
Nematophilic bacteria as a source of novel macrocyclised antimicrobial non-ribosomal 
peptides  

 

 

By  

Ryan Musumba Awori 

 

 

 

 

Dissertation 

zur Erlangung des Doktorgrades 

der Naturwissenschaften 

vorgelegt beim Fachbereich für Biowissenschaften (15) 

der Johann Wolfgang Goethe-Universität 

in Frankfurt am Main 

von 

Ryan Musumba Awori 

aus Nakuru, Kenia 

 Frankfurt am Main 2020 
D30 

 
 
 



  i 

vom Fachbereich Biowissenschaften (15) der Johann Wolfgang Goethe-Universität 
als Dissertation angenommen 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dekan:   Prof. Dr. Sven Klimpel 
Gutachter:   Prof. Dr. Helge Bode 
    Prof. Dr. Jörg Soppa 
Datum der Disputation:  09.03.2021 



  ii 

 
 
 
 
 

 

 

 

 

 

 

 

 

“Tune your ear to wisdom, 

and concentrate on understanding. 

Cry out for insight, 

and ask for understanding. 

Search them out as you would for silver; 

seek them like hidden treasures.” 

Traditional Proverb 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  iii 

ABSTRACT 
A solution to ineffective clinical antimicrobials is the discovery of new ones from under-

explored sources such as macrocyclic non-ribosomal peptides (NRP) from 

nematophilic bacteria.  In this dissertation an antimicrobial discovery process –from 

soil sample to inhibitory peptide– is demonstrated through investigations on six 

nematophilic bacteria: Xenorhabdus griffiniae XN45, X. griffiniae VH1, Xenorhabdus 

sp. nov. BG5, Xenorhabdus sp. nov. BMMCB, X. ishibashii and Photorhabdus 

temperata. To demonstrate the first step of bacterium isolation and species delineation, 

endosymbionts were isolated from Steinernema sp. strains BG5 and VH1 that were 

isolated directly from soil samples in Western Kenya. After genome sequencing and 

assembly of novel Xenorhabdus isolates VH1 and BG5, species delineation was done 

via three overall genome relatedness indices. VH1 was identified as X. griffiniae VH1, 

BG5 as Xenorhabdus sp. nov. BG5 and X. griffiniae BMMCB was emended to 

Xenorhabdus sp. nov. BMMCB. The nematode host of X. griffiniae XN45, Steinernema 

sp. scarpo was highlighted as a putative novel species. To demonstrate the second 

step of genome mining and macrocyclic non-ribosomal peptide structure elucidation, 

chemosynthesis and biosynthesis, the non-ribosomal peptide whose production is 

encoded by the ishA-B genes in X. ishibashii was investigated. Through a combination 

of refactoring the ishA-B operon by a promoter exchange mechanism, isotope labelling 

experiments, high resolution tandem mass spectrometry analysis, bioinformatic protein 

domain analysis and chemoinformatic comparisons of actual to hypothetical mass 

spectrometry spectra, the structures of Ishipeptides were elucidated and confirmed by 

chemical synthesis. Ishipeptide A was a branch cyclic depsidodecapeptide 

macrocyclised via an ester bond between serine and the terminal glutamate. It 

chemosynthesis route was via a late stage macrolactamation and linearised 

Ishipeptide B was synthesised via solid phase iterative synthesis. Ishipeptides were 

not N-terminally acylated despite being biosynthesised from the IshA protein that had 

a C-starter domain. It was highlighted that more than restoration of the histidine active 

site of this domain is required to restore N-terminal acylation activity.  
To demonstrate the final step of determination of antimicrobial activity, minimum 

inhibitory concentrations of Ishipeptides and Photoditritide from Photorhabdus 
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temperata against fungi and bacteria were determined. None were antifungal while 

only the macrocyclic compounds were inhibitory, with Ishipeptide A inhibitory to Gram-

positive bacteria at 37 µM. The cationic Photoditritide, a cyclic hexapeptide 

macrocyclised via a lactam bond between homoarginine and tryptophan, was 12 times 

more inhibitory (3.0 µM), even more effective than a current clinical compound, 

Ampicillin (4.2 µM). For both, macrocyclisation was hypothesised to contribute to 

antimicrobial activity. Ultimately, this dissertation demonstrated not only nematophilic 

bacteria as a source of novel macrocyclic antimicrobial non-ribosomal peptides but 

also a process of antimicrobial discovery–from soil sample to inhibitory peptide– from 

these useful bacteria genera.  This is significant for the fight against antimicrobial 

resistance. 
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ZUSAMMENFASSUNG 

Grafische Zusammenfassung 

 
Resistenz gegen Antimikrobiotikum (AMR) ist eine Herausforderung für die ganze Welt. 

Zudem verschlimmert sie andere gesundheitliche Herausforderungen. Zum Beispiel 

kann sich die Situation sehr kranker COVID-19 Patienten durch Infektionen mit 

Antibiotikum-resistenten Mikroben weiter verschlechtern. Für Länder, die viele 

Tuberkulose Patienten und wenig molekulare diagnostische  Maschinen  haben, ist es 

jetzt schwieriger Antibiotikum-resistente Tuberkulose Infektionen zu entdecken, weil  

alle molekulare Maschinen  jetzt für COVID-19 Diagnosen  benutzt werden. AMR wird 

noch schlimmer (circa 1917 Tote pro Tag), wenn wir keine Forschung betreiben, um 

Lösungen zu finden. Eine Lösung für das Problem der Antibiotikaresistenzen ist die 

Entwicklung neuer Antibiotika aus bisher wenig untersuchten Quellen, wie 

makrozyklische nicht-ribosomale Peptide (NRP) von nematophilischen Bakterien. In 

dieser Arbeit wird anhand der Untersuchung von sechs nematophilischen Bakterien – 

nämlich Xenorhabdus griffiniae XN45, X. griffiniae VH1, Xenorhabdus sp. nov. BG5, 
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Xenorhabdus sp. nov. BMMCB, X. ishibashii and Photorhabdus temperata – ein 

antimikrobielles Suchverfahren von der Bodenprobe bis zum hemmenden Peptid 

vorgestellt. 

Xenorhabdus haben eine Symbiose mit Steinernema Nematoden, Photorhabdus mit 

Heterohabditis und Serratia mit beiden Insectivora Gruppen von Oschieus Nematoden 

und Ceanorhabditis briggisae. Alle diese Nematoden töten Insekten(EPN) und die 

nematophilische Bakterien helfen dabei, das zu machen. Nicht alle Serratia sind 

nematophilische Bakterien und es gibt wenig bekannte Serratia-

Oschieus/Ceanorhabditis Symbiosen. Aber alle 44 bekannten Xenorhabdus und 

Photorhabdus würden von Nematoden isoliert haben. Daher liegt der Fokus dieser 

Dissertation nur auf Xenorhabdus und  Photorhabdus als nematophilische Bakterien. 

