concentrated under reduced pressure to give 

a sticky yellow oil. The product was purified by flash chromatography (silica gel, 33% EtOAc in 

hexane), yielding 31 (0.43 g, 64%) as a white powder. (Rf =0.43 on SiO2, 33% EtOAc in hexane); 
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[α]D26 -15.59 (c 0.88 CH2Cl2); IR (CH2Cl2 cast) 3333, 3289, 3066, 3043 2854, 2979, 2928, 1721, 

1640, 1619, 1499 cm-1; 1H (CDCl3, 400 MHz) δ 7.76 (d, J = 7.4 Hz, 2H, Fmoc Ar-H), 7.59 (dd, J 

= 7.2, 4.0 Hz, 2H, Fmoc Ar-H), 7.40 – 7.37 (m, 2H, Fmoc Ar-H), 7.36 – 7.28 (m, 2H, Fmoc Ar-

H), 7.36 – 7.28 (m, 5H, Ar-H), 5.68 – 4.59 (d, J = 8.4 Hz, 2H, Ar-CH2), 5.39 (dd, J = 10.8, 5.0 Hz, 

1H, Lys- CH𝛼), 5.13 (dd, J = 12.2, 10.8 Hz, 1H, Cha-CH𝛼), 4.36 (d, J = 7.0 Hz, 2H, Fmoc-CH2), 

4.22 (t, J = 7.1 Hz, 1H, Fmoc-CH), 3.07 (m, 2H, Lys-CH2𝜀), 2.94 (s, 3H, N-CH3), 1.88-1.74 (m, 

2H, Lys-CH2𝛽), 1.73 – 1.56 (m, 2H, Lys-CH2𝛿),1.73 – 1.56 (m, 6H, Cha-CH2), 1.43 (s, 9H, Boc-

(CH3)3), 1.37 (m, 2H, Lys-CH2𝛾), 1.18 – 1.07 (m, 1H, Cha-CH𝛾), 1.18 – 1.07 (m, 4H, Cha-CH2), 

1.04 – 0.78 (q, J = 10.4 Hz, 1H, Cha-CH2𝛽), 1.04 – 0.78 (q, J = 11.4 Hz, 1H, Cha-CH2𝛽); 13C 

(CDCl3, 100 MHz) δ 172.3, 171.2, 158.4, 155.6, 143.4, 140.9, 135.4, 128.2, 128.1, 127.9, 127.3, 

126.7, 124.7, 119.6, 109.6, 66.7, 53.7, 50.5, 46.8, 43.0, 35.1, 33.8, 33.7, 32.0, 31.7, 30.7, 28.8, 

28.1, 26.0, 25.8, 25.6, 21.8; HRMS (ESI) Calculated for C42H55N3O7 725.4055, found 726.4129 

[M+H]+. 

 

5.3.2.5 Synthesis of Fmoc-hArg(Boc)2-NMeCha-OBn (32) 

 

This reaction was adapted from a literature procedure.57 Dipeptide 31 (0.43 g, 0.59 mmol) 

was dissolved in dry CH2Cl2 (20 mL) and TFA (10 mL) was added to the solution. The reaction 

was stirred at room temperature for 1.5 h and concentrated in vacuo giving a sticky yellow foam. 
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The foam was resuspended in dry CH2Cl2 (20 mL) with the addition of N,N’-di-Boc-N”-guanidine 

triflate (0.254 g, 0.65 mmol) and Et3N (0.18 mL, 1.3 mmol) and stirred at room temperature for 

1.5 h. The reaction was washed with 2 M NaHSO4 (20 mL), 10% NaHCO3 (20 mL) and brine (20 

mL), then dried over Na2SO4 and concentrated in vacuo to give an off-white foam. The product 

was purified by flash chromatography (silica gel, 33% EtOAc in hexane), yielding 32 (0.28 g, 

65%) as a white powder. (Rf =0.57 on SiO2, 33% EtOAc in hexane); [α]D26 -12.70 (c 0.63 CH2Cl2); 

IR (CH2Cl2 cast) 3333, 3066, 2978, 2929, 2854, 1721, 1640, 1134 cm-1; 1H (CDCl3, 400 MHz) δ 

7.76 (d, J = 7.4 Hz, 2H, Fmoc Ar-H), 7.59 (dd, J = 7.2, 4.0 Hz, 2H, Fmoc Ar-H), 7.43 – 7.35 (m, 

2H, Fmoc Ar-H), 7.35 – 7.25 (m, 2H, Fmoc Ar-H), 7.35 – 7.25 (m, 5H, Ar-H), 5.60 (dd, J = 8.2 

Hz, 1H, Cha-CH𝛼), 5.38 (dd, J = 10.6, 5.0 Hz, 1H, Lys-CH𝛼), 5.10 (dd, J = 12.7, 12.0 Hz, Ar-

CH2), 4.64 (app. s, 1H, Lys-NH𝛼), 4.35 (m, 2H, Fmoc-CH2), 4.19 (t, J = 7.0 Hz, 1H, Fmoc-CH), 

3.37 (m, 2H, Lys-CH2𝜀), 2.92 (s, 3H, N-CH3), 1.90 – 1.74 (m, 2H, Lys CH2𝛽), 1.74 – 1.55 (m, 6H, 

Cha- CH2), 1.74 – 1.55 (m, 2H, Lys-CH2𝛿), 1.50 (s, 9H, Boc-(CH3)3), 1.47 (s, 9H, Boc-(CH3)3), 

1.37 (m, 2H, Lys-CH2𝛾), 1.26 – 1.07 (m, 4H, Cha-CH2), 1.26 – 1.07 (m, 1H, Cha-CH), 0.97 – 0.85 

(dd, J = 10.4 Hz, 2H, Cha-CH2𝛽); 13C (CDCl3, 100 MHz) δ 172.8, 171.4, 168.3, 156.1, 153.4,  

143.9, 143.8, 141.3, 135.4, 128.6, 128.5, 128.4, 127.7, 127.1, 125.2, 120.0, 67.1, 54.1, 50.1, 47.2, 

35.5, 34.1, 33.8, 32.4, 32.1, 28.3, 28.1, 26.4, 26.2, 25.4, 22.4; HRMS (ESI) Calculated for 

C49H65N5O9 867.4776, found 868.4849 [M+H]+.  
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5.3.2.6 Synthesis of Fmoc-hArg(Boc)2-NMeCha-OH (33) 

 

This reaction was adapted from a literature procedure.57 A solution of 32 (0.28 g, 0.32 

mmol) was dissolved in MeOH (25 mL) and 10% Pd/C (20 mg) was added to it. The suspension 

was stirred under H2 gas (1 atm) overnight, filtered through a pad of celite and concentrated in 

vacuo to give a white powder. The product was purified by flash chromatography (silica gel, 2% 

MeOH in EtOAc), yielding 33 (0.20 g, 71%) as a white powder. (Rf =0.31 on SiO2, 2% MeOH in 

EtOAc); [α]D26 -5.20 (c 0.75 CH2Cl2); IR (CH2Cl2 cast) 3332, 3283, 3138, 3057, 2979, 2928, 2853, 

1721, 1640, 1577, 1158 cm-1; 1H (CDCl3, 400 MHz) δ 7.75 (d, J = 7.6 Hz, 2H, Fmoc Ar-H), 7.62 

(t, J = 8.1 Hz, 2H, Fmoc Ar-H), 7.38 (dt, J = 7.3, 4.8 Hz, 2H, Fmoc Ar-H), 7.29 (m, 2H, Fmoc Ar-

H), 5.39 (dd, J = 10.6, 4.7 Hz, 1H, Lys-CH𝛼), 4.74 (d, J = 5.4 Hz, 1H, Cha-CH𝛼), 4.32 (d, J = 7.1 

Hz, 2H, Fmoc-CH2), 4.20 (t, J = 7.4 Hz, 1H, Fmoc-CH), 3.90 (t, J = 6.0 Hz, Lys-CH2𝜀), 2.92 (s, 

3H, NCH3), 2.06 – 1.94 (m, 2H, Lys-CH2𝛽), 1.74 – 1.66 (m, 6H, Cha-CH2), 1.74 – 1.66 (m, 2H, 

Lys-CH2𝛿), 1.50 (s, 9H, Boc-(CH3)3), 1.49 (s, 9H, Boc-(CH3)3), 1.37 (m, 2H, Lys-CH2𝛾), 1.33 – 

1.06 (m, 4H, Cha-CH2), 1.33 – 1.06 (m, 1H, Cha-CH), 1.04 – 0.81 (m, 2H, Cha-CH2𝛽); 13C 

(CDCl3, 100 MHz) δ 172.8, 171.4, 168.0, 165.9, 152.9, 126.6, 124.9, 119.5, 59.5, 55.4, 46.8, 41.0, 

35.2, 33.7, 33.5, 32.6, 28.2, 27.9, 27.7, 25.9, 25.7, 25.5, 22.7; HRMS (ESI) Calculated for 

C42H60N5O9 777.4313, found 778.4376 [M+H]+.  
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5.3.2.7 Synthesis of Fmoc-Lys(Boc)-NMeLeu-OBn (34) 

 

This reaction was adapted from a literature procedure.57 Fmoc-N-Me-Leu-Bn (0.60 g, 1.63 

mmol) was dissolved in a 1:1 solution of DEA:DCM (2 mL) and stirred at room temperature for 1 

h. The reaction mixture was concentrated under reduced pressure affording a white powder. The 

free amine was used directly in the next step. Fmoc-L-Lys(Boc)-OH (1.71 g, 3.65 mmol), PyBOP 

(1.39 g, 2.67 mmol), HOBt (0.36 g, 2.67 mmol) and DIPEA (3.5 mL, 16 mmol) were dissolved in 

DMF (20 mL) and allowed to pre-activate for 10 min. The free amine was dissolved in dry CH2Cl2 

(30 mL) and DIPEA (0.47 mL, 2.7 mmol) was added to it, where the solution was then added to 

the previous step. The reaction was stirred at room temperature for 22 h. Subsequently, the reaction 

was washed with saturated NaHCO3 (50 mL) and EtOAc was added to dissolve the resulting 

precipitate (50 mL). The organic layer was washed with 10% citric acid (50 mL), cold H2O (50 

mL) and brine (50 mL), then dried over Na2SO4 and concentrated under reduced pressure to give 

a pale yellow oil. The product was purified by flash chromatography (silica gel, 10% EtOAc in 

CH2Cl2), yielding 34 (0.39 g, 65%) as a white powder. (Rf = 0.23 on SiO2, 10% EtOAc in CH2Cl2); 

[α]D26 -17.03 (c 0.91 CH2Cl2); IR (CH2Cl2 cast) 3321, 3065, 3038, 2956, 2869, 1713, 1645, 1511, 

1248, 1172 cm-1; 1H (CDCl3, 400 MHz) δ 7.76 (d, J = 7.5 Hz, 2H, Fmoc Ar-H), 7.59 (d, J = 7.4 

Hz, 2H, Fmoc Ar-H), 7.45 – 7.35 (m, 2H, Fmoc Ar-H), 7,.45 – 7.35 (m, 5H, Ar-H), 5.36 (dd, J = 

10.7, 5.0 Hz, 1H, Lys-CH𝛼), 5.14 (t, J = 10.0 Hz, 2H, Lys-CH2𝜀), 4.65 (m, 1H, Leu-CH𝛼), 4.36 

(d, J = 7.2 Hz, 2H, Fmoc-CH2), 4.21 (t, J = 6.9 Hz, 1H, Fmoc-CH), 3.07 (m, 2H, Ar-CH2), 2.93 (s, 
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3H, N-CH3), 1.89 – 1.63 (m, 2H, Leu-CH2𝛽), 1.60 – 1.49 (m, 2H, Lys-CH2𝛽), 1.49 – 1.46 (m, 1H, 

Leu-CH𝛾), 1.43 (s, 9H, Boc-(CH3)3), 1.41 – 1.36 (m, 2H, Lys-CH2𝛿), 1.30 – 1.26 (m, 2H, Lys-

CH2𝛾), 0.94 (d, J = 6.7 Hz, 3H, Leu-CH3), 0.90 (d, J = 6.5 Hz, 3H, Leu-CH3); 13C (CDCl3, 100 

MHz) δ 172.4, 171.0, 162.7, 155.7, 155.4, 143.4, 140.9, 135.0, 128.3, 128.1, 127.9, 127.3, 126.7, 

124.8, 119.6, 66.7, 54.4, 50.5, 46.8, 36.4, 32.0, 28.1, 24.5, 22.8, 21.7, 21.0; HRMS (ESI) 

Calculated for C40H51N3O7 685.3727, found 683.3791[M+H]+.  

 

5.3.2.8 Synthesis of Fmoc-hArg(Boc)2-NMeLeu-OBn (35) 

 

This reaction was adapted from a literature procedure.57 Dipeptide 34 (0.39 g, 0.57 mmol) 

was dissolved in dry CH2Cl2 (20 mL) and TFA (10 mL) was added to the solution. The reaction 

was stirred at room temperature for 1.5 h and concentrated in vacuo giving a sticky yellow foam. 