Beide sind Gram-negativ Bakterien von Morganellaceae, Enterobacterales und 

Gammaproteobacteria. Zwei wichtige Besonderheiten sind: Xenorhabdus sind die 

einzigen Enterobacterales, die Katalase-negativ sind und Photorhabdus sind die 

einzigen irdischen Bakterien, die Biolumineszenz haben. Heute gibt es 26 

Xenorhabdus und 18 Photorhabdus, die von sehr verschiedenen Orten isoliert werden 

können. Wegen des Klimas, konnte man von tropischen Afrikanischen Orten viele 

nematophilische Bakterien isolieren. Aber nur X. griffiniae XN45, X. griffiniae BMMCB 

und X. khoisanae wurden von hier isoliert. Daher ist es wichtig mehr Forschung in 

diesen Orten zu machen. 

Die phylogenetische Diversität von Xenorhabdus ist höher als für Photorhabdus. Daher 

ist es schwieriger Photorhabdus Arten zu trennen. Um das zu richtig machen, sollte 

man phylogenomische Techniken nutzen. Sie sind Average Nucelotide Identity 

(ANI),Genom-Genom Distanz(GGD), digitale DNA-DNA-Hybridisierung (dDDH) und 

Pan-genom Analysen. ANI trennt zwei Arten, wenn sie niedriger als 95.1% Identitaten 

haben. dDDH trennt zwei Arten wenn sie niedriger als 70% Identitaten haben und GGD 

trennt zwei Arten wenn sie mehr als 0.0361 Distanz haben. Zwei Unterarten können 

keine gleiche Arten sein, wenn es mehr als 1% Differenz zwischen ihrem GC-content 

gibt. Die Pan-genom Technik ist sehr genau aber braucht mindestens fünf Genome 

pro Arten um zu funktionieren. Es kann für die Identifikation von neuen Photorhabdus 



  vii 

Arten richtig gut funktionieren. Aber für neue Xenorhabdus Arten ist  ANI, dDDH, GGD 

ausreichend, weil sie eine nicht zu niedrige  phylogenetische Diversität haben. 

In der Natur steigt bei Photorhabdus und Xenorhabdus Bakterien die Fekundität von 

Ihren Nematoden an, durch die Herstellung von Naturstoffen mit verschiedenen 

ökologischen Funktionen. Sie sind: Naturstoffe die Insekten töten (Rhabduscin, Xpt 

toxin, Mcf toxin, Xax toxin), Naturstoffe die Protozoon töten (Xenortide, Rhabdopeptide, 

Xenoamicin, Amabctin), Naturstoffe die Plins töten (Cabalinasin, Biocornutin, 

Xenocoumacin 2, EP-20, GP-19), Naturstoffe die andere Bakterien töten 

(Odilorhabdins, Nematophin, Xenohabdin, Xenocoumacin1, PAX peptides, 

Xenematides, Xenobactin), Naturstoffe die Insekten vertreiben  ( SDF, ADF) und 

Naturstoffe die Symbiose helfen (NilC).  Eine paar von diesen Naturstoffen sind NRP. 

Was genauso ist ein NRP? Ein NRP besteht aus zwei oder mehr verbundenen 

Aminosäuren, die von einem Nicht-ribosomal Peptid Synthetase (NRPS) Protein 

hergestellt sind. Wegen dieser Herstellung haben NRP diese Besonderheiten: Sie 

erhalten D-Aminosäuren; Sie können über 500 verschiedene 

Aminosäuren/Aminosäurederivative erhalten; Während der Synthese im NRPS 

können sie Modifikationen wie N- Terminal Acylierung,  Methylierung, Formylierung, 

Makrozyklisierung bekommen. Jeder NRPS hat mindestens ein Modul, das 

mindestens A, C und T Domain hat. Um ein NRP herzustellen, wird zuerst die ganze 

NRPS von apo bis holo konvertiert.  Dann wird die A domain der richtigen Aminosäure 

ausgewählt. Dann wird die A Domain dieser Aminosäure aktiviert. Danach wird die T 

Domain mit der aktivierten  Aminosäure(AAS) durch einen phosphopantethienyl co-

Faktor(PPT) verbunden, um die AAS zu transportieren. Die C domain wird AAS 

verbinden, die von der zwei T Domains die C Domain inzwischen ist und der letzte 

Schritt erzeugt ein Peptid. Zum Schluss trennt die TE Domain das Peptid von der 

NRPS. Die TE domain kann auch eine Makrozyklisierung machen.  Das Ergebnis sind 

makrozyklisierte antimikrobielle NRP von nematophilischen Bakterien: Taxalllaids, 

Chaiyaphumins, Szentiamide, Xenematide, Xenobactin, PAX lipopeptides, 

Xenoamicin, Ambactin, Phototemtide.   

Mit Hilfe der Bioinformatik Genom Analyse kann man schnell herausfinden, welche 

NRP ein Bakterium herstellen kann, wie groß es ist und ob es unbekannt ist.  Dann 



  viii 

kann man durch Isotopenmarkierung, hochauflösender Tandem-Massenspektrometrie, 

bioinformatischer Proteindomänenanalyse und chemoinformatischer Vergleiche 

gemessener mit hypothetischen massenspektrometrischen Spektren die Strucktur 

erklären. Danach kann man die minimalen Hemmkonzentration (MHK) vom Peptid 

finden.  

In dieser Dissertation habe ich an sechs nematophilischen Bakterien geforscht. Das 

Ziel war die Prozessschritte, wie man ein antimikrobielles NRP von nematophilischen 

Bakterien finden kann, zu demonstrierten. Diese Schritte waren 1) der Isolierung der 

Bakterien und Artenbestimmung 2) Genome-Minings und der Aufklärung der 

makrozyklischen nicht-ribosomalen Peptidstrukturen 3) MHK von NRP gegen Mikrobe 

zu bestimmen.  

Als erster Schritt der Isolierung der Bakterien und Artenbestimmung wurden 

Endoymbionten aus den Steinernema sp. Unterarten BG5 und VH1 isoliert, die 

wiederum aus 76 Bodenproben entnommen wurden, die im Oktober 2018 in 

Westkenia gesammelt wurden. Nach der Genomsequenzierung der Xenorhabdus sp. 