The foam was resuspended in dry CH2Cl2 (20 mL) with the addition of N,N’-di-Boc-N”-guanidine 

triflate (0.254 g, 0.65 mmol) and Et3N (0.18 mL, 1.3 mmol) and stirred at room temperature for 

1.5 h. The reaction was washed with 2 M NaHSO4 (20 mL), 10% NaHCO3 (20 mL) and brine (20 

mL), then dried over Na2SO4 and concentrated in vacuo to give an off-white foam. The product 

was purified by flash chromatography (silica gel, 25% EtOAc in hexane), yielding 35 (0.29 g, 

74%) as a white powder. (Rf =0.26 on SiO2, 25% EtOAc in hexane); [α]D26 -12.00 (c 0.84 CH2Cl2); 

IR (CH2Cl2 cast) 3333, 3065, 3038, 2957, 2869, 1720, 1640, 1575, 1156, 1134 cm-1; 1H (CDCl3, 
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400 MHz) δ 7.76 (d, J = 7.5 Hz, 2H, Fmoc Ar-H), 7.59 (d, J = 7.4 Hz, 2H, Fmoc Ar-H), 7.43 – 

7.37 (m, 2H, Fmoc Ar-H), 7,.44 – 7.37 (m, 5H, Ar-H), 5.36 (dd, J = 10.7, 4.8 Hz, 1H, Leu-CH𝛼), 

5.13 (t, J = 12.2 Hz, 2H, Lys-CH2𝜀), 4.64 (m, 1H, Lys-CH𝛼), 4.36 (d, J = 7.2 Hz, 2H, Fmoc-CH2), 

4.21 (t, J = 6.9 Hz, 1H, Fmoc-CH), 3.35 (m, 2H, Ar-CH2), 2.93 (s, 3H, N-CH3), 1.85 – 1.74 (m, 

2H, Leu- CH2𝛽), 1.72– 1.58 (m, 2H, Lys-CH2𝛽), 1.57 – 1.52 (m, 1H, Leu-CH𝛾), 1.50 (s, 9H, Boc-

(CH3)3), 1.48 (s, 9H, Boc-(CH3)3), 1.43 – 1.33 (m, 2H, Lys-CH2𝛿), 1.31 – 1.16 (m, 2H, Lys-CH2𝛾), 

0.93 (d, J = 6.7 Hz, 3H, Leu-CH3), 0.90 (d, J = 6.5 Hz, 3H, Leu-CH3); 13C (CDCl3, 100 MHz) δ 

171.0, 170.9, 163.5, 155.7, 155.4, 143.5, 140.1, 135.0, 128.3, 128.1, 128.0, 127.3, 126.7, 124.8, 

119.5, 66.7, 54.4, 50.5, 46.8, 36.4, 32.1, 28.0, 27.7, 24.5, 22.8, 22.0, 21.0; HRMS (ESI) Calculated 

for C46H61N5O9 827.4469, found 828.4535 [M+H]+.  

 

5.3.2.9 Synthesis of Fmoc-hArg(Boc)2-NMeLeu-OH (36) 

 

This reaction was adapted from a literature procedure.57 A solution of 35 (0.29 g, 0.35 

mmol) was dissolved in MeOH (25 mL) and 10% Pd/C (20 mg) was added to it. The suspension 

was stirred under H2 gas (1 atm) overnight, filtered through a pad of celite and concentrated in 

vacuo to give a clear oil. The product was purified by flash chromatography (silica gel, 25% EtOAc 

in hexane), yielding 36 (0.18 g, 62%) as a white powder. (Rf =0.72 on SiO2, 25% EtOAc in 

hexane); [α]D26 -6.00 (c 0.26 CH2Cl2); IR (CH2Cl2 cast) 3325, 3287, 3065, 2957, 2924, 2870, 1721, 
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1641, 1415, 1368, 1137 cm-1; 1H (CDCl3, 400 MHz) δ 8.36 (bs, 1H, COOH), 7.76 (d, J = 7.7 Hz, 

2H, Fmoc Ar-H), 7.60 (dd, J = 13.8, 7.6 Hz, 2H, Fmoc Ar-H), 7.41 – 7.34 (m, 2H, Fmoc Ar-H), 

7.34 – 7.28 (m, 2H, Fmoc Ar-H), 5.35 (dd, J = 10.8, 4.8 Hz, 1H, Leu-CH𝛼), 4.75 (dd, J = 13.9, 6.1 

Hz, 2H, Lys-CH2𝛼), 4.32 (d, J = 7.6 Hz, 2H, Fmoc-CH2), 4.19 (t, J = 7.5 Hz, 1H, Fmoc-CH), 3.40 

(m, 2H, Leu-CH2𝜀), 3.00 (s, 3H, N-CH3), 1.89 – 1.74 (m, 2H, Leu-CH2𝛽), 1.73 – 1.58 (m, 2H, 

Lys-CH2𝛽), 1.54 – 1.52 (m, 1H, Leu-CH𝛾), 1.50 (s, 9H, Boc-(CH3)3), 1.49 (s, 9H, Boc-(CH3)3), 

1.46 – 1.35 (m, 2H, Lys-CH2𝛿), 1.31 – 1.24 (m, 2H, Lys-CH2𝛾), 0.97 (d, J = 6.7 Hz, 3H, Leu-

CH3), 0.89 (d, J = 6.5 Hz, 3H, Leu-CH3); 13C (CDCl3, 100 MHz) δ 171.0, 170.9, 165.9, 155.7, 

155.4, 128.3, 128.2, 127.9, 127.3, 126.7, 124.8, 119.5, 54.4, 50.5, 46.8, 36.4, 32.2, 28.1, 27.7, 24.5, 

22.8, 21.9, 21.0; HRMS (ESI) Calculated for C39H55N5O9 737.4000, found 738.4062 [M+H]+.  

 

5.3.3 In Vitro Human and Mice Plasma Stability Assays 

Procedures for the quantification of peptides in plasma were adapted from a published 

protocol.261 Briefly, 20 𝜇L of plasma (human or mice) was pre-portioned into microcentrifuge 

tubes and incubated at 37 ℃ for 15 min. Next, 5 𝜇L of apelin peptide (1 mM) was added to each 

20 𝜇L plasma sample, and then subsequently incubated at 37 ℃ at varying time points (t (human) 

= 0, 1, 2, 4, 6, 24 h, and t (mice) = 0, 5, 10, 15, 30, 60, 180 min). The reaction solution was then 

quenched with 25 𝜇L 6 M GuHCl and 300 𝜇L 80% ACN/H2O, 5 𝜇L of internal standard (1 mM 

Dans-YVG) was added. The plasma sample was vortexed prior to centrifugation at 13,200 × g for 

5 min. The supernatant was transferred to a 1 mL microcentrifuge tube and evaporated. The dried 

samples were then reconstituted with 150 𝜇L 0.1% aqueous acetic acid (v/v) and loaded onto a 

pre-equilibrated C18 spin column, which had been previously wetted with 2 × 150 𝜇L 30 % 

acetonitrile in 0.1% aqueous TFA and 2 × 150 𝜇L 0.1% aqueous acetic acid (v/v), centrifuging at 
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280 × g for 2 min between each 150 𝜇L aliquot. The resultant filtrate was reloaded onto the column 

along with 150 𝜇L 0.1% aqueous acetic acid (v/v) and centrifuged at 280 × g for another 2 min; 

the filtrate was then discarded. The loaded peptide was washed with 2 × 150 𝜇L 5% MeOH in 1 

% aqueous acetic acid (v/v) and eluted from the column using 100 𝜇L 60% MeOH in 10% aqueous 

acetic acid (v/v). The eluate was injected and analyzed using LCMS quantification, where the ratio 

of apelin peptide to the internal standard was calculated based on the area under the curve. The 0 

h incubation ratio was used to compare the apelin peptide/internal standard ratios for the time 

experiments. 
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5.4 Procedures for the Investigation of the KFRR Motif  

 

5.4.1 Synthesis of peptide alanine-scan analogues (37-44) 

 

5.4.1.1 Synthesis of AFRRQRPRLSHKGPMPF (37) 

Fmoc-Phe-OH was loaded onto 2-chlorotrityl chloride resin using the general resin loading 

procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe-OH was then subject to manual 

SPPS (general method) introducing L-amino acids in the following order: Fmoc-Pro-OH, Fmoc-

Met-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-OH, and Fmoc-

Ser(t-Bu)-OH, Fmoc-Leu-OH, Fmoc- Arg(Pmc)-OH, Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, 

Fmoc-Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc- Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Ala-

OH, with end-capping after each step. After the final N-terminal deprotection, the peptide was then 

cleaved from the resin and purified using the HPLC general method and a Phenomenex Luna C18 

RP-HPLC column (100 Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide was isolated as a white 

solid after lyophilization (15 mg, 9.6%). Monoisotopic mass calculated for C93H152N33O20S3+ 

694.7210, found (FTICR-ESI-MS) 695.0449 [M + 3H]3+. 

 

5.4.1.2 Synthesis of KARRQRPRLSHKGPMPF (38) 

Fmoc-Phe-OH was loaded onto 2-chlorotrityl chloride resin using the general resin loading 

procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe-OH was then subjected to the 

general manual SPPS method introducing L-amino acids in the following order: Fmoc-Pro-OH, 

Fmoc-Met-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-OH, and 

Fmoc-Ser(t-Bu)-OH, Fmoc-Leu-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, 
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Fmoc-Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Ala-OH, and Fmoc-

Lys(Boc)-OH, with end-capping after each step. After the final N-terminal deprotection, the 

peptide was then cleaved from the resin and purified using the HPLC general method and a 

Phenomenex Luna C18 RP-HPLC column (100 Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide 

was isolated as a white solid after lyophilization (11 mg, 7.1%). Monoisotopic mass calculated for 

C90H155N34O20S3+ 688.3965, found (FTICR-ESI-MS) 688.3969 [M+3H]3+. 

 

5.4.1.3 Synthesis of KFARQRPRLSHKGPMPF (39) 

Fmoc-Phe-OH was loaded onto 2-chlorotrityl chloride resin using the general resin loading 

procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe-OH was then subjected to the 

general manual SPPS method introducing L-amino acids in the following order: Fmoc-Pro-OH, 

Fmoc-Met-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-OH, and 

Fmoc-Ser(t-Bu)-OH, Fmoc-Leu-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, 

Fmoc-Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Ala-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH, with end-capping after each step. After the final N-terminal deprotection, the peptide was then 

cleaved from the resin and purified using the HPLC general method and a Phenomenex Luna C18 

RP-HPLC column (100 Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide was isolated as a white 

solid after lyophilization (14 mg, 9.0%). Monoisotopic mass calculated for C93H152N31O20S3+ 

685.3856, found (FTICR-ESI-MS) 685.3857 [M + 3H]3+. 

 

5.4.1.4 Synthesis of KFRAQRPRLSHKGPMPF (40) 

Fmoc-Phe-OH was loaded onto 2-chlorotrityl chloride resin using the general resin loading 

procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe-OH was then subjected to the 
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general manual SPPS method introducing L-amino acids in the following order: Fmoc-Pro-OH, 

Fmoc-Met-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-OH, and 

Fmoc-Ser(t-Bu)-OH, Fmoc-Leu-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, 

Fmoc-Gln(Trt)-OH, Fmoc-Ala-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH, with end-capping after each step. After the final N-terminal deprotection, the peptide was then 

cleaved from the resin and purified using the HPLC general method and a Phenomenex Luna C18 

RP-HPLC column (100 Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide was isolated as a white 

solid after lyophilization (12 mg, 7.8%). Monoisotopic mass calculated for C93H150N31O20S3+ 

685.3856, found (FTICR-ESI-MS) 685.3861 [M+3H]3+. 

 

5.4.1.5 Synthesis of AFRRQRPRLSHKGPNleAibBrF (41) 

Fmoc-Phe-OH was loaded onto 2-chlorotrityl chloride resin using the general resin loading 

procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe-OH was then subjected to the 

general manual SPPS method introducing L-amino acids in the following order: Fmoc-Aib-OH, 

Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-OH, and 

Fmoc-Ser(t-Bu)-OH, Fmoc- Leu-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, 

Fmoc-Gln(Trt)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Ala-

OH, with end-capping after each step. After the final N-terminal deprotection, the peptide was then 

cleaved from the resin and purified using the HPLC general method and a Phenomenex Luna C18 

RP-HPLC column (100 Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide was isolated as a white 

solid after lyophilization (16 mg, 10%). Monoisotopic mass calculated for C93H150BrN33O203+ 

710.3712, found (FTICR-ESI-MS) 710.3700 [M+3H]3+. 

 



 159 

5.4.1.6 Synthesis of KARRQRPRLSHKGPNleAibBrF (42) 

Fmoc-Phe-OH was loaded onto 2-chlorotrityl chloride resin using the general resin loading 

procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe-OH was then subjected to the 

general manual SPPS method introducing L-amino acids in the following order: Fmoc-Aib-OH, 

Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-OH, and 

Fmoc-Ser(t-Bu)-OH, Fmoc- Leu-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, 

Fmoc-Gln(Trt)-OH, Fmoc- Arg(Pmc)-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Ala-OH, and Fmoc-

Lys(Boc)-OH, with end-capping after each step. After the final N-terminal deprotection, the 

peptide was then cleaved from the resin and purified using the HPLC general method and a 

Phenomenex Luna C18 RP-HPLC column (100 Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide 

was isolated as a white solid after lyophilization (9 mg, 5.7%). Monoisotopic mass calculated for 

C90H153BrN34O203+ 704.0467, found (FTICR-ESI-MS)704.0458 [M+3H]3+. 