Unterarten BG5 & VH1 und X. griffiniae XN45 wurden die Arten durch die drei Indizes  

ANI,GGD und dDDH abgegrenzt. Xenorhabdus sp. unterart VH1 wurde als X. griffinae 

VH1; Xenorhabdus sp. Unterart BG5 als Xenorhabdus sp. nov. BG5 identifiziert und X. 

griffinae BMMCB wurde zu Xenorhabdus sp. nov. BMMCB korrigiert. Der 

Nematodenwirt von X. griffiniae XN45, Steinernema sp. scarpo ist möglicherweise eine 

neue Nematodenspezies. Um den zweiten Schritt des Genome-Minings und der 

Aufklärung der makrozyklischen nicht-ribosomalen Peptidstrukturen, der Chemo- und 

Biosynthese vorzuführen, wurde das nicht-ribosomale Peptid untersucht, dessen 

Produktion durch die ishA-B Gene in X. ishibashii kodiert wird. Durch Veränderung des 

IshA-B Operon durch einen Promoter-Austausch-Mechanismus in Kombination mit 

Isotopenmarkierung, hochauflösender Tandem-Massenspektrometrie, 

bioinformatischer Proteindomänenanalyse und chemoinformatischer Vergleiche 

gemessener mit hypothetischen massenspektrometrischen Spektren, wurden die 

Strukturen der Ishipeptide erhellt und durch chemische Synthese bestätigt. Ishipeptide 

A war ein verzweigt-zyklisches  Dodecadepsipeptid mit einer Makrozyklisierung durch 

eine Esterbindung zwischen Serin (ᴅ-Ser9) und dem terminalen Glutamat (ʟ-Glu12.). 



  ix 

Die chemosynthetische Route verlief über eine Makrolaktamation in einem späten 

Stadium und linearisiertes Ishipeptide B wurde durch iterative Merrifield-Synthese 

synthetisiert.  Ishipeptide waren nicht am N-Terminus acyliert, obwohl sie aus einem 

IshA-Protein mit einem Cstart Domain biosynthetisiert worden waren.Es stellte sich 

heraus, dass mehr als die Wiederherstellung des Hystidin-aktiven Zentrums 

erforderlich ist, um die Acylierungsaktivität des N-Terminus wiederherzustellen. 

Ishipeptide A ist nicht stabil und konnte bis Ishipeptide B(linear derivativ) verwenden. 

Ishipeptide B kann eine  Methylierung an der C-Terminal erhalten. Alle drei existieren 

in MS spectra.  

Die letzte Schritt war die Ermittlung der minimalen Hemmkonzentration (MHK)  der 

Ishipeptide A, B und Photoditritide zu bestimmen, die aus Photorhabdus temperata 

isoliert worden waren. Keine wirkten antimykotisch. Alle drei hat keine Inhibition gegen 

Candida lusitaniae gehabt. Nur die makrozyklischen Stoffe wirkten 

hemmend.Ishipeptide B wirkte nicht hemmend gegen Micrococcus luteus  gehabt 

während Ishipeptide A eine MHK von 37 µM hat. Das kationische Photoditritide, ein 

Hexapeptid  mit einer Makrozyklisierung durch Laktambindung zwischen Homoarginin 

(ᴅ-Har1) und Tryptophan (ʟ-Trp6), war 12-mal mehr hemmend und sogar effektiver als 

der aktuelle klinische Wirkstoff Ampicillin. Photoditritide hat eine MHK von 3.0 µM 

gegen M. Luteus und Ampicillin hat eine MHK von 4.2 µM. Es wird angenommen, dass 

die Makrozyklisierung zur antimikrobiellen Wirkung beiträgt. Diese Arbeit zeigte nicht 

nur, dass nematophilische Bakterien als Quelle neuartiger makrozyklischer 

antimikriobiell wirksamer nicht-ribosimaler Peptide dienen können, sondern 

demonstrierte  auch einen methodischen Ansatz für die Suche nach Antibiotika – von 

der Bodenprobe bis zum hemmenden Wirkstoff – aus diesen sehr nützlichen 

Bakteriengattungen. Die ist für den Kampf gegen Antibiotikresistenz von Bedeutung. 
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INTRODUCTION 

Antimicrobial resistance in our world today  
Antimicrobial resistance (AMR) is the inability of current clinical compounds that 

previously inhibited the growth of bacteria, fungi, protozoa, and viruses, to exert the 

same effect due to genetic mutations within these microorganisms. As of June 2014, 

the containment of infections by antimicrobial-resistant pathogens was classified as a 

top global health priority by the World Health Organisation1. Today, the top global health 

priority is the emergence and subsequent containment of the novel SARS-CoV-2 virus 

and its resultant coronavirus disease 2019(COVID-19), which was classified as a 

global pandemic on March 11th, 2020. Yet the control of COVID-19 and antimicrobial-

resistant pathogen infections is intertwined2. For example,  as much as global health 

measures –such as increased sterilisation of patient rooms and hospital equipment in 

health care settings3, increased hand washing and sanitisation of surfaces in public 

settings, reduced social gatherings4 and global travel3– to reduce SARS-CoV-2 

infections have inadvertently5 reduced microbial infections3,6, the COVID-19 pandemic 

may increase spread of antimicrobial-resistant pathogens in the following ways.  

First, despite bacterial and fungal co-infections in hospitalized COVID-19 patients 

being only seven percent, 14% was observed in those in intensive care units(ICU) 

including those by carbapenem-resistant & extended-spectrum beta-lactamase 

Kleibsella pneumoniae and methicillin-resistant Staphylococcus aureus,7 all of which 

are classified as urgent or serious global health threats1,5. The high levels of 

indiscriminate, unrecommended use of antimicrobials as prophylaxis on COVID-19 

patients7 further engenders the emergence of such antimicrobial resistant pathogens. 

Relatedly, increased indiscriminate use of antimicrobials on COVID-19 patients has 

resulted in an increase in Clostridioides difficile co-infections8.  
Second, the increased demand for diagnosis of SARS-CoV-2 by nucleic acid 

amplification tests may lead to a decrease in capacity to diagnosis multi-drug resistant 

Mycobacterium tuberculosis in high-burden low-resource countries, as previously used 

molecular platforms such as Cepheid GeneXpert9 are being repurposed for SARS-

CoV-2 screening10. This reduced capacity for antimicrobial stewardship may increase 
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spread of drug-resistant Mycobacterium. Taken together, we see AMR as a pervasive 

problem that makes other health problems worse.  

The actual cost of human lives lost to AMR is similar to 1917 per day and this is 

predicted to increase unless deliberate interventions are continually undertaking11. 

One such intervention is development of new antimicrobials such as novel non-

ribosomal peptides from nematophilic bacteria.  Thus, the aim of this dissertation was 

to demonstrate an antimicrobial discovery process –from soil sample to inhibitory 

compound– through investigations on six nematophilic bacteria: Xenorhabdus 

griffiniae XN45, X. griffiniae VH1, Xenorhabdus sp. nov. BG5, Xenorhabdus sp. nov. 

BMMCB, X. ishibashii DSMZ 22670 and Photorhabdus temperata Meg1. 

What are nematophilic bacteria? 
Nematophilic “nematode loving” bacteria are members of Kingdom Monera that are 

natural obligate symbionts of members of Phylum Nematoda. Three such genera are 

Xenorhabdus, Photorhabdus and Serratia, which are symbionts of Steinernematidiae, 

Heterorhabditidae and Rhabditidae members respectively. Each of these three families 

of the order Rhabditida contain entomopathogenic nematodes(EPNs) –all members of 

Steinernema genus, all members of Heterorhabditis genus, all members of Insectivora-

group of Oscheius genus and Ceanorhabditis briggsae. However, it is their 

Xenorhabdus, Photorhabdus or Serratia symbionts that contribute in large part to this 

trait through both septicaemia and toxaemia12–15. Hence, Xenorhabdus, Photorhabdus 

and a few Serratia species are also termed as entomopathogenic bacteria.  