 

5.4.1.7 Synthesis of KFARQRPRLSHKGPNleAibBrF (43) 

Fmoc-Phe-OH was loaded onto 2-chlorotrityl chloride resin using the general resin loading 

procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe-OH was then subjected to the 

general manual SPPS method introducing L-amino acids in the following order: Fmoc-Aib-OH, 

Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-OH, and 

Fmoc-Ser(t-Bu)-OH, Fmoc- Leu-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, 

Fmoc-Gln(Trt)-OH, Fmoc- Arg(Pmc)-OH, Fmoc-Ala-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH, with end-capping after each step. After the final N-terminal deprotection, the peptide was then 

cleaved from the resin and purified using the HPLC general method and a Phenomenex Luna C18 

RP-HPLC column (100 Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide was isolated as a white 
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solid after lyophilization (15 mg, 9.5%). Monoisotopic mass calculated for C93H150BrN31O203+ 

701.0358, found (FTICR-ESI-MS) 701.0351 [M+3H]3+. 

 

5.4.1.8 Synthesis of KFRAQRPRLSHKGPNleAibBrF (44) 

Fmoc-Phe-OH was loaded onto 2-chlorotrityl chloride resin using the general resin loading 

procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-Phe-OH was then subjected to the 

general manual SPPS method introducing L-amino acids in the following order: Fmoc-Aib-OH, 

Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-OH, and 

Fmoc-Ser(t-Bu)-OH, Fmoc- Leu-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, 

Fmoc-Gln(Trt)-OH, Fmoc-Ala-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-

OH, with end-capping after each step. After the final N-terminal deprotection, the peptide was then 

cleaved from the resin and purified using the HPLC general method and a Phenomenex Luna C18 

RP-HPLC column (100 Å, 5 𝜇m, 250 mm × 4.6 mm). The desired peptide was isolated as a white 

solid after lyophilization (14 mg, 8.9%). Monoisotopic mass calculated for C93H150BrN31O203+ 

701.0358, found (FTICR-ESI-MS) 701.0348 [M+3H]3+. 

 

5.4.2 Synthesis of Methylated Arg14 Apelin Analogues (45, 46)  

 

5.4.2.1 Synthesis of NMeArg14-NMe17A2 (45) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at a 1.5 mmol/g loading scale. Resin-bound Fmoc-Phe(4-Br)-OH was then 

subject to manual SPPS (general method), introducing L-amino acids in the following order. Fmoc-

Aib-OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-
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OH, and Fmoc-Ser(t-Bu)-OH, with end-capping after each step. The NMeLeu subunit was added 

as a Fmoc-Arg(Boc)-NMeLeu-OH dipeptide, synthesized following a previously described 

protocol but extended for 4 hours, followed by end-capping.57 Manual SPPS was then continued 

with the L-amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, Fmoc-

Gln(Trt)-OH with end-capping after each step. The NMeArg amino acid was added as Fmoc-

NMeArg(Mtr)-OH, following the general method, but for an extended time of 4 hours, followed 

by end-capping. The next amino acid Fmoc-Arg(Pmc)-OH was coupled using the general method, 

but allowed to couple for an extended time of 4 hours. The final two amino acids Fmoc-Phe-OH, 

and Fmoc-Lys(Boc)-OH were coupled according to the general method, then end-capped and N-

terminally deprotected. The peptide was then cleaved from the resin and purified using the HPLC 

general method and a Phenomenex Luna C18 RP-HPLC column (100 Å, 5 𝜇m, 250 mm × 10.00 

mm). The desired peptide was isolated as a white solid after lyophilization (12 mg, 8%). 

Monoisotopic mass calculated for C98H161BrN34O20 2213.1810, found (FTICR-ESI-MS) 

2213.1749 [M+H]+. 

 

5.4.2.2 Synthesis of 𝜶MeArg14-NMe17A2 (46) 

Fmoc-Phe(4-Br)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin bound Fmoc-Phe(4-Br)-OH was then subject 

to manual SPPS (general method), introducing L-amino acids in the following order. Fmoc-Aib-

OH, Fmoc-Nle-OH, Fmoc-Pro-OH, Fmoc-Gly-OH, Fmoc-Lys(Boc)-OH, Fmoc-His(Trt)-OH, and 

Fmoc-Ser(t-Bu)-OH, with end-capping after each step. The NMeLeu subunit was added as a Fmoc-

Arg(Boc)-NMeLeu-OH dipeptide, synthesized following a previously described protocol but 

extended for 4 hours, followed by end-capping.57 Manual SPPS was then continued with the L-
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amino acids in the following order: Fmoc-Pro-OH, Fmoc-Arg(Pmc)-OH, Fmoc-Gln(Trt)-OH with 

end-capping after each step. The 𝛼MeArg subunit was added as Fmoc-𝛼MeArg(Boc)-OH, 

synthesized as described below. The 𝛼MeArg was coupled following the general method, but for 

an extended time of 4 hours, followed by end-capping. The final three amino acids Fmoc-

Arg(Pmc)-OH, Fmoc-Phe-OH, and Fmoc-Lys(Boc)-OH were coupled according to the general 

method, then end-capped and N-terminally deprotected. The peptide was then cleaved from the 

resin and purified using the HPLC general method and a Phenomenex Luna C18 RP-HPLC column 

(100 Å, 5 𝜇m, 250 mm × 10.00 mm). The desired peptide was isolated as a white solid after 

lyophilization (1 0mg, 6%). Monoisotopic mass calculated for C98H161BrN34O20 2213.1810, found 

(FTICRESI- MS) 2213.1734 [M+H]+. 

 

5.4.3 Synthesis of precursors for 𝜶MeArg14-NMe17A2 (46) 

 

5.4.3.1 Synthesis of (2S)-2-(3’-azidopropyl)-2-methyl-glycine-Ni(II)-(S)-BPB (47) 

 

The nickel complex 47 was prepared according to a literature procedure and the data was 

identical to that which was reported in the literature.57,262,263  

 

Ni
N N

ON

O

O
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5.4.3.2 Synthesis of ((S)-2-amino-5-azido-2-methylpentanoic acid (48) 

 

Amino acid 48 was prepared with an adapted literature procedure.263 Nickel complex 47 

(1.49 g, 2.51 mmol) was dissolved in 15 mL of 2:1 MeOH:DCM and added dropwise to 20 mL of 

3 M 1:1 HCl:MeOH over 5 min. The reaction mixture was stirred for 30 min at 60 °C, turning the 

reaction mixture from bright red to green. The reaction mixture was cooled to room temperature 

and concentrated in vacuo to produce a green-brown solid. The solid was resuspended in 50 mL 

of 1:1 DCM: H2O and filtered to remove the insoluble BPB ligand. The aqueous layer was washed 

with DCM (3 × 25 mL). The aqueous layer was concentrated in vacuo and the product was purified 

by an ion exchange column (Dowex 50WX2 50-100 mesh). The amino acid was eluted using 

H2O:NH4OH (10-80% gradient), yielding 48 (0.36 g, 84%) as a fluffy white solid. [α]D26 1.81 (c 

0.56 H2O); IR (H2O cast) 3117, 2973, 2940, 2099, 1607, 1522, 1460, 1407, 1269 cm-1; 1H (D2O, 

400 MHz): δ 3.40 (t, J = 6.8, Hz, 2H, CH2-N3), 2.01 – 1.93 (m, 1H, Orn- CH2𝛽), 1.89 – 1.81 (m, 

1H, Orn-CH2β), 1.77 – 1.66 (m, 1H, Orn-CH2𝛾), 1.62 – 1.54 (m, 1H, Orn-CH2𝛾), 1.52 (s, 3H, -

CH3); 13C (D2O, 175 MHz): 𝛿 177.3, 62.1, 51.5, 35.2, 23.9, 23.2; HRMS (ESI) Calculated for 

C6H12N4O2 172.0960, found 172.0960 [M-H]-. 

 

H2N
OH

O

N3
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5.4.3.3 Synthesis of (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-azido-2-

methylpentanoic acid (49) 

 

This reaction was adapted from a literature procedure.263 Amino acid 48 (0.22 g, 1.30 

mmol) was suspended in 20 mL dry DCM and TMSCl (0.50 mL, 3.90 mmol) was added to it and 

heated at reflux for 3 h. The reaction mixture was cooled down to room temperature, then to 0 ℃. 

Fmoc-Cl (0.37 g, 1.43 mmol) was dissolved in 5 mL dry DCM and added dropwise to the reaction 

mixture over 5 min. Finally, DIPEA (0.68 mL, 3.9 mmol) was added, and the mixture was allowed 

to warm up to room temperature and stir for 3 h. The reaction was quenched with 20 mL of 1 M 

HCl, and the aqueous layer was extracted with EtOAc (2 × 20 mL). The organic layer was dried 

over Na2SO4, filtered, and concentrated in vacuo. The product was purified by flash 

chromatography (silica gel, 40% EtOAc in hexanes 0.1% AcOH), yielding 49 (0.45 g, 87%) as a 

white solid. (Rf =0.53 on SiO2, 9:1 EtOAc:MeOH 0.1% AcOH); [α]D26 2.34 (c 0.36 CH2Cl2); IR 

(CH2Cl2 cast) 3398, 3334, 3066, 3050, 3019, 2941, 2878, 2098, 1715, 1510, 1478, 1451, 1262, 

1088 cm-1; 1H (CDCl3, 600 MHz): 𝛿 7.77 (d, J = 7.8 Hz, 2H, Ar-H), 7.59 (d, J = 6.6 Hz, 2H, Ar-

H), 7.41 (dt, J = 7.2, 3.0 Hz, 2H, Ar-H), 7.32 (dt, J = 7.8, 1.2 Hz, 2H, Ar-H), 5.54 (br s, 1H, Fmoc-

NH), 4.42 (d, J = 7.2 Hz, 2H, Fmoc-CH2), 4.21 (t, J = 7.2 Hz, 1H, Fmoc-CH), 3.34 – 3.20 (m, 2H, 

-CH2N3), 2.28 – 2.18 (m, 1H Orn-CH2𝛽), 2.02 – 1.92 (m, 1H, Orn-CH2𝛽), 1.61 (s , 3H, -CH3), 

1.50 – 1.40 (m, 1H, Orn-CH2𝛾), 1.38 – 1.26 (m, 1H Orn-CH2𝛾); 13C (CDCl3, 175 MHz): 𝛿 177.1, 

155.4, 143.9, 127.9, 127.2, 125.1, 120.2, 66.6, 59.6, 51.2, 47.4, 47.2, 33.6, 23.8, 23.7; HRMS (ESI) 

Calculated for C21H21N4O4 393.1568, found 383.1558 [M-H]-. 

FmocHN
OH

O

N3
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5.4.3.4 Synthesis of (S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-(2,3-

bis(tertbutoxycarbonyl)guanidino)-2-methylpentanoic acid (50) 

 

This reaction was adapted from a literature procedure.263 Amino acid 49 (0.31 g, 0.77 

mmol) was dissolved in 15 mL of dry DCM and 10% Pd/C (0.03 g) was added. The suspension 

was stirred under H2 gas for 18 h, filtered through a pad of celite and concentrated in vacuo. The 

crude mixture was dissolved in 20 mL of dry DCM and TMSCl (0.29 mL, 2.31 mmol) was added 

and heated at reflux for 3 h. The reaction mixture was cooled down to room temperature, then to 

0 °C, then Et3N (0.32 mL, 2.31 mmol) and N,N’-di-Boc-N”-guanidine triflate (0.33 g, 0.85 mmol) 

were added. The reaction was left to warm up to room temperature and stir overnight. The mixture 

was diluted with 20 mL of DCM and then washed with 1 M HCl (3 × 20 mL). The organic layer 

was dried over Na2SO4, filtered, concentrated in vacuo, and purified using flash chromatography 

(silica gel, 10-50% acetone in CH2Cl2 gradient), yielding 50 (0.26 g, 55%) as a white solid. (Rf 

=0.41 on SiO2, 1:1 CH2Cl2:acetone); [α]D26 10.2 (c 0.44 CH2Cl2); IR (CH2Cl2 cast) 3408, 3325, 

3161, 3067, 3050, 3008, 2981, 2937, 1721, 1641, 1617, 1503, 1478, 1451, 1368, 1331, 1138 cm-

1; 1H (CDCl3, 600 MHz): 𝛿 8.41 (br s, 1H, Arg-NH), 7.76 (d, J = 7.2 Hz, 2H, Ar-H), 7.60 (d, J = 

7.2 Hz, 2H, Ar-H), 7.39 (t, J = 7.2 Hz, 2H, Ar-H), 7.31 (dt, J = 7.2, 1.2 Hz, 2H, Ar-H), 5.87 (br s, 

1H, Fmoc-NH), 4.48 – 4.32 (m, 2H, Fmoc-CH2), 4.23 (t, J = 6.6 Hz, 1H, Fmoc- CH), 3.42 – 3.26 

(m, 2H, Arg-CH2𝛿), 2.48 – 2.28 (m, 1H, Arg-CH2𝛽), 1.92 – 1.80 (m, 1H, Arg-CH2), 1.62 (s, 3H, 

Arg-CH3), 1.58 – 1.44 (m, 20H, 2 x –C(CH3)3, Arg-CH2𝛿); 13C (CDCl3, 175 MHz): 177.5, 166.2, 

FmocHN
OH

O

NH

NHBoc

BocN
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156.1, 155.9, 153.3, 144.1, 144.0, 141.5, 127.8, 127.2, 120.1, 83.6, 79.3, 66.5, 53.9, 47.4, 40.9, 

29.4, 28.4, 28.2, 24.2, 23.7; HRMS (ESI) Calculated for C32H41N4O8 610.3003, found 610.3004 

[M-H]-. 
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5.5 Procedures for the Pharmacokinetics Studies and Development of Oral Apelin 

 

5.5.1 In Vivo Canine Plasma Stability Assays 

 All experiments were performed by Dr. Oudit’s lab, with experimental discussions and 

advice with our lab. Three dogs were given 0.5 𝜇mol/kg of apelin analogue 13 intravenously. The 

canine blood was extracted at 0, 15, 30, and 60 min and then analyzed using LCMS quantification, 

where the ratio of apelin peptide to the internal standard was calculated based on the area under 

the curve. The 0 h incubation ratio was used to compare the apelin peptide/internal standard ratios 

for the time experiments.  