Whereas Serratia symbionts form associations with Oscheius and Caenorhabditis 

nematodes, Xenorhabdus and Photorhabdus symbionts are more genus specific, 

associating only with Steinernema and Heterorhabditis species respectively with even 

more specificity seen in the former as a Steinernema species associates only with one 

Xenorhabdus species. Though Xenorhabdus and Serratia are the most-studied, other 

bacteria such as entomopathogenic Pseudomonas sp.16 and Alcaligenes sp.17 

respectively associate with Steinernema and Oscheius nematodes.  

This classification of Serratia as nematophilic bacteria has some caveats. First, not all 

Serratia species are nematode symbionts18 and only a few Oscheius-

Serratia/Ceanorhabditis-Serratia associations are known. Second, for some of these 
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associations Serratia were only facultative nematode symbionts13,19. Nonetheless, this 

is an emergent field of study worthy of mention and one can predict many more 

associations will be discovered, if only based on the ubiquitous and astronomical 

abundance of nematodes within the global top soils20.  

All forty-four characterised Xenorhabdus and Photorhabdus species were natural 

nematode intestinal symbionts as highlighted in Table 1 (although the name P. 

asymbiotica means ‘lack of a symbiont’ as it was first isolated from a human patient in 

Texas, the nematode host of P. asymbiotica subsp. australis –reclassified as P. 

australis– was later discovered as H. gerrardi21). Thus, this dissertation focused on 

these two genera as nematophilic bacteria.  

Described species of Xenorhabdus and Photorhabdus 
Xenorhabdus and Photorhabdus are both Gram-negative, rod shaped, peritrichously 

flagellated, facultative anaerobes of family Morganellaceae, order Enterobacterales 

and class Gammaproteobacteria22 uniquely characterised by having both primary and 

secondary variants and endosymbiosis with EPNs. Other distinguishing traits include 

Photorhabdus being the only terrestrial bioluminescent bacterium genus and 

Xenorhabdus being the only member of Enterobacterales that does not produce 

catalase. 
Table 1. Nematophilic bacteria associated with entomopathogenic nematodes 

Species Nematode Host of 

Isolation 

Geographic Region of Type 

Strain Isolation 

X. beddingii23 S. longicaudum Tasmania, Australia24 

X. bovienii23 S. affinie Tasmania, Australia24 

S. intermedium 

S. kraussei 

S. feltiae 

X. budapestensis25 S. bicornutum Szabadka, Serbia25  
X. caballinasii26 S. riobrave  Texas, USA26 
X. doucetiae26 S. diaprepesi Martinique, Carribean27 

X. ehlersii25 S. serratum Sourthern China25  
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X. griffiniae26 S. hermaphroditum Indonesia26 
X. hominickii26 S. karii Kirinyaga, Kenya28 

S. monticolum 

X. indica25 S. thermophilum New Delhi, India29  

X. innexi25 S. scapterisci  Uruguay25  
X. japonica30 S. kushidai Hamakita, Japan30 
X. ishibashii31 S. aciari Haimen, China32 

X. khoisanae33 S. khoisanae Western Cape Province, 

South Africa33 
X. koppenhoeferi26 S. scarabaei New Jersey, USA26 
X. kozodoii26 S. arenarium Russia34 

S. apuliae 

X. magdalanensis35 S. australe Isla Magdalena, Chile35 
X. mauleonii26 Steinernema sp.  St. Vincent, Carribean27 

X. miraniensis26 Steinernema sp. Mirani, Australia26 
X. nematophila23 S. carpocapsae Virginia, USA36 

 

X. poinarii23 S. glaseri North Carolina, USA37 

S. cubanum 

X. romanii26 S. puertoricense Puetro Rico, USA26 
X. stockiae26  S. siamkayai Thailand26 
X. szentirmaii25 S. rarum Cordoba, Argentina25  
X. vietnamensis38 S. sangi Xuanmy, Vietnam39 

X. eapokensis40 S. eapokense EaPok, Vietnam40 
X. thuoxuangnensis40 S. sangi Thuong Xuan, Vietnam40 
S. nematodiphila41 O. chongmingensis  Chongming Islands, China42 

S. marcescens19  O. carolinensis Raleigh, USA43 

O. safricana North West Province, South 

Africa44 
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Serratia sp. strain TEL45 O. basothovii Suikerbosrand Nature 

Reserve, South Africa45 
Serratia sp. strain N1946 O. microvilli Chongming Island, China46 
Serratia sp. strain 

SCBI13 

C. briggsae  Mpumalanga Province, South 

Africa47 

P. bodei48 H. beicherriana Liaoning Province, China48 

P. caribbeanensis48 H. bacteriophora Basse Terre, Guadeloupe 

Islands 27 

P. hainanesis48 Heterohabditis sp. Hainan Island, China49 

P. kleinii48 H. georgiana Ohio, USA50 
P. namnaonensis48  H. baujardi Nam Nao, Thailand51 
P. noeniputensis48 H. noenieputensis  Mbombela, South Africa52 

P. tasmaniensis48 H. zealandica  Nicholls Rivulet, Australia49 

P. thracensis48 H. bacteriaphora  Kirklareli, Turkey53 

P. stackebrandtii48 H. bacteriophora 

strain GPS11 

Atwood, USA54 

P. kayaii48 H. bacteriophora  Aksaray, Turkey53 

P. asymbiotica55 H. gerrardi San Antonio, USA56 

P. cinerea48 H. downesi Asotthalom, Hungary57 

P. akhurstii48 H. indica Grande Terre, Guadeloupe 

Islands27 

P. luminescens48 H. bacteriophora Brecon, Australia58  
P. heterohabditis59 H. zealandica Brits, South Africa60 

P. khanii48 H. bacteriophora Clayton, USA61 

P. laumondii48 H. bacteriophora 

strain HP88 

Trindad, Trindad and Tobago27 

P. temperata48 H. megidis Nachodka, Russia49 

 
Despite this taxonomic relatedness, the similar ecological niche of the two genera is 

due more to convergent evolution than phylogenetic distance62.  Phylogenetically, 
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Xenorhabdus is more divergent with more characterised species while Photorhabdus 

is less divergent despite having fewer species63.  Twenty-six Xenorhabdus species that 

were isolated from twenty-six nematode symbionts have been described to date (Table 

1). However, 84 Steinernema species have been described64 highlighting that at most 

–because of species like X. bovienii, X. hominickii, X. kozodoii and X. poinarii that are 

symbionts of more than one nematode– 58 novel Xenorhabdus species could be 

added to the genus from respective under-investigated yet described steinernematids. 