 

5.5.2 In vitro Metabolic Enzyme Plasma Stability Assays 

Quantification of peptides in plasma were adapted from a published protocol.258 Briefly, 

20 𝜇L of 1 mM of enzyme (elastase, carboxypeptidase A, trypsin, or chymotrypsin) was pre-

portioned into microcentrifuge tubes and incubated at 37 ℃ for 20 min. Next, 5 𝜇L of apelin 

peptide (1 mM) was added to each 20 𝜇L enzyme aliquot, and then subsequently incubated at 37 

℃ at varying time points (t = 0, 1, 2, 4, 6, 24 h). The reaction solution was then quenched with 25 

𝜇L 6 M GuHCl and 300 𝜇L 80% ACN/H2O, 5 𝜇L of internal standard (1 mM Dans-G) was added. 

The plasma sample was vortexed prior to centrifugation at 13.2 rpm for 5 min. The supernatant 

was transferred to a microcentrifuge tube and evaporated. The dried samples were then 

reconstituted with 150 𝜇L 0.1% aqueous acetic acid (v/v) and loaded onto a pre-equilibrated C18 

spin column, which had been previously wetted with 2 × 150 𝜇L 30% acetonitrile in 0.1 % aqueous 

TFA and 2 × 150 𝜇L 0.1% aqueous acetic acid (v/v), centrifuging at 2.8 rpm for 2 min between 

each 150 𝜇L aliquot. The resultant filtrate was reloaded onto the column along with 150 𝜇L 0.1% 
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aqueous acetic acid (v/v) and centrifuged at 2.8 rpm for another 2 min; the filtrate was then 

discarded. The loaded peptide was washed with 2 × 150 𝜇L 5 % MeOH in 1% aqueous acetic acid 

(v/v) and eluted from the column using 100 𝜇L 60% MeOH in 10% aqueous acetic acid (v/v). The 

eluate was injected and analyzed using LCMS quantification, where the ratio of apelin peptide to 

the internal standard was calculated based on the area under the curve. The 0 h incubation ratio 

was used to compare the apelin peptide/internal standard ratios for the time experiments. 

 

5.5.3 Synthesis of Chitosan-Cyclodextrin-Derived Hydrogel (53) 

 

5.5.3.1 Synthesis of CMC (51) 

Compound 51 was synthesized as previously described.16,111 Chitosan (10.40 g, 57 mmol 

for the monomer unit) was added to 100 mL of 4:1 isopropyl alcohol and 40% aqueous NaOH 

(v/v) solution and stirred using a Teflon impeller at 300 rpm at 25 ℃ for 1 h. Monochloroacetic 

acid (15.00 g, 170 mmol), dissolved in 20 mL of isopropyl alcohol, was added to the suspension 

in five equal portions over a period of 20 min. The mixture was heated at 50 ℃ and stirred for 

another 5 h. The reaction mixture was subsequently neutralized with 4 M HCl and filtered to 

remove any undissolved residue. The resulting CMC was precipitated with methanol. The 

precipitate was washed with 3 × 100 mL of 1:1 MeOH:H2O and dried under vacuum at 40 ℃ 

overnight affording 51 (9.13 g) as an off-white powder. 

 

5.5.3.1 Synthesis of CMCD (52) 

 Compound 52 was synthesized as previously described.16,111  Monochloroacetic acid (3.80 

g, 40 mM final concentration) was dissolved in 80 mL of 40% aqueous NaOH, and 𝛽-cyclodextrin 
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(22.80 g, 20 mmol) was then added. The reaction mixture was then heated to 50 ℃ and stirred for 

5 h. Subsequently, the reaction mixture was neutralized with 4 M aqueous HCl and the obtained 

product was precipitated by the addition of an excess amount of methanol. The precipitate was 

washed with 3 × 100 mL of 1:1 MeOH:H2O and dried under reduced pressure at 40 ℃ overnight, 

affording 52 (8.32 g) as a white solid. 

 

5.5.3.3 Synthesis of CMCD-g-CMC (53) 

Compound 53 was synthesized as previously described.16,111 CMC 51 (4.00 g, 17 mmol for the 

anhydroglucose unit) and CMCD 52 (4.00 g, 3.3 mmol) were dissolved in 100 mL of distilled 

water containing 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide hydrochloride (3.68 g, 19.2 

mmol) and N-hydroxysuccinimide (2.21 g, 19.2 mmol). The reaction was carried out at 25 ℃ for 

24 h under continuous stirring with a Teflon impeller at 300 rpm. The highly viscous solution 

obtained was precipitated with methanol and the resulting precipitate was filtered. The obtained 

precipitate was swollen with distilled water and the resulting hydrogel was dialyzed against 

deionized water using dialysis tubing (2 kDa cut-off) for 3 d. The dialyzed hydrogel was 

precipitated with excess methanol and then dried under reduced pressure at 40 ℃ overnight, 

affording 53 (2.41 g) as a white granular hydrogel. 
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5.6 Procedures for the Investigation of Retro-Enantio Peptides 

 

5.6.1 In vitro Human and Mice Plasma Stability Assays 

Quantification of peptides in plasma was adapted from a published protocol.261 Briefly, 20 

𝜇L of plasma (human or mice) was pre-portioned into microcentrifuge tubes and incubated at 37 

℃ for 20 min. Next, 5 𝜇L of apelin peptide (1 mM) was added to each 20 𝜇L plasma sample, and 

then subsequently incubated at 37 ℃ at varying time points (t = 0, 1, 2, 4, 6, 24 h). The reaction 

solution was then quenched with 25 𝜇L 6 M GuHCl and 300 𝜇L 80% ACN/H2O, 5 𝜇L of internal 

standard (1 mM Dans-G) was added. The plasma sample was vortexed prior to centrifugation at 

13.2 rpm for 10 min. The supernatant was transferred to a 1 mL microcentrifuge tube and 

evaporated. The dried samples were then reconstituted with 100 𝜇L 0.1% aqueous acetic acid (v/v) 

and loaded onto a pre-equilibrated C18 spin column, which had been previously wetted with 2 × 

100 𝜇L 30% acetonitrile in 0.1 % aqueous TFA and 2 × 100 𝜇L 0.1% aqueous acetic acid (v/v), 

centrifuging at 2.8 rpm for 2 min between every 100 𝜇L aliquots. The resultant filtrate was 

reloaded onto the column along with 100 𝜇L 0.1% aqueous acetic acid (v/v) and centrifuged at 2.8 

rpm for another 2 min and the filtrate was discarded. The loaded peptide was washed with 2 × 100 

𝜇L 5% MeOH in 1 % aqueous acetic acid (v/v) and eluted from the column using 100 𝜇L 60% 

MeOH in 10% aqueous acetic acid (v/v). The eluate was injected and analyzed using LCMS 

quantification, where the ratio of apelin peptide to the internal standard was calculated based on 

the area under the curve. The 0 h incubation ratio was used to compare the apelin peptide/internal 

standard ratios for the time experiments. 
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5.6.2 Synthesis of Retro-Enantio Apelin Analogues (54-57) 

 

5.6.2.1 Synthesis of REA13 (54) 

Fmoc-D-Gln(Trt)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-D-Gln(Trt)-OH was then 

subject to manual SPPS (general method) introducing amino acids in the following order: Fmoc-

D-Arg(Pbf)-OH, Fmoc-D-Pro-OH, Fmoc-d-Arg(Pbf)-OH, Fmoc-D-Leu-OH, Fmoc-D-Ser(tBu)-

OH, Fmoc-D-His(Trt)-OH, Fmoc-D-Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-D-Pro-OH, Fmoc-D-

Met-OH, Fmoc-D-Pro-OH, and Fmoc-D-Phe-OH, with end-capping after each step. After the final 

N-terminal deprotection, the peptide was then cleaved from the resin and purified using the HPLC 

general method and an Agilent C18 RP-HPLC column (100 Å, 5 𝜇m, 250 mm, 4.6 mm). The desired 

peptide was isolated as a white solid after lyophilization (6 mg, 12%). Monoisotopic mass 

calculated for C69H111N23O16S 775.9223, found (FTICR-ESI-MS) 775.9216 [M + 2H]2+. 

 

5.6.2.2 Synthesis of RE13A2 (55) 

Fmoc-D-Gln(Trt)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-D-Gln(Trt)-OH was then 

subject to manual SPPS (general method) introducing amino acids in the following order: Fmoc-

D-Arg(Pbf)-OH, Fmoc-D-Pro-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-D-Leu-OH, Fmoc-D-Ser(tBu)-

OH, Fmoc-D-His(Trt)-OH, Fmoc-D-Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-D-Pro-OH, Fmoc-D-

Met-OH, Fmoc-Aib-OH, and Fmoc-D-BrF-OH, with end-capping after each step. After the final 

N-terminal deprotection, the peptide was then cleaved from the resin and purified using the HPLC 

general method and an Agilent C18 RP-HPLC column (100 Å, 5 𝜇m, 250 mm, 4.6 mm). The desired 
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peptide was isolated as a white solid after lyophilization (8 mg, 16%). Monoisotopic mass 

calculated for C69H112BrN23O16 799.8993, found (FTICR-ESI-MS) 799.8981 [M + 2H]2+. 

 

5.6.2.3 Synthesis of REA17 (56) 

Fmoc-D-Lys(Boc)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-D-Lys(Boc)-OH was then 

subject to manual SPPS (general method) introducing amino acids in the following order: Fmoc-

D-Phe-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-D-Gln(Trt)-OH,  Fmoc-D-

Arg(Pbf)-OH, Fmoc-D-Pro-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-D-Leu-OH, Fmoc-D-Ser(tBu)-OH, 

Fmoc-D-His(Trt)-OH, Fmoc-D-Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-D-Pro-OH, Fmoc-D-Met-

OH, Fmoc-D-Pro-OH, and Fmoc-D-Phe-OH, with end-capping after each step. After the final N-

terminal deprotection, the peptide was then cleaved from the resin and purified using the HPLC 

general method and an Agilent C18 RP-HPLC column (100 Å, 5 𝜇m, 250 mm, 4.6 mm). The desired 

peptide was isolated as a white solid after lyophilization (15 mg, 30%). Monoisotopic mass 

calculated for C96H156N34O20S 1069.6051, found (FTICR-ESI-MS) 1069.605 [M + 2H]2+. 

 

5.6.2.4 Synthesis of RE17A2 (57) 

Fmoc-D-Lys(Boc)-OH was loaded onto 2-chlorotrityl chloride resin using the general resin 

loading procedure at 0.8 mmol/g loading scale. Resin-bound Fmoc-D-Lys(Boc)-OH was then 

subject to manual SPPS (general method) introducing amino acids in the following order: Fmoc-

D-Phe-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-D-Gln(Trt)-OH,  Fmoc-D-

Arg(Pbf)-OH, Fmoc-D-Pro-OH, Fmoc-D-Arg(Pbf)-OH, Fmoc-D-Leu-OH, Fmoc-D-Ser(tBu)-OH, 

Fmoc-D-His(Trt)-OH, Fmoc-D-Lys(Boc)-OH, Fmoc-Gly-OH, Fmoc-D-Pro-OH, Fmoc-D-Nle-OH, 
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Fmoc-Aib-OH, and Fmoc-D-BrF-OH, with end-capping after each step. After the final N-terminal 

deprotection, the peptide was then cleaved from the resin and purified using the HPLC general 

method and an Agilent C18 RP-HPLC column (100 Å, 5 𝜇m, 250 mm, 4.6 mm). The desired peptide 

was isolated as a white solid after lyophilization (12 mg, 24%). Monoisotopic mass calculated for 

C96H157BrN34O20 1093.5821, found (FTICR-ESI-MS) 1093.5839 [M + 2H]2+. 
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5.7 Experimental Procedures for the Role of Bacillus Strains in Daqu Fermentation 

 

5.7.1 Strains Used and Preparation of Inocula 

All experiments were performed by Dr. Gänzle’s lab, with experimental discussions and 

advice from our lab. The strains used, their origin, and growth conditions, are listed in Table 10. 

Lysogeny broth (LB) (SigmaAldrich, ON, Canada) was inoculated with a single colony of Bacillus 

amyloliquefaciens Fad We, Bacillus amyloliquefaciens Fad 82, Bacillus velezensis FUA2155, or 

Kosakonia cowanii FUA10121 and incubated at 37 ℃ at 200 rpm agitation. Weissella cibaria 

FUA3456 cultures were prepared in a similar manner but grown in modified MRS (mMRS) 

broth264 at 30 ℃ for 2 d without agitation. Spore suspensions of the following fungal strains, 

Aspergillus niger FUA5001, Aspergillus clavatus FUA5004, Aspergillus clavatus FUA5005,  

Mucor racemosus FUA5009, and Penicillium roqueforti FUA5012, were prepared with malt 

extract agar (MEA, SigmaAldrich, ON, Canada) plates at 25 ℃ for 7 d.265 The conidia were 

harvested from the MEA plates by adding 10 mL of sterile distilled water and collecting the fungal 

biomass with an L-shaped cell spreader (Fisher Scientific, ON, Canada). The spore suspensions 

were filtered to separate mycelial cells, and the spores were harvested via centrifugation. The 

spores were quantified using a haemocytometer (Fein-Optik, Jena, Germany). Inocula of 

Saccharomyces cerevisiae FUA4002, Saccharomycopsis fibuligera FUA4036, and Pichia 

kudriavzevii FUA4039, were prepared using malt extract broth (MEB, SigmaAldrich, ON, 

Canada), using single colonies, and incubated at 30 ℃ for 2 d, where the cell counts were 

determined with a haemocytometer.  
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Table 10 Bacterial, fungal, and yeast strains used in this study. FUA = Food microbiology culture collection at the University of Alberta. 

LB = liquid broth. mMRS = modified MRS broth. MEA = malt extract agar. MIC = minimum inhibitory concentration. 

 

 

  

Organism name 

Strains and origin Incubation conditions Purpose in this study 

Bacillus amyloliquefaciens Fad We, ropy bread 37 ℃, LB Simplified and complex daqu fermentation 

B. amyloliquefaciens Fad 82, ropy bread 37 ℃, LB Simplified and complex daqu fermentation 

B. velezensis FUA2155a, daqu 37 ℃, LB Simplified and complex daqu fermentation 

Kosakonia cowanii FUA10121, daqu 37 ℃, LB Complex daqu fermentation 

Weissella cibaria FUA3456, sourdough 30 ℃, mMRS Complex daqu fermentation 

Saccharomyces cerevisiae FUA4002, sourdough 30 ℃, MEA Complex daqu fermentation and MIC test 

Saccharomycopsis fibuligera FUA4036, daqu starter 30 ℃, MEA Complex daqu fermentation and MIC test 

Pichia kudriavzevii FUA4039, daqu starter 30 ℃, MEA Complex daqu fermentation and MIC test 

Aspergillus niger FUA5001 25 ℃, MEA Complex daqu fermentation and MIC test 

Mucor racemosus FUA5009 25 ℃, MEA Complex daqu fermentation and MIC test 

Penicillium roqueforti FUA5012 25 ℃, MEA Complex daqu fermentation and MIC test 

A. clavatus FUA5004 25 ℃, MEA MIC test 

A. clavatus FUA5005 25 ℃, MEA MIC test 
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5.7.2 In silico Prediction of Lipopeptides Produced by Bacillus Spp. 

All experiments were performed by Dr. Gänzle’s lab. Biosynthetic gene clusters 

responsible for antimicrobial secondary metabolites were identified using the genome sequences 

of Bacillus strains266 using the bacterial version of antiSMASH.267 Gene clusters encoding 

different lipopeptides in the genomes of B. amyloliquefaciens Fad We, B. amyloliquefaciens Fad 

82, and B. velezensis FUA2155, were identified and verified by BLAST in NCBI. All gene clusters 

identified by antiSMASH were used as query sequences for BLASTn against the NCBI nucleotide 

database.  

 

5.7.3 Extraction and Purification of Antifungal Lipopeptides from LB Cultures 

All experiments were performed by Dr. Gänzle’s lab, with experimental discussions and 

advice from our lab. The antifungal lipopeptides produced by B. amyloliquefaciens Fad We, B. 

amyloliquefaciens Fad 82, and B. velezensis FUA2155 were extracted from 150 mL of the 

stationary phase cultures in LB broth.268 The cultures were incubated at 37 ℃ and shaken at 200 

rpm for 3 d, and the cells were removed via centrifugation at 12,000 × g for 20 min. The pH of 

the supernatants was adjusted to 2 with 6 M HCl, then incubated again at 4 ℃ overnight. The solid 

crude lipopeptides were collected via centrifugation at 12,000 × g for 20 min, and the precipitate 

was extracted with methanol. The organic solvent was evaporated in vacuo at 50 ℃. The extracted 

peptides were dissolved in 1 mL methanol and filtered through 0.45 𝜇m filters to remove the solids.  

 

5.7.4 Minimum Inhibitory Concentration Assay 

 All experiments were performed by Dr. Gänzle’s lab. Critical dilution assays were 

performed to determine the minimum inhibitory concentration (MIC) of fengycin and iturin A 
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(Sigma-Aldrich, Oakville, Canada), and surfactin (MedChemExpress, Monmout Junction, USA).  

The indicator strains are listed here: the mycelial fungi A. niger FUA5001, A. clavatus FUA5004, 

A. clavatus FUA5005, M. racemosus FUA5009, P. roqueforti FUA5012, and the yeasts, S. 

cerevisiae FUA4002, S. fibuligera FUA4036 and P. kudriavzevii FUA4039. Inocula were prepared 

as described above, and the growth was visually observed, and MIC values recorded one day after 

visible growth. MIC values were determined in three independent experiments of replication 

preparations of the conidiospores. Fengycin, iturin A, and surfactin were dissolved in DMSO to 5 

g/L stock solutions. Each individual experiment mixed MEB (for fungi) or mMRS broth (for 

yeasts) with 90 𝜇L of fengycin, iturin, and surfactin in 96-well microtiter plates, then serially-

diluted 2-fold to cover the concentration range of 2.5 g/L to 2.5 mg/L. Each well was inoculated 

with 10 𝜇L of 106 CFU/mL. Control cells contained the inocula grown on distilled water in the 

absence of the lipopeptide solutions.  

 

5.7.5 Preparation of Simplified Daqu Model  

 All experiments were performed by Dr. Gänzle’s lab. Production of antifungal peptides by 

three Bacillus strains (B. amyloliquefaciens Fad We, B. amyloliquefaciens Fad 82, and B. 

velezensis FUA2155) was initially assessed in simplified daqu inoculated with only one Bacillus 

strain. 100 mL LB broth was inoculated with single colonies of the three Bacillus strains and 

shaken at 200 rpm and incubated at 37 ℃ for 24 h. Cells were harvested by centrifugation and 

resuspended in sterile water to obtain a 109 to 1010 CFU/mL cell count, and 1 mL of this inoculum 

was mixed with 60 g wheat flour and 30 mL sterile tap water in a sterile plastic bag to give a final 

cell count of 107 to 108 CFU/g and a 35 % water content. Control inocula were prepared without 

inoculation of the Bacillus strains. The daqu samples were manually pressed and shaped in Petri 
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dishes and incubated at the following stages and conditions for medium-temperature daqu134: 

shaping stage, 30 ℃, relative humidity (Rh) 95 %, 1 d; ripening stage, 37 ℃, Rh 95 %, 2 d; high-

temperature stage, 55 ℃, Rh 90 %, 7 d; and maturation stage, 37 ℃, Rh 75 % for 6 d. Samples 

were incubated in sealed containers and the Rh was controlled with the following salt solutions: 

K2SO4, Rh 95%; KNO3, Rh 90%; NaCl, Rh 75%. The microbial population remained stable and 

the daqu samples were dry after the high-temperature stage, therefore, incubation was completed 

on day 16.  

 

5.7.6 Determination of pH and Total Bacterial Cell Counts of Simplified Daqu Model, and 

Observation of Mould Growth 

 All experiments were performed by Dr. Gänzle’s lab. 0.5 g daqu samples were collected 

and diluted 10-fold with sterile 18 MΩ water, and further diluted with peptone water, then plated 

on LB agar. The pH of the first dilution was measured with a glass electrode. The LB agar plates 

were incubated at 37 ℃ for 24 h and counted for the total number of colonies per plate; differential 

cell counts of Bacillus species were done based on the colony morphology. Fungal growth was 

indicated as follows: —, no visible mycelial growth; +, small spots of mycelial growth; + +, spots 

of mycelial growth and conidia, + + +, 25-50% of the surface covered by mycelia; and + + + +, 

>50% of the surface covered by mycelia.  

  

5.7.7 Quantification of Expression of Genes Encoding for the Biosynthesis of Target 

Antifungal Lipopeptides in the Simplified Daqu Model, Through Reverse Transcription 

Quantitative PCR (RT-qPCR) 
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 All experiments were performed by Dr. Gänzle’s lab. 0.5 g daqu samples were mixed with 

3 mL RNAprotect Bacteria Reagent (Qiagen, Germantown, USA) and incubated for 10 min. The 

mixture was centrifuged at 500 × g for 10 min, and the cells were harvested. The RNA was isolated 

from the cell pellets using TRIzol LS reagent based on the manufacturer’s instructions 

(ThermoFisher Scientific, Waltham, USA). DNase treatment with RQ1 RNase-Free DNase (Fisher 

Scientific) was used to digest contaminant genomic DNA, and cDNA libraries were generated by 

reverse transcription using the QuantiTect Reverse Transcription Kit (Qiagen). The fenA, ituA, and 

sefAA genes, encoding the NRPS subunits of fengycin, iturin A, and surfactin, were used to 

quantify the expression of genes that encode the lipopeptides. The single-copy gene gyB, which 

encodes for the DNA gyrase subunit B, was used as the housekeeping gene for the relative 

quantification. Gene expression was measured by QuantiFast SYBR Green PCR Kit Qiagen) and 

reverse-transcriptase qPCR (7500 Fast, Applied Biosystems, Foster City, CA). Reference 

conditions included cells exponentially growing in LB broth (OD600nm 0.8). Negative controls 

include a no-template control and DNase-treated RNA. Gene expression was calculated and log2 

transformed. Significant differences were assessed with a t-test and an error probability of 5% (P 

< 0.05). Data are represented as mean ± standard deviation of three independent fermentations.  

 

5.7.8 Preparation of Complex Model of Daqu Fermentation 

 All experiments were performed by Dr. Gänzle’s lab. A complex daqu model was prepared 

to further study the role of antifungal peptides produced by Bacillus spp. in daqu. This consisted 

of the inclusion of one representative of major groups of fermentation organisms. In addition to 

the Bacillus strains, A. niger FUA5001, M. racemosus FUA5009, P. roqueforti FUA5012, S. 

cerevisiae FUA4002, S. fibuligera FUA4036, and P. kudriavzevii FUA4039 were added to give a 



 180 

final concentration of 105 CFU/g, each. Furthermore, cell suspensions of K. cowanii FUA10121 

and W. cibaria FUA3456 were added to give a final cell count of 106 CFU/g, each. The complex 

daqu samples were incubated at the same conditions described above for the simplified daqu 

model.  

 

5.7.9 Extraction and Purification of Lipopeptides from the Complex Daqu Model 

 All experiments were performed by Dr. Gänzle’s lab, with experimental discussions and 

advice from our lab. Daqu samples were obtained on incubation days 1, 3, 6, 10, and 16, to monitor 

the production of antifungal lipopeptides in the complex daqu model. The extraction procedure for 

the lipopeptides was similar, as described previously for extraction from LB cultures, but with an 

additional homogenization step. Approximately 8.5 g of the daqu samples were homogenized in 

50 mL distilled water by stomaching for 5 min, and the samples were centrifuged at 12,000 × g 

for 20 min to remove the solids. The complex daqu samples were processed using the same 

procedure as the LB cultures.  

 

5.7.10 Measurement of Antifungal Activity of Lipopeptides Produced by Bacillus Spp. in the 

Complex Daqu Model 

 All experiments were performed by Dr. Gänzle’s lab, with experimental discussions and 

advice from our lab. Using A. niger FUA5001 as the indicator strain, methanol daqu extracts were 

used to determine the production of antifungal lipopeptides in the complex daqu model. Serial 2-

fold dilutions of the peptide extracts and MEB were prepared in 96-well microtiter plates and 

inoculated with 10 𝜇L of A. niger FUA5001 conidial suspension to give a final cell concentration 
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of 106 CFU/mL. The plates were incubated at 25 ℃ for 5 d and fungal growth was observed 

visually.  