This prediction can be mathematically supported by calculating the mean α exponent 

of Heap’s Law of the Xenorhabdus pangenome with user-friendly tools like the Panweb 

web-server that uses a PGAP platform65. A value less than one indicates that the 

pangenome is open, meaning that more novel species need be added to the genus so 

as to complete it66. 
As of 2018, the use of nucleotide sequence-based techniques for species delineation 

became the gold standard in bacterial taxonomy67 and is useful for identification of new 

field isolates or emendation of already described taxon. For example,  Xenorhabdus 

sp. strain BMMCB was described as an X. griffiniae species68, but we69 demonstrated 

that its nucleotide identities values for the recombinase A(recA), phosphoserine 

transferase(serC) and small sub unit rRNA(SSU) genes,  with those of the type species 

were below the accepted threshold for same species assignment (97% for protein 

coding genes38, 98.7% for SSU gene70). Moreover it71 was demonstrated that the 

nematode host of Xenorhabdus sp. strain BMMCB, S. khoisanae BMMCB, was not S. 

khoisanae but a novel species based on its low nucleotide identities values(<95%) for 

the internal transcribed spacer region (ITS) with those of most closely-related species. 

This indicates that Xenorhabdus sp. strain BMMCB is not an X. griffiniae strain but may 

be a novel species.  
The two most powerful nucleotide sequence-based techniques are average nucleotide 

identities (ANI) and digital DNA-DNA hybridisation (dDDH) that both delineate species 

by calculate how related two genomes are. The threshold for two strains to be classified 

as one species is >95%72 and >70%67 for ANI and dDDH respectively. Both of these 

were used to recently reclassify the Photorhabdus genus into 18 species48. However,  

strains S8-52, S9-53 and S10-54, identified as P. kleinii,  had ANI values of 96.7%  with 
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the P. bodeii type strain and P. temperata Meg1 had ANI values of 96.3% with the P. 

thracensis type strain demonstrating the difficulties27,38 of species delineation in 

Photorhabdus due to its low phylogenetic diversity. As a single nucleotide-based 

threshold cannot work across all bacterial species73,74, the use of pangenome analysis 

for species definitions and delineations, as was done with the Prochloroccus genus75,  

can be a useful technique for Photorhabdus systematics when sufficient genome 

sequences–at least five per species–66 are available. 

Nematode-bacterium lifecycle and bacterial small molecules 
The nematode-bacterium lifecycle begins with soil-dwelling infective third larval stage 

juvenile nematodes (IJ3) preying on an insect. Anatomically, they are J3 nematodes 

with a retained second larval stage cuticle that seals both mouth and anus rendering 

the nematodes into a non-feeding, developmentally-arrested, perennation-like stage76, 

in which they can remain viable for more than 6 months. Steinernematids IJ3 gain entry 

into a prey only through natural openings while heterohabditids can additionally gain 

entry by piercing into the haemocoel using a bursa77 that only they possess among the 

rhabditids78. Once within, the IJ3 undergo “recovery”12 whereby they shed their second 

larval stage cuticle and release (via regurgitation for Heterohabditis79 but defecation 

for Steinernema80) into the haemocoel, their bacterial gut symbionts. 

For Steinernema, Xenorhabdus would have been previously localised in a receptacle81 

at the anterior gut while for Heterohabditis, Photorhabdus would have previously lined 

the entire gut82. Detection of ʟ-proline concentrations >4.8mM in the haemolymph 

triggers upregulation of bacterial secretion of specialised metabolites of various 

ecological functions83. Despite the following grouping of biomolecules from both 

Xenorhabdus and Photorhabdus according to similarity of ecological function, their 

biosynthesis is species specific84.  
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Figure 1. Xenorhabdus-Steinernema lifecycle and selected biomolecules that contribute 

towards nematode fecundity. a) Free living infective third-stage juvenile (IJ3) nematodes seek 

out insects and gain entry through natural openings such as spiracles and b) once within the 

haemocoel, nematodes shed cuticle thus exiting non-feeding state and release Xenorhabdus 

gut symbionts into the insect body by defection. Upon release into the insect, bacteria secrete 

a range of small molecules that increase the fecundity of the nematode. Topmost arrow 

indicates putative sequence of secreted molecules.  c) Nematodes go through 1-3 complete 

lifecycles thus increasing their numbers and d) upon depletion of nutrients each J3 re-

abundance 
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associates with 1-3 Xenorhabdus bacteria, re-enter a non-feeding state and leave insect 

cadaver as IJ3. e) From only one nematode of each sex infecting an insect prey, millions can 

leave the cadaver. J1, J2, J3, J4= first, second, third, fourth larval stage juvenile nematodes, 

respectively. BZA= benzylideneacetone.  Created with BioRender.com 

 

The first grouping is insecticidal toxins and these can be divided into insect immune-

suppressors via inhibition of phenoloxidase pathway: 1,2-benzenedicarboxylic 

acid(PA)85, benzylideneacetone (BZA)86 rhabduscin83,87, 1,3-dihydroxy-2-(isopropyl)-

5-(2-phenylethenyl)benzene88; haemocyte pore-forming complexes: Xenorhabdus 

particulate toxins(Xpt)89,90, Toxin complex toxins(Tc)91, Xenorhabdus α-

xenorhabdolysin toxins (Xax)92,93; apoptosis inducers: Make caterpillar floppy 

toxins(Mcf)94, PaTox95 toxins and those with yet unknown modes of action: PirAB96.  
Another ecological function of secreted metabolites is bioconversion by enzymes such 

as lipases, proteases, amylases, and proteases –their respective genes are enriched 

in Xenorhabdus and Photorhabdus genomes62– creating a rich nutrient pool for the 

bacteria. To defend this from colonisation by microbial competitors, a broad spectrum 

of antimicrobials is produced. These include antifungals: Biocornutin97,  Cabalinasin98, 

EP-19, GP-2099, Xenocoumacin100,101; antibacterials: Darobactin102, Xenematide103,104, 

Xenocoumacin105, Photoditritide106, Nemaucin107, Xenobactin108, Odilorhabdins109, 

Xenorhabdin110,111, PAX peptides112,113: antiprotozoals: Phototemtide114, Xenoamicin115, 

Szentiamide116, Ambactin117,  Chaiyaphumin118, RXPs119, Xenortide120 and cytotoxic 

agents: Fabclavines121, Rhabdopeptides80,81, Phenylethylamine (PEA) derivatives124.   
Recovered IJ3s leverage this nutrient-filled enclosed environment to moult to fourth 

larval stage juvenile nematodes(J4) nematodes then adult nematodes, which lay eggs 

after mating in the case of all steinernematids expect S. haemaphroditum that lay eggs 

without mating due to its hermaphroditic nature and this is similar to the androdioecious 

heterohabditids whose adult females are also self-fertilised. Uniquely, Heterohabditis 

adult females lay eggs into their uterus which hatch and develop to first larval stage 

juvenile nematodes (J1) nematodes through endotokia matricida12. Both 

steinernematids and heterohabditids moult from J1 through to J4 then adults that lay 

eggs thus beginning another lifecycle and this continues until nutrients are depleted 
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within the cadaver. Notably, both Steinernema and Heterohabditis infected cadavers 

are themselves protected from consumption by non-microbial competitors such as ants 

by the bacterial production of scavenger deterring factors125,126, a group of which is the 

non-proteinaceous, heat-stable, extracellular ant deterring factors(ADF) that is 

produced by X. nematophila and P. luminescens127.  