 

5.7.11 Mass Spectral Analysis of LB and Complex Daqu Model Extracts 

To qualitatively identify the antifungal lipopeptides produced by B. amyloliquefaciens Fad 

We, B. amyloliquefaciens Fad 82, and B. velezensis FUA2155, each sample was analysed by 

reverse phase-high performance liquid chromatography coupled to mass spectrometry (RP-HPLC-

MS). Analysis was performed using an Agilent 1200 SL HPLC System with a Phenomenex Aeris 

XB-C8 column (Phenomenex, Torrance, USA). 3.6 𝜇m, 100 Å, 50 × 2.1 mm with a guard 

thermostated at 35 ℃. An eluent gradient composed of 0.1% formic acid in water (mobile phase 

A) and 0.1% formic acid in acetonitrile (mobile phase B) was used. A 2 𝜇L aliquot was loaded 

onto the column, at a flow rate of 0.45 mL/min and an initial buffer composition of 95% mobile 

phase A and 5% mobile phase B for 0.5 min, to effectively remove the salts. The elution of the 

lipopeptides was performed using a linear gradient from 5% to 65% mobile phase B for 4.8 min, 

65%–95% mobile phase B for 1.0 min, 9 5% mobile phase B for 0.8 min, then back to the initial 

eluent conditions in 0.5 min. Mass signatures were acquired in a positive mode of ionization using 

an Agilent 6220 Accurate-Mass TOF HPLC/MS system (Santa Clara, CA, USA), equipped with 

a dual sprayer electrospray ionization source; the second sprayer providing a reference mass 

solution. Each individual spectrum was mass-corrected using peaks at m/z 121.0509 and 922.0098 

from the reference solution. The conditions for mass spectrometry are as stated: drying gas 10 

L/min at 350 ℃, nebulizer at 30 psi, a mass range of 100–3200 Da, an acquisition rate of ~1.03 

spectra/sec, a fragmentor voltage at 175 V, a skimmer voltage at 65 V, a capillary voltage at 4000 
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V, and an instrument state 2 GHz High Dynamic Range. Mass spectral analysis was performed 

using the Agilent MassHunter Qualitative Analysis software package version B.07.00 SP2. 
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5.8 Experimental Procedures for the Greenhouse and Field Studies of Beauveria bassiana 

against MPB populations. 

 

5.8.1 Beauveria bassiana Strains and Cultivation 

Five Beauveria bassiana strains were obtained from various culture collections: UAMH 

299, UAMH 4510, and UAMH 1076 from the UAMH Centre for Global Microfungal Biodiversity 

(University of Toronto, Toronto, ON, Canada), ANT-03 from Anatis Bioprotection (Laval, QC, 

Canada), and 110.25 from the CBS Culture Collection (Delft, Netherlands). All strains were grown 

on Czapex Dox agar yeast extract (CDAYE) and incubated at 28 ℃ for 14-21 days. The conidial 

biomass was harvested with a Drigalski spatula and resuspended in 0.1% Tween 80 for further 

biological assays and culture propagation, or for long-term storage at -20 ℃. 

  

5.8.2 Production of B. bassiana Conidia via Biphasic Liquid-Solid State Fermentation 

In order to perform large-scale greenhouse and field infection bioassays, a conidial powder 

with long-term viability and a high conidial effective dose was developed (Fig. 50). This prompted 

us to use a biphasic liquid-solid fermentation approach using fungal broth and parboiled rice 

substrate.225 B. bassiana strains UAMH 299 and 1076, the red-pigmented isolates, were selected 

because they showed robust UV resistance, provided the fastest lethal time against MPB, yielded 

high conidial spores, and are easily harvested from solid fermentation substrates.210  

 

Conidia were harvested from 21 day-old CDAYE-grown conidial inoculums using a 

Drigalski spatula. The harvested conidia were titered to 1.0 × 10-8  conidia/mL using a 

haemocytometer. Subsequently, the titered conidia were used to inoculate a 100 mL of liquid 
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Czapex Dox Yeast Extract Broth medium (CDBYE) to give a final concentration of 1.0 × 10-7 and 

incubated at 28 ℃ for 72-96 h at 175 rpm. Commercially available parboiled rice (Grace Kennedy 

Inc., Walmart, Canada) was dry sterilized at 121 ℃ for 20 min, and the cooled sterile rice was 

aseptically cooked with equal volume (1 g/mL) of sterile 10% yeast water in a microwave for 8 

min until all the liquid had evaporated.  Next, 100 mL of the 72 h-grown dense mycelial liquid 

inoculum was mixed with 1,000 g of room-temperature cooked parboiled rice. 150 μg/mL or μg/g 

of chloramphenicol was added to each liquid-solid substrate to limit bacterial growth throughout 

the fermentation. The homogenized mixture (one-inch depth) was grown in sterile aluminum pans 

and incubated at 28 ℃, 70% relative humidity under a 12/12 h (L/D, light/dark) cycle for 10 d.  

The parboiled rice-mycelial cake was visually inspected every three days for pigmentation 

and non-white conidiation. Subsamples were obtained and assessed for axenic status by spread-

plating randomized collected samples. The subsamples were cored using a sterile metal spatula 

and then serially diluted, ten-fold, using a 0.05% Tween 80 diluent. A 100 μL aliquot was spread-

plated, done in triplicates, on CDAYE media amended with or without 150 μg/mL 

chloramphenicol. After incubation at 28 ℃ for 72 h, pre-counting of fungal microcolonies was 

performed, and after 10 d of incubation, the red pigment-producing B. bassiana colony was 

verified. 
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Fig. 50 Workflow of the liquid-solid fermentation approach for the large-scale production of 

Beauveria bassiana conidial biomass. 

 

5.8.3 B. bassiana Conidia Drying and Harvesting 

 A two-stage drying process was used to thoroughly dry the conidia for harvest. After 10 d 

of growth of the mycelial-rice biomass, the relative humidity in the holding fermentation incubator 

was brought down from 70% to 50% throughout a 5 d span, using a dehumidifier to induce 

conidiation. The relative humidity was brought down further from 50% to 20% throughout another 

5 d span, using a dehumidifier and continuous airflow. The drying of the fungal mycelia was 

necessary to allow for ease of manual separation of the conidia, as a powder, from the parboiled 

rice substrate.225  

Subsequently, the dried B. bassiana-parboiled rice cake was processed inside a sterile 

BioSafety Cabinet model BM4-2A-49 (Caltec Scientific, Calgary, AB, Canada). The rice cakes 

were manually separated aseptically into individual rice grains. The loosened rice grains were 

repeatedly pressed against a sterile metal mesh (0.25 mm2), to allow for the conidial powder to be 
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sieved through. The conidial viability was titered as previously described, and the resulting 

conidial powder was used for the development of the powder carrier formulation, to be used for 

long-term storage viability assays, and in planta and in natura infection experiments. 

 

5.8.4 Preparation of B. bassiana Powder Formulation 

Based on the proprietary powder formulation from Anatis Bioprotection, a dry formulation 

of kaolin clay-soluble starch-xantham gum-calcium carbonate was made. The harvested UAMH 

299 and 1076 conidial powder were diluted to final concentrations of 1.0 × 106 and 1.0 × 108 

conidia/g. The commercially available BioTitan WP product from Anatis Bioprotection, consisting 

of the B. bassiana strain ANT-03 (www.hc-sc.gc.ca, PMRA Reg. No 31230 and 33923, 

Agricultural Research Services Patent Collection NNRL 50797), was diluted to give a final 

concentration of 1.0 × 107 and 1.0 × 109 conidia/g. 

 

5.8.5 Stability of B. bassiana Powder Formulation Under 4 ℃ Storage Conditions 

Five conidial treatments were assessed for B. bassiana conidial stability using our carrier 

powder formulations. Two packages of commercial mycoinsecticide BioTitan WP, with at least 

1.0 × 1010 conidia/g of the B. bassiana ANT-03 strain, were obtained from Anatis Bioprotection. 

The first package was given in January 2020 (labelled as BioTitan WP (year-old)), and the second 

package was obtained in January 2021 (labelled as BioTitan WP); both packages were kept at 4 

℃ storage until processing. In addition, three in-house B. bassiana strains (UAMH 299, UAMH 

4510, and 110.25), a representative from each of the three morphotypes,210 were harvested from 

CDAYE agar media and mixed with the carrier powder formulation using a hybridization oven 

system model 642 (Thermo Scientific, Dubuque, Iowa, USA), to attain a minimum conidial density 
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of 1.0 × 107 conidia/g. All the powder mixtures were stored at 4 ℃ and aseptically subsampled 

weekly for four weeks and then after eight weeks. Subsamples (1 g) were collected and serially 

diluted, tenfold, using 0.05% Tween 80. A 100 μL aliquot of the dilutions was spread-plated in 

triplicate on CDAYE medium amended with 150 μg/mL chloramphenicol. After incubation at 25 

℃ for 72 h, pre-counting of fungal microcolonies was performed, and the sporulated B. bassiana 

count was verified after 10 d.  

 

5.8.6 Greenhouse In Planta Conidial Viability at 25 ℃  

Four conidial powder formulation treatments were assessed for conidial viability in planta, 

under greenhouse conditions. The formulations were applied on the surface of 0.4 m lodgepole 

pine bolts harvested near Whitecourt, AB, Canada, in September 2020. The bolts were incubated 

in a greenhouse with the following conditions: 26-30% relative humidity, 25 ℃ temperature, and 

continuous illumination (30 μmol photons m-2 s-1). The BioTitan WP high dose (1.0 × 109 

conidia/cm2) treatments were aseptically sampled weekly for eight weeks and then after three 

months. The BioTitan WP low dose (1.0 × 107  conidia/cm2), UAMH 299 high dose (1.0 × 108  

conidia/cm2), and UAMH 299 low dose (1.0 × 106 conidia/cm2) treatments were subsampled only 

at the beginning of the incubation period and after eight weeks. Three 1 cm2 areas on the bark were 

swabbed with a Letheen broth quick swab kit (3M Inc., London, ON, Canada). Both of the high 

and low doses of UAMH 299 were not considered for further viability tests because the viable and 

culturable conidial density was below 1.0 × 103 conidia/cm2 after the eight-week incubation. We 

opted not to test further into the third month because we saw that on three of our treatments 

described above, we observed advanced stages of bolt decay (e.g., drying and cracking of the 

sapwood).  
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5.8.7 Assessment of B. bassiana-Associated Mycosis From Emerged MPB 

Pine trees, naturally-infested by MPBs, were felled near Whitecourt, AB, Canada, in 

September 2020, and were cut into 0.4 m subsections, and used to establish the in planta efficacy 

of the B. bassiana powder formulations. Both ends to the bolts were sealed with wax to reduce 

desiccation and then stored at 4 ℃ for two months to stimulate winter. The bolts were then placed 

in emergence bins at 25 ℃ for the in planta experiments, described below. Emerged mountain 

pine beetles from these bolts were used to infest healthy bolts in order to provide an F1 generation 

of MPB.210 B. bassiana strains, UAMH 299 and ANT-03 (BioTitan WP), were tested under 

greenhouse conditions because of their long-term greenhouse stability and high in vitro MPB 

virulence.210 

 Five bolt treatments (T), performed in three replicates, were prepared and sprayed with 

different titers (CFU/g = colony forming unit per gram) of the conidial powder formulations: T1 – 

ANT-03 (BioTitan WP) at 1.0 × 109 CFU/g, T2 – ANT-03 (BioTitan WP) at 1.0 × 107  CFU/g, 

T3 – UAMH 299 at 1.0 × 108 CFU/g, T4 – UAMH 299 at 1.0 × 106 CFU/g, and T5 – carrier 

powder negative control. Each B. bassiana powder formulation was sprayed directly on the surface 

of the respective pine bolts, in a sterile BioSafety Cabinet model MB4-2A-49, using a powder 

duster application pump (Amazon, Toronto, Canada). The bolts were stored in sealed rearing 

plastic bins fitted with meshed glass traps for collection of the emerged MPBs. The bins were 

incubated in the BioTron Facility greenhouse at the University of Alberta, under the following 

conditions: 25 ℃, 26-30% relative humidity, and continuous illumination (30 μmol photons m-2 s-

1).  

 The emerged MPBs that reached the glass collection jars through phototropism, dead or 

alive, were collected and counted daily.228 All collected MPB from each respective bin were 
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transferred to a Petri dish lined with a moist Kimwipe and incubated at 25 ℃ until each beetle was 

dead (lethal time). Once the MPB were dead, the carcasses were transferred to individual cells in 

a 96-well titer plate, lined with a moist Kimwipe to maintain a constant relative humidity (70%), 

then incubated at 25 ℃ for 14 d. Collection of emerged MPBs from the greenhouse bins continued 

for 55 d, and the mean lethal time and corresponding B. bassiana-associated mycosis was assessed 

and reported. In addition, the pine tree bolts were debarked and assessed for B. bassiana-associated 

mycosis. 

 Three parameters were used to assess the individual wells for B. bassiana-associated 

mycosis. First, the individual MPB was assessed for distinct white and granular conidiation. 