Upon nutrient depletion, J3 nematodes commence transformation to IJ3s by 

reassociating with bacterial symbionts which can be as few as one per nematode in 

the case of Xenorhabdus associations81. Moreover, a highly species-specific re-

association occurs in Xenorhabdus-Steinernema complexes and this is attributed to 

the NilC protein128 in X. nematophila. By retaining the second larval stage cuticle 

rendering it into a non-feeding state, J3s complete transformation to IJ3 that then 

emigrate the cadaver in search of new insect prey. Evidently the fecundity of the 

nematode is increased by the production of bacterial secondary metabolites.  

Biotechnologically, two of these, the Odilorhabdins109 from X. nematophila and 

Tapinarof129 from P. luminscens and P. asymbiotica are furthest down the therapy 

development pipeline with the former having completed testing in mice models as an 

antibiotic against Escherichia coli and Kleibsella pnumoniae130 and Tapinarof Phase 

2b clinical trials as an anti-inflammatory against dermatitis131. These exemplify 

nematophilic bacteria as a source of novel therapies. Of note is that Odilorhabdins are 

a type of biomolecule to which seven132 clinical antimicrobials belong i.e non-ribosomal 

peptides. 

What are non-ribosomal peptides? 
Non-ribosomal peptides (NRP) are chains of amino acids(aa) formed from catalytic 

reactions of large energy-dependent multifunctional proteins called non-ribosomal 

peptide synthetases (NRPS) that are organised into modules, which are further divided 

into domains. Fundamentally similar to peptides made by ribosomes in that they are 

both two or more amino acids linked by amide bonds, NRPs differ in the following ways 

due to their biosynthesis from NRPS: incorporation of ᴅ-amino acid, nonproteinogenic 

and modified amino acid residues; assembly from a 500-plus133 pool of residues 

instead of only 20; incorporation of non-amino acid residues and modifications at 
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N115,134 and C119 -terminals during initial peptide synthesis. These results in NRPs being 

structurally diverse in comparison to their ribosomally produced counterparts135.  

Whereas in ribosomal peptide synthesis, a tRNA synthetase selects its corresponding 

amino acid and activates it, thus converting it to its amino acyl adenylate,  then loads 

it to tRNA to form an amino acyl tRNA, which then forms a complex together with 

elongation factor and guanosine triphosphate (GTP) that then moves into large 

ribosomal subunit (LSU) acceptor site, where peptide bond formation between amino 

acids of adjacent complexes occurs thus forming a peptide, NRP synthesis occurs 

solely in the NRPS –these are themselves predominantly found in fungi136 and 

bacteria135. However, within modules of these enzymes are domains with analogous 

functions to tRNA synthetase, amino acyl tRNA and LSU acceptor site, and these are 

expounded upon in the next section.  

Non-ribosomal peptide synthetase machinery 
The subset of an NRPS responsible for the incorporation of a single amino acid residue 

into a growing peptide chain is called a module. Two out of the three NRPS types are 

classified based on how many times they use a module in the biosynthesis of a single 

peptide molecule. Type one NRPS only use a module once to synthesise a complete 

peptide molecule while type two use a module repeatedly to synthesise one complete 

molecule such as the InxA, InxB, and InxC synthetases that produce the potent 

antiprotozoal rhabdopeptides from X. innexi119. Thus for type one NRPS, the number 

of modules in an NRPS is equal to the number of amino acids in the final 

biosynthesized peptide (except for those that exhibit module skipping) and the order 

of the modules reveals the amino acid sequence of the final linearised peptide. Each 

module is further divided into the previously noted enzymatic subunits called domains 

with the basic three being: condensation (C) domain, adenylation (A) domain and 

peptidyl carrier protein/thiolation (T) domain, arranged in that order. When the 

arrangement of domains within modules deviates from this order, the NRPS falls under 

the final classification –type three NRPS135. 

For all three types of NRPS, a way constituent domains are identified is by first 

identifying NRPS-encoding genes in a genome sequence –called biosynthetic gene 

clusters(BGC) because they are found in one genomic locus and encode all proteins 
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responsible for the biosynthesis of a specific biomolecule and its derivatives– then 

translating these into the suitable frame and searching for known, domain-specific 

motifs that are then used to demarcate respective domains.  For example, C1-C7 

motifs134 and the core-T motif135 are used to identify C and T domains respectively. 

Alternatively, phylogenetic relationships to known domain sequences can be used to 

identify unknown cognate domains, as is done for C domains with the NaPDoS137 

bioinformatic tool. Alternatively, sequence alignments of known domains can be used 

to create Hidden Markov models138 that detect distantly-related unknown homologous 

domains in a probabilistic manner139.  Identification of domains in turn leads to 

demarcation of a module, which cumulatively results in in silico prediction of NRPs 

biosynthesised from a bacterium/fungus by genome analysis using one-stop-shop 

tools such as PRISM,140 NRPS predictor141 and antiSMASH142.  

Analogous to tRNA synthetase, A domain (ca. 550 aa143) functions to select a specific 

amino acid, which it converts to its amino acyl–O–adenosine monophosphate (amino 

acyl adenylate) using energy from the breakdown of an adenosine triphosphate(ATP). 

What specifies the amino acid an A domain activates is the amino acid residues found 

at positions 235, 236, 239, 278, 299, 301, 322, 330, 331, 517 of the A domain’s primary 

sequence144.  These ten selectivity-conferring residues (A1-A10) are referred to as the 

non-ribosomal145/Stachelhaus code144 and are flanked by highly conserved residues 

that are the actual catalytic sites. The use of Stachelhaus codes in in silico prediction 

tools, has greatly hastened structure elucidation of non-ribosomal peptides146.  
Before the A domain selects it cognate amino acid, the NRPS would have been primed 

–converted from its apo to holo form– by the attachment of a 4’ phosphopantetheinyl 

cofactor(PP arm) to the β-hydroxy of a highly conserved serine residue of the T domain 

in an ATP-consuming, Mg2+ dependent, 4-phosphopantetheinyl transferase(PPTase) 

catalysed reaction. Accordingly, deletion of the PPTase gene in X. cabanillasii resulted 

in total abolition of NRP production147.  
 



  1.0 Introduction 

  13 

Figure 2: Model of NRPS domains essential for biosynthesis as reproduced from 148. M= 

module; A, T, C, TE = adenylation, thiolation, condensation and thioestrase domains. Each C 

domain has an acceptor (bottom right semi-circle) and donor (bottom-left semi-circle) site. 