Second, the mycosed MPB was viewed under a dissecting microscope and analyzed for the 

characteristic staphylococcal-like arrangement at the conidiophore ends of the B. bassiana conidial 

clusters.229 Third, we assessed the B. bassiana mycelial morphology by swabbing the mycelial 

biomass with a nichrome wire, and the mycelia were stained with lactophenol blue and viewed 

under an inverted phase contrast microscope. Lastly, to support the classical Koch’s postulate of 

infection, we used an inoculating needle to touch-point B. bassiana-infected MPBs from the 

debarked pine bolts. The needle was used to spot inoculate CDAYE media amended with 150 

μg/mL chloramphenicol. The non-B. bassiana-mycosed MPBs were evaluated in the same 

method.   
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5.8.8 Conidial Viability In Natura Semi-Field (Acreage) Conditions 

Four conidial treatments were assessed for conidial viability in natura semi-field 

conditions at a private acreage in Strathcona County, AB, Canada. Since the conidial viability of 

both titers of the UAMH 299 formulation decreased under the viable and effective conidial titre, 

1.0 × 103 conidia/cm2, we opted to substitute this strain with B. bassiana UAMH 1076, another 

strain representative of the red morphotypes. This strain has shown comparable UV light resistance 

and improved conidial fermentation yield, corroborated by our liquid-solid biphasic fermentation 

results.210 The four treatments: BioTitan WP high (1.0 × 109 conidia/cm2), BioTitan WP low (1.0 

× 107 conidia/cm2), UAMH 1076 high (1.0 × 108 conidia/cm2) and UAMH 1076 low (1.0 × 106 

conidia/cm2) doses were subsampled weekly for three weeks. Three 5 cm2 areas on the bark surface 

were swabbed using a Letheen broth quick swab kit (3M Inc., London, ON, Canada), and the 

fungal suspension was serially diluted ten-fold using 0.05% Tween 80. A 100 μL aliquot was 

spread-plated on CDAYE media amended with 150 μg/mL chloramphenicol. These experiments 

were performed in triplicates. After the three-week incubation, the viable and culturable B. 

bassiana conidial density was below the effective lethal dose, 1.0 × 106 conidia/cm2. Due to the 

low conidial density potentially resulting in low infection success,223 no further testing was 

performed. 

 

5.8.9 BioTitan WP Formulation Efficacy In Natura 

 In vitro and in planta results showed the robust stability of the BioTitan WP powder 

formulation, therefore, we wanted to test our hypothesis that the active ingredient, B. bassiana 

ANT-03, is (1) pathogenic and virulence against field populations of MPB in a dynamic forest 

ecosystem, and (2) can cause sufficient reproductive success to control a local MPB infestation. 
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Field trials were performed in a lodgepole-dominated forest stand near Hinton, AB, Canada 

(53°47’03.5”N, 117°03’53.9”W) (Fig. 51). The stand consisted of 60% of lodgepole pines, 

averaging 138 years old and 34.5 cm DBH (diameter at breast height; 1.3 m), with a mixture of 

black spruce (Picea mariana), white spruce (Picea glauca), and trembling aspen (Populus 

tremuloides).   
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Fig. 51 Map of research trial site located ~ 55 km NW of Hinton, AB, Canada. BioTitan WP 

(Beauveria bassiana strain ANT-03) powder formulations were manually applied on pine forest 

stands owned by West Fraser. The present lodgepole pine population represents a 100-year-old 

pine forest stand. Map provided by West Fraser. 
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Lodgepole pines that were successfully colonized by MPB (n = 6) and non-infested 

lodgepole pines (n = 4) were felled and cut into 1.8 m bolts. The bolts were arranged vertically in 

pairs (one non-infested and one infested) and enclosed in fine-mesh cages (Fig. 52). This enclosure 

promotes attacks on the non-infested logs by emerging MPBs from the infested logs. A translucent 

plastic sheet was added on top of the enclosures to mimic the forest canopy and the resulting light 

penetration. Each pair was considered a replicate. Two potential modes of infection, beetle exit 

and beetle entry, were developed to assess the capacity for BioTitan WP to kill MPB populations 

under forest stand conditions. The beetle exit infection mode (designated as “I” for infested) was 

designed to use MPB-infested bolts that were incubated with an adjacent non-infested bolt. The 

infested bolts were sprayed with two concentrations of BioTitan WP based on the in vitro 

experiments210 which resulted in an effective mean lethal time of 3-5 d: high (H; 1.0 × 109 

CFU/cm2) and low (L; 1.0 × 107 CFU/cm2). This infection mode mimics a scenario where newly 

emerging MPBs from an infested tree will passively pick up B. bassiana conidia as they exit the 

bolts prior to colonizing a healthy, non-infested tree. The entry infection mode (designated as “N” 

for non-infested) was designed to use non-infested bolts, sprayed with the two titers of BioTitan 

WP, incubated with an adjacent MPB-infested bolt. This infection mode mimics a scenario where 

emerging MPB pick up B. bassiana conidia as they colonize a healthy, non-infested tree, testing 

the potential protective effects of the BioTitan WP formulation. 
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Fig. 52 In natura field set-up consisting of paired infested (I) and non-infested (N) Pinus contorta 

bolts. The white bolt (front) represents a 1.8-m lodgepole pine section sprayed with the BioTitan 

WP (Beauveria bassiana ANT-03) powder formulation. 
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5.9 Experimental Procedures for the Genomics, Transcriptomics and Exometabolomics 

Analyses  

 

5.9.1 Beauveria bassiana Strains and Cultivation 

 Eight strains of B. bassiana were obtained from several culture collections: UAMH 298, 

UAMH 298-UVR, UAMH 299, UAMH 299-UVR, UAMH 1076, and UAMH 4510 from the 

UAMH Centre for Global Microfungal Biodiversity (University of Toronto, Toronto, ON, 

Canada), ANT-03 from Anatis Bioprotection (Laval, WC, Canada), and 110.25 from the CBS 

Culture Collection (Delft, Netherlands). All strains were grown on Czapek Dox agar yeast extract 

(CDAYE) and incubated at 28 ℃ for 14-21 days. The conidial biomass was harvested with a 

Drigalski spatula and resuspended in 0.01% Tween 80 for culturing for genomic and 

transcriptomic bioassays. 

 

5.9.2 Extraction and Detection of Oosporein From Beauveria bassiana 

 Eight Beauveria bassiana strains, with varying pigmentation, were selected and grown to 

determine the detection limits for oosporein production. The starting fungal inoculum was obtained 

from frozen mycelial stocks and reactivated using Czapex Dox agar yeast extract (CDAYE) and 

incubated at 25 ℃ for 4-6 weeks, or until the conidial lawn is at its maximum. The conidia was 

harvested, titered, and then used to inoculate a 25 mL Czapex Dox broth yeast extract (CDBYE) 

to give a final concentration of 1.0 ×g 107 conidia/mL and then incubated at 28 ℃ for 72-96 h and 

shaken at 175 rpm. After incubation, a 1 mL aliquot was used to inoculate 250 mL of CDBYE and 

incubated at 28 ℃ and shaken at 175 rpm. After 5 days of incubation, mycelial mixtures (2 x 30 

mL) were harvested via centrifugation at 10,000 × g for 15 min at 4 ℃. The supernatant was 
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transferred to a sterile conical tube and the resulting mycelial pellet was washed twice with ice-

cold TE buffer (10 mM Tris/1 mM EDTA, pH 8.0), and the resulting supernatant was combined 

with the previous. The mycelial cultures were further incubated and extracted again after days 10 

and 15. The supernatant was further extracted with ethyl acetate (4 × 20 mL), concentrated in 

vacuo, and purified through the general high-performance liquid chromatography (HPLC) method. 

Liquid chromatography mass spectrometry (LCMS) was used to detect the oosporein 

concentration through comparison to a previously synthesized oosporein standard.214,269 LCMS 

was further used to determine the limit of detection of oosporein using 10-fold serial dilutions. 

 

5.9.3 DNA Sample Preparation for Genomic Analysis 

 B. bassiana strains were grown to obtain DNA samples to establish high quality draft 

genome reference sequences. The starting fungal inoculum, obtained from frozen mycelial stocks, 

were reactivated using Czapex Dox agar yeast extract (CDAYE), and incubated at 25 ℃ for 4-6 

weeks, or until conidial growth is at its maximum. The conidia were harvested, titered, and used 

to inoculate a 100 mL of CDBYE to give a final concentration of 1.0 × 107 conidia/mL and 

incubated at 28 ℃ for 72-96 h and shaken at 175 rpm. The mycelia were harvested via 

centrifugation at 5000 × g for 20 min at 4 ℃. The resulting mycelia pellet was washed twice with 

ice-cold TE buffer, and flash-frozen in liquid nitrogen and stored at -80 ℃ until processing. The 

frozen mycelial pellets were sent to the Michael Smith Laboratories, University of British 

Columbia, for extraction of DNA. Quality control analyses were performed for all samples to 

establish the absence of bacterial contamination. A mycelial aliquot was serially diluted ten-fold 

up to 1.0 × 106, and all dilutions were spread-plated (in four replicates) on Standard Methods Agar 
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(SMA; BD Difco Laboratories, Sparks, MD, USA) with 100 U/mL nystatin. Duplicate plates were 

incubated to assess bacterial load at either 28 ℃ or 35 ℃ for 28-72 h. 

 

5.9.4 DNA Extraction 

 A modified protocol was used to isolate fungal DNA from the lyophilized mycelium (~ 5 

g).270 These modifications include the washing of the initial pellet with 75% ethanol with 10 mM 

ammonium acetate, the addition of 3% of mercaptoethanol to the lysis extraction buffer, and 

incubation at 60 ℃ for 45 minutes. After incubation with RNAse and proteinase K at 37 ℃, an 

additional solvent cleaning with 25:24:1 phenol:chloroform:isoamyl solution was included. The 

quality and concentration of DNA were verified using a Quantiflor (Promega Corporation, 

Madison, WI, USA), a Nanodrop 2000c (ThermoFisher Scientific, Waltham, MA, USA), and 0.8 

% agarose gel. The total DNA for each strain (~3-4 μg) was sent to Canada’s Michael Smith 

Genome Sciences Centre for sequencing. 

 

5.9.5 Whole Genome Sequencing 

 These experiments were performed by Canada’s Michael Smith Genome Sciences Centre. 

A microfluidic partitioned library was created using the Chromium system (10x Genomics, 

Pleasanton, CA, USA). The 10x Genomics Chromium Controller instrument was used to prepare 

Gel beads-in-Emulsion (GEMs) by combining DNA, Master Mix, partitioning oil, and the 

microfluidic Genome Chip [PN-120216] (10x Genomics). The DNA underwent isothermal 

amplification and a barcode was added to each fragment. The barcoded fragments underwent 

Illumina library construction based on the Chromium Genome Reagent Kits Version 2 User Guide 

[PN-120229].  
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 The quality was assessed for the resulting library using a DNA 1000 assay and the Agilent 

2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The median insert size was 550 

base pairs. The library was quantified with a Quant-iT dsDNA High Sensitivity Kit on a Qubit 

fluorometer (Invitrogen, Waltham, MA, USA) before pooling the library and size-correcting the 

final molar concentration calculations for Illumina HiSeqX sequencing with paired-end 150 base 

reads. Read trimming, barcode error correction, whitelisting, and barcode assignment were 

performed using the Long Ranger BASIC pipeline (v2.1.3).270  

 

5.9.6 De novo Genome Assembly 

 These experiments were performed by Dr. Birol’s lab. The genomes were assembled using 

Supernova v2.1.1,248 which regulates the long-range information provided by linked reads. The 

read coverages were higher than the recommended range of 38-56X for assembly, so 15 million 

reads were selected (approximately 56X coverage) using --maxreads=15000000. The output 

FASTA files were created using the --style=pseudohap option to generate a single record per 

scaffold; scaffolds shorter than 1 kb were excluded from the final assembly. BWA-MEM 

v0.7.17r1188 was used to polish the draft genomes by aligning 80X downsampled reads to their 

respective genomes.271,272 These alignments were supplied to Pilon v1.23. The genic completeness 

of the assemblies was assessed with BUSCO v5.1.2273 using theHypocreales_odb10 database in 

genome mode. Other assembly metrics were calculated with QUAST v5.0.2.274 Repetive 

sequences within the polished assemblies were identified and annotated using EDTA v1.9.4275 and 

RepeatModeler v2.0.1276. The coding sequences of B. bassiana strain ARSEF 8028277 were 

supplied to EDTA to ensure that the gene sequences were excluded from the resulting libraries. 

All identified repeats were merged with the Repbase v23,12, a database of eukaryotic repeat 
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sequences,278 and redundant sequences were removed using the cleanup_nested.pl script from 

EDTA.275 This repeat library was used as input for RepeatMasker v4.1.1279 to annotate and soft-

mask repetitive sequences in the resulting polished genome assemblies.  

 

5.9.7 Phylogenetic Inference 

 These experiments were performed by Dr. Birol’s lab, with experimental discussion and 

advice from our lab. The evolutionary relationships between the B. bassiana strains were assessed 

using RAxML v8.2.12.280 The reference strain, B. bassiana ARSEF 2860281, and B. 

pseudobassiana strain KACC 47484 (unpublished; GenBank accession: GCA_003267905.1) were 

also included in the analysis. C. militaris strain CM01282 was also included and set as the outgroup 

with the -o option. The phylogeny was generated using single-copy BUSCO sequences because 

the annotations were not available for the B. pseudobassiana genome assembly. The shared 

BUSCO sequences were used to generate multiple sequence alignments with MAFFT v7.475283, 

selecting the appropriate strategy automatically (--auto), and the resulting amino acid alignments 

were joined into a single matrix. A rapid Bootstrap analysis and search for the best-scoring 

Maximum Likelihood tree was performed to generate the phylogeny, using the 

PROTGAMMAAUTO model of amino acid substitution and 100 bootstrap replicates.  