Phosphopantetheinyl cofactor (PP arm) arm is attached to T domain at one end and 

thioestered to amino acid adenylate/ peptidyl at the other end. PP arms are attached to T 

domains prior to any peptide bond formation.  In addition to these essential domains, tailoring 

domains can also be present. Examples are Cstart domain that is only found before the A domain 

of M1, epimerisation domains that are found adjacent to a C Domain and methylation domains 

that are embedded in an A domain. Authorised reproduction is under a CC license 

(https://creativecommons.org/licenses/by/3.0/legalcode).  
 

Analogous to tRNA, T domains (ca. 80 aa residues143) have their PP arm covalently 

bind amino acyl adenylates(aaa) via thioesterification146 and subsequently transport 

them to a catalytic site, the C domain.  Functionally analogous to the LSU acceptor 

site, the C domain (ca. 450 aa residues143) bears acceptor and donor catalytic sites149 

that condense amino acids into peptides. Specifically,  C domain catalyses amide bond 
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formation between two activated amino acids attached to the two T domains the C 

domain is found in between by catalysing a reaction where the α-amino group is the 

nucleophile/Lewis base as it forms a bond by donating both its electrons to its reaction 

partner – the amino acyl adenylate of the upstream peptidyl intermediate135. This is an 

example of a nucleophilic attack150.  
Apart from these three basic domains, other domains may also be found in an NRPS. 

A thioesterase (TE) domain demarcates the end of the NRPS and if present is vital for 

peptide synthesis as demonstrated by deletion of TE domain of plipastatin synthetase, 

which resulted in truncated enzymes unable to synthesise the lipopeptide151. TE 

domains catalyse peptide chain release and peptide macrocyclisation from the final 

module of the NRPS. They do this in two ways, the first of which is hydrolysis of the 

thioester attaching the peptidyl to the PP arm, and this results in release of a linear 

peptide. The other is by a nucleophilic attack on the terminal acyl group by either the 

hydroxyl or amino group of the side chain of a constituent amino acid resulting a branch 

cyclic peptide, or by the α-amino group of the N-terminal resulting in a head-to-tail 

cyclised peptide. This is what creates macrocyclised NRPs. When a hydroxyl group is 

the nucleophile an ester bond is formed creating a depsipeptide/macrolactone151 while 

when an amino group is the nucleophile a lactam bond is formed creating a 

macrolactam. Linear peptide release from the NRPS can alternatively be catalysed by 

reductase (R) domains through reduction of electrons from the thioester attaching the 

peptidyl to the PP arm143. When two electrons are reduced an aldehyde is formed while 

reduction of four electrons forms an alcohol146.  
When present, an epimerization (E) domain is adjacent to a C domain and coverts the 

terminal ʟ- amino acyl of the peptidyl intermediate to its ᴅ- enantiomer. Methylation 

domains can be found embedded in an A domain and catalyse the methylation of the 

N-terminals, sulphur groups of cysteine as well as O-methylation146. Formylation 

domains (F) catalyse N-terminal formylation116. 
If present, C starter(Cstart) domains134 are the first domain of an NRPS –this results in 

the initiation (first) module having C, A, T instead of only A, T domains– catalyse N-

terminal acylation of a peptide resulting in lipopeptides, and potent clinical antibiotics 

such as daptomycin152 polymyxin B153 & colistin154 are biosynthesised through this 
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mechanism. Re-engineering an NRPS to biosynthesise a lipopeptide derivative of its 

native NRP would thus focus on manipulating this domain either through site directed 

mutagenesis to generate desired amino acid residues in an active site155 or entire 

domain swapping156 of the native Cstart domain with one that loads a different fatty acid, 

and both techniques can be accomplished through polymerase chain reaction(PCR) 

mediated overlap extension157. As lipopeptides are currently the most vital class of 

clinical antibiotics (Daptomycin158, Colistin159, Oritavancin160, Dalvabancin161, 

Telavancin162) due to their activity against Gram-positive infections158,163 caused by 

antimicrobial resistant pathogens such as methicillin-resistant S. aureus164 and 

vancomycin-resistant Enterococcus163,165, Cstart domain studies are vital to drug 

development of antimicrobial non-ribosomal peptides.  

Macrocyclised antimicrobial non-ribosomal peptides from Xenorhabdus and 
Photorhabdus 
Photorhabdus and Xenorhabdus bacteria are a rich source of specialised 

metabolites166 including non-ribosomal peptides167 and an ecological reason for this is 

the afore described endosymbiosis168. The following section gives a review of 

macrocyclised antimicrobial non-ribosomal peptides produced from these bacteria with 

a focus on how their physiochemical properties –it is these properties more than the 

amino acid composition that contribute to antimicrobial activity169,170 although the latter 

affects the former– may contribute to their inhibitory effect.   

Taxalllaids 
These are cyclic lipodepsipeptides biosynthesised from a type one NRPS TaxA-B of X. 

indica171. The first domain of TaxA is a Cstart domain and thus acylates the N-terminal 

with a fatty acid while the last domain on TaxB is a thioesterase and thus catalyses 

macrocyclisation through a nucleophilic attack of β-hydroxy group of ʟ-Thr1 on the C-

terminal group creating a lipodepsipeptide. Diversity of taxalllaid derivatives is due to 

variation in fatty acid length (iso fatty acids of 2 or 3 carbons) and aa residueposition 3 

(Phe/Leu)171. The primary peptide sequence of Taxalllaids is ʟ-Thr1 ʟ-Ala2 ʟ-Phe/ʟ-Leu3 

ᴅ-Leu4 ᴅ-Leu5 ʟ-Leu6 ʟ-Ala7 and thus have a net charge of (0), total hydrophobic ratio 

of at least 85% and probably do not form α-helices due to the short 7 aa residue chain 

length. Derivatives with ʟ-Phe and 3 carbon fatty acids are more hydrophobic than 
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those with ʟ-Leu and 2 carbon fatty acids because the hydrophobicity of ʟ-Phe (1.19) 

is higher than that of ʟ-Leu (1.06)172 while longer fatty acids are more hydrophobic.  

Hydrophobicity of Taxalllaids may have contributed to antimicrobial activity against 

Plasmodium falciparum as the activity(in IC50) decreased with decreasing 

hydrophobicity as follows:  B(ʟ-Phe & 3 carbon fatty acid) 2.87 µM; E (ʟ-Phe & 2 carbon 

fatty acid) 2.9 µM and D(ʟ-leu & 2 carbon fatty acid) 5.17 µM. For the weak 

antimicrobials, the linear derivative G was inactive against Trypanasoma brucei and P. 

falciparum while its macrocyclic derivative A inhibited both at IC50 7.19 µM and 16.6 µM 

respectively. Against Leishmania donovani and T. cruzi, A was 2-fold & 4-fold more 

potent than its linear derivative.  This demonstrated that macrolactonation contributed 

to antimicrobial activity in these highly hydrophobic depsipeptides.  