 

5.9.8 Genome Annotation and Orthogroup Inference 

These experiments were performed by Dr. Birol’s lab, with experimental discussion and advice 

from our lab. Genome annotation was performed using the MAKER (v2.31.10) pipeline,284 which 

combines ab initio gene predictions and homology evidence. Ab initio gene predictions were 

performed using SNAP v2006-07-28,285,286 GeneMark.hmm-E v3.47 and AUGUSTUS v3.3.3.287 
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SNAP and GeneMark were both trained on the UAMH 299 assembly, and Fusarium graminearum 

was used as the gene prediction species model for AUGUSTUS. Coding sequences of B. bassiana 

strain ARSEF 8028277 were supplied as expressed sequence tag (EST) evidence. The 

UniProtKB/Swiss-Prot database of protein sequences288 was used as evidence for protein 

homology. The gene predictions were processed using Genome Annotation Generator v2.0.1,289 

which added start and stop codons as well as removed transcripts with introns shorter than 10 bp 

or coding sequences shorter than 90 bp. Annotations missing a start and/or stop codon were 

manually removed. The filtered annotations were assessed with GeneValidator v2.1.10 (73) using 

the TrEMBL database288 to determine their quality. These scores were considered when selecting 

genes of interest in further analyses. Functional annotations were assigned to protein sequences by 

running stages 4 and 5 of the EnTAP290 pipeline (v0.10.7-beta). These stages included a similarity 

search to the Uniref90288 database, then GO term and Pfam domain assignments were performed 

using InterProScan v5.30-69.0.291 Gene predictions that were not annotated by similarity search or 

gene family assignment were filtered out. BUSCO273 was ran in protein mode to assess the 

completeness of the final gene annotations. 

Orthogroups (OGs) were inferred from the protein sequences, with default parameters, using 

OrthoFinder v2.5.1,249 and the longest isoform of each gene was supplied for this analysis. OGs 

were annotated functionally using Gene Ontology terms and Pfam domains by selecting the most 

prevalent terms and domains assigned to the genes included in each OG. Core orthogroups were 

identified by OGs that included one or more gene in every stain, and core, single-copy OGs were 

present in only one copy in each OG. Singleton OGs were identified as those present only in one 

strain, and accessory OGs were those present in two or more, but not all strains. Group-specific 

OGs were extracted manually by identifying those that included one or more genes from each 
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strain of a given group, while not containing other genes from the strains in other groups. GO 

enrichment analyses were performed with clusterProfiler v3.18.1,292 to assess the functional 

relevance of the orthogroup sets. The false discovery rate (FDR)293 was used to correct p-values 

for multiple comparisons, leading to significant enrichment of GO terms identified at 𝛼 = 0.05.  

 

5.9.9 Biosynthetic Gene Cluster Mining 

 These experiments were performed by Dr. Birol’s lab, with experimental discussion and 

advice from our lab. Biosynthetic gene clusters within the genome were identified using 

antiSMASH v5.1.2269 using the --taxon fungi option. The MAKER annotations were supplied 

using the --genefinding-gff3 option. Active site finder analysis (--asf) was used, and clusters were 

compared against a database of antiSMASH-predicted clusters (--cb-general), known gene clusters 

from the MIBiG database (--cb-knownclusters), and known subclusters (--cb-subclusters). The 

fungal-specific Cluster Assignment by Islands of Sites (CASSIS) algorithm294 was used to aid in 

the prediction of cluster regions by searching for conserved binding motifs in promoter regions 

using the --cassis option. Extra clusters were found using the --cf-create-clusters option, and the 

Pfam and GO terms were mapped with --pfam2go.  

 

5.9.10 RNA Sample Preparation for Transcriptomic Analysis 

 B. bassiana strains were grown to obtain RNA samples for transcriptomic analysis. The 

starting fungal inoculum, obtained from frozen mycelial stocks, was reactivated through spot 

inoculation of PDA media, and incubated for 3-5 d at 25 ℃. One (1) cm2 agar blocks were cored 

from the mycelial culture and transferred to four different pigment-inducing media: CDAYE 

(induces red pigmentation), MEA (yellow pigmentation), PDA (yellow pigmentation), and 0.25x 
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SDA (induction of conidiation). After analysis of the cultures (i.e., morphology, pigment-

production, and conidial density), the conidia from the 0.25x SDA media were harvested and 

titered, and then used to inoculate 20 mL of CDBYE to give a final concentration of 1.0 ×g 107 

conidia/mL and incubated for 72 h at 28 ℃ at 175 rpm. An aliquot of the active mycelial culture 

was used to aliquot 100 mL of CDBYE (10 % v/v/ inoculum) and incubated for 72-96 h at 28 ℃ 

at 175 rpm. The mycelial slurries were separated using a Stericup Quick Release-GP vacuum 

filtration system (0.22 μm, polyethersulfone membrane; Millipore-Sigma, USA). The mycelial 

mat was transferred aseptically to a pre-weighed, sterile, 50 mL conical tube. The mycelial samples 

were then flash frozen with liquid nitrogen and stored at -80 ℃ until processing. Quality control 

analysis, as previously described, was carried out to determine bacterial contamination for all 

samples. The frozen mycelial mats were sent to the Michael Smith Laboratories, University of 

British Columbia, for RNA extraction. 

 

5.9.11 RNA Extraction 

 These experiments were performed by Dr. Bohlmann’s lab, with experimental discussion 

and advice from our lab. Each of the 8 isolates, with three biological replicates, was extracted for 

total RNA. Frozen samples (2-5 g each, except for ANT-03 which required 7-9 g) were ground 

with liquid nitrogen using a mortar and pestle to get a fine powder. Kolosova et al.’s RNA 

extraction protocol was used to process 100-200 mg of ground tissue.295 The RNA pellet was spun 

for an addition 30 seconds, and the remaining liquid was removed with a micropipette tip, and the 

samples were further air-dried for 1 min. The final dried pellet was resuspended in 30 𝜇L of 

Nuclease-Free water. Total RNA concentration was assessed using a NanoDrop 1000 

(ThermoFisher Scientific). The RNA quality was assessed on an Agilent 2100 Bioanalyzer and 
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Agilent RNA 6000 Nano Kit LabChips. The total RNA (37.5 ng/𝜇L) was sent to Canada’s Michael 

Smith Genome Sciences Centre for sequencing.  

 

5.9.12 Transcriptome Sequencing 

 These experiments were performed by Canada’s Michael Smith Genome Sciences Centre. 

Total RNA sample qualities were assessed using an Agilent Bioanalyzer RNA Nanochip and 

arrayed into a 96-well plate (ThermoFisher Scientific). Polyadenylated RNA was purified using 

the NEBNext Poly(A) mRNA Magnetic Isolation Module [E7490L] (New England Biolabs, 

Ipswich, MA, USA) from 1000 ng of total RNA. Messenger RNA (mRNA) selection was 

performed using NEBNext Oligo d(T)25 beads (New England Biolabs) incubated at 65°C for 5 

min, followed by snap-chilling at 4 °C to denature RNA and facilitate binding of poly(A) mRNA 

to the beads. NEBNext Tris Buffer from the NEBNext Poly(A) Magnetic Isolation Kit (New 

England Biolabs) was used to elute the mRNA from the beads, which were then incubated at 80 

℃ for 2 min, then held at 25 ℃ for 2 min. The mRNA was allowed to re-bind to the beads using 

the RNA binding buffer, and then mixed 10 times and incubated at room temperature for 5 min. 

The supernatant was discarded, and the mRNA bound beads were washed twice before being 

placed on the magnet. The mRNA was eluted from the beads using 20 𝜇L Tris buffer incubated at 

80 ℃ for 2 min. The eluted mRNA was transferred to a new sterile 96-well plate. First-strand 

cDNA was synthesized from heat-denatured, purified mRNA using a Maxima H Minus First 

Strand cDNA Synthesis kit (ThermoFisher Scientific) and various hexamer primers at a 

concentration of 200 ng/µL amended with a final concentration of 40 ng/µL Actinomycin D, 

followed by PCR Clean DX (Aline Biosciences, Woburn, MA, USA) bead purification on a 

Microlab NIMBUS robot (Hamilton Company, Reno, NV, USA). The second strand cDNA was 
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synthesized following the NEBNext Ultra Directional Second Strand cDNA Synthesis protocol 

(New England Biolabs). This protocol incorporates dUTP in the dNTP mix, allowing the second 

strand to be digested using USER™ enzyme (New England Biolabs) in the post-adapter ligation 

reaction, therefore, achieving strand specificity. 

cDNA was fragmented using a Covaris LE220 sonicator to achieve 250-300 bp average 

fragment lengths. The paired-end sequencing library was prepared following Canada’s Michael 

Smith Genome Sciences Centre strand-specific, plate-based library construction protocol on a 

Microlab NIMBUS robot (Hamilton Company). End-repair and phosphorylation were performed 

on the sheared cDNA in a single reaction using an enzyme mix containing T4 DNA polymerase, 

Klenow DNA Polymerase and T4 polynucleotide kinase (New England Biolabs). The reaction 

mixture was incubated at 20 ℃ for 30 min. Repaired cDNA was purified in a 96-well format using 

PCR Clean dX beads (Aline Biosciences) and 3’ A-tailed (adenylation) using Klenow fragment 

(3’ to 5’ exo minus) and incubated at 37 ℃ for 30 min. Enzyme heat activation was performed, 

and Illumina TruSeq adapters were ligated at 20 ℃ for 15 min. PCR Clean DX beads were used 

to purify the adapter-ligated products, which were then digested using USER™ enzyme (1U/µL) 

(New England Biolabs) at 37 ℃ for 15 min. 10 cycles of indexed PCR, using NEBNext Ultra II 

Q5 Master Mix (New England Biolabs) and Illumina’s primer set, were performed. The PCR 

products were purified and size-selected twice using a 1:1 PCR Clean DX beads-to-sample ratio. 

The eluted DNA quality was assessed with Caliper LabChip GX for DNA samples using the High 

Sensitivity Assay (PerkinElmer, Waltham, MA, USA) and quantified using a Quant-iT dsDNA 

High Sensitivity Assay Kit on a Qubit fluorimeter (Invitrogen) prior to library pooling and size-

corrected final molar concentration calculation for Illumina HiSeq sequencing with paired-end 150 
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base reads. The samples were submitted to the NCBI SRA under BioProject accession 

PRJNA877233. The corresponding BioSample accessions are presented in Table 11.  

 

Table 11 BioSample accession information for Beauveria bassiana strains used in this study. 

Strain Sample Title Accession 

Number 

Sample Name 

UAMH 298 Beauveria bassiana strain UAMH 298 SAMN30686974 Bb_UAMH_298 

UAMH 298-UVR Beauveria bassiana strain UAMH 298 (UV-

resistant derivative) 

SAMN30686975 Bb_UAMH_298-YVR 

UAMH 299 Beauveria bassiana strain UAMH 299 SAMN30686972 Bb_UAMH_299 

UAMH 299-UVR Beauveria bassiana strain UAMH 299 (UV-

resistant derivative) 

SAMN30686973 Bb_UAMH_299-UVR 

UAMH 1076 Beauveria bassiana strain UAMH 1076 SAMN30686976 Bb_UAMH_1076 

ANT-03 Beauveria bassiana strain ANT-03 SAMN30686977 Bb_UAX-29 

UAMH 4510 Beauveria bassiana strain UAMH 4510 SAMN30686978 Bb_UAMH_4510 

110.25 Beauveria bassiana strain 110.25 SAMN30686979 Bb_110.25 

 

5.9.13 Differential Expression and Co-Expression Analysis 

 These experiments were performed by Dr. Birol’s lab, with experimental discussion and 

advice from our lab. Coding sequences from the reference B. bassiana strain, ARSEF 2860281 were 

used to quantify gene-level expression of the eight strains, using Salmon v1.5.2.296 Salmon was 

run in quasi-mapping mode, and corrected for sequence-specific and fragment-level GC biases 

using the --seqBias and --gcBias options. Differential expression analysis was carried out using 

DESeq2.297 Gene expression was compared between the red and non-red strains, with the non-red 

strains used as the reference level. Differential expression (DE) was tested using a log2 fold change 

(LFC) threshold of 1 and altHypothesis=”greaterAbs”, to identify upregulation and 

downregulation. Significant DE genes were selected at FDR < 0.05. GO enrichment analysis was 
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performed using clusterProfiler.292 The ARSEF 2860 annotations were obtained from 

AnnotationHubv2.22.1298 under the record AH86840, and significantly enriched terms were 

selected at FDR < 0.05. Genes with mean normalized count values of 0 were excluded from the 

background gene set for the GO enrichment analysis. 

 Differential co-expression was assessed using the DGCA R package (v1.0.2).299 Variance 

stabilizing transformation from DESeq2 was applied to the raw count data with blind=F. The genes 

in the lowest 25th percentile of variants were filtered out. Co-expression was calculated between 

gene pairs consisting of all filtered genes and OpS1 (BBA_08179) and OpS3 (BBA_08181). The 

differential correlation was identified between red and non-red strains. P-values were adjusted 

using FDR and significantly co-expressed gene pairs were identified between red and non-red 

strains at FDR < 0.05.  
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