Chaiyaphumins 
These118 are cyclic lipodepsipeptides macrolactoned by an ester bond between β-

hydroxy of ʟ-Thr and the terminal carboxyl and N-terminally acylated by 4 different fatty 

acids. The primary peptide sequence is ʟ-Thr1-ᴅ-Phe2-ᴅ-Ala3-ʟ -Pro4-ʟ-Tyr5 and thus 

the peptide has a net charge of (0) and total hydrophobic ratio of at least 60%. Diversity 

of Chaiyaphumins is caused by variation in fatty acids at N-terminal with A having 

phenylacetic acid (PAA), B n-butyrate, C n-propionate and D acetate. Accordingly, A 

was the most hydrophobic derivative and had the higher antimicrobial activity against 

P. falciparum and T. brucei (IC50: 0.61 µM and 5.11 µM respectively) when compared 

to the only other tested derivative B (IC50: P. falciparum 15.4 µM; T. brucei 77.8µM). 

Both were not toxic to mammalian cells at high concentrations (IC50: A 92 µM; B 151 

µM) demonstrating these hydrophobic lipodepsipeptides as strong selective 

antimicrobials against P. falciparum. 

Szentiamide 
These116 are branch cyclic depsipeptides biosynthesised from X. szentirmaii and that 

are macrocyclised by an ester bond between β-hydroxy of ʟ-Thr and the terminal 

carboxyl and N-terminally formylated. The primary peptide sequence is ᴅ-Leu1-ʟ-Thr2-

ᴅ-Phe3-ᴅ-Val4-ʟ-Tyr5-ʟ-Trp6 conferring the peptide with a net charge of (0) and total 

hydrophobic ratio of at least 60%. Szentiamide was inhibitory to P. falciparum, L. 
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donovani, T. brucei (IC50:1.2 µM, 11.6 µM, 12.8 µM respectively) non-inhibitory to 

bacteria and lowly toxic to mammalian cells(IC50:66.7 µM)173 indicating these 

hydrophobic branch cyclic depsipeptides as antimicrobials selective against protozoa. 

Xenematides 
In these103,174,175 cyclic lipodepsipeptides –biosynthesised from X. nematophila– that 

consists of Xenematide A-G, diversity was due to the low substrate specificity of A 

domain of modules two and three of the Xnc NRPS that specified Phe/Trp/Leu/α-

aminoheptanoic(Aha) acid and Phe/Trp respectively103,175. Conversely, all seven had 

the same Phenylacetic acid (PAA) moiety at their N-terminal indicating a high substrate 

specificity of the Cstart domain. This in contrast to the lowly substrate-specific Cstart 

domain of taxalllaid171, chaiyaphumin118 and plipastatin151 biosynthesis that diversify 

these lipopeptides by acylating different lipid moieties.  

The primary peptide sequence is ʟ-Thr1-ʟ-Trp/ʟ-Phe/ʟ-Leu/ʟ-Aha2-Trp/Phe3-β-Ala4 and 

thus has a net charge of (0) and has a total hydrophobic ratio of at least 75%. In terms 

of bioactivity, Xenematides possessed antibacterial activity against the Gram-positive 

Bacillus subtilis in the following decreasing order: A, G, F, B (MIC: 15, 26, 54, 109 µM 

respectively) and against Gram-negative Pseudomonas sp. only A and G (MIC 15, 26 

µM respectively) were active. The highly hydrophobic residue ʟ-Aha may have 

increased hydrophobicity of G that in turn led to its high activity due to better insertion 

into cell membranes. Relatedly, the high activity of Xenematide A could be due its 50% 

composition of tryptophan residues. These preferentially interact with cell membranes 

surfaces176enhancing the interaction of the peptide with the cell membrane and thus 

may contribute to antibacterial activity in these cyclic lipodepsipeptides.  

Xenobactin 
This108 is a cyclic hexadepsipeptide biosynthesised by Xenorhabdus sp. PB30.3. The 

presence of ᴅ amino acid residues, N-terminal acyl moiety and macrolactonation 

indicate that it is an NRP biosynthesised by a Cstart domain-containing, six-module 

NRPS. Macrocyclisation was via an ester bond between ʟ-Thr1 and ʟ-Leu6 and N-

terminal acylation was with an acetate moiety. The amino acid sequence of was ʟ-Thr-

ʟ-Trp-ʟ-Thr-ᴅ-Val-ᴅ-Ile-ʟ-Leu thus had a net charge of (0) and total hydrophobic ratio of 
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at least 66%. Xenobactin inhibited Gram-positive M. luteus (MIC: 84.6 µM) and was a 

broad-spectrum antiprotozoal, active against T. brucei, T. cruzi and P. falciparum (IC50 

41.8; 76.5, 88.6 µM respectively). Conversely, it was non-inhibitory to fungi, Gram-

negative bacteria and nontoxic to mammalian cells indicating a selective antimicrobial 

activity of these hydrophobic depsipeptides. 

Phototemtide 
Phototemtide A-D114 are cyclic lipopeptides biosynthesised from the P. temperata PttB-

C synthetase that functionally requires an MbtH protein177. PttB synthetase had a Cstart 

domain that was responsible for diversity among Phototemtides as A, B, C, D differed 

in the fatty acid moiety at the N-terminal that is, 3-hydroxydecanoic acid, 3-

hydroxyhexanoic acid, 3-hydroxyheptanoic acid and 3-hydroxynonanoic acid 

respectively. Unique was the macrocyclisation of Phototemtides that was C-O 

esterification between a hydroxy of the N-terminal fatty acid with a terminal carboxy of 

the peptide. The amino acid sequence was Gly1-ʟ-Val2-ᴅ-Val3-ʟ-Thr4-ʟ-Ile5 giving the 

lipopeptide a total hydrophobic ratio of at least 60% and a net charge of (0). 

Phototemtide A was selectively inhibitory to protozoa–no inhibition of fungi, bacteria 

nor mammalian cells– of the following species: P. falciparum, T. brucei, T. cruzi (IC50 

was 9.8 µM, 62 µM, 83 µM respectively). Thus this cyclic lipopeptide displayed 

selectivity antiprotozoal activity, similar to the cyclic lipodepsipeptides Szentiamide, 

Chaiyaphumin A and B. 

Xenoamicin 
Among the depsipeptides isolated form Xenorhabdus species, Xenoamicin115 is not 

only the largest but also the most widespread with detected production from four178 (X. 

innexi, X. nematophila, X. mauleoni, X. doucetiae) out of the 26 characterised species 

of the genus. The lead compound of its class Xenoamicin A115 was biosynthesised from 

the XabA-D synthetases that contain both a Cstart domain and double TE domain 

resulting not only in N-terminal acylation but also macrocyclisation that was by an ester 

bond between ᴅ-Thr6 and ʟ-Val13. Diversity among Xenoamicin A-H was due to 

variation in the fatty acid moiety at the N- terminal indicating a low substrate specificity 

for this Cstart domain. Methylation of ᴅ-Ala2 and the promiscuity of A domain of module 
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10 further derivated the Xenoamicins. The sequence of Xenoamicin A is ʟ-Pro1-ᴅ-Ala2-

ʟ-Val3-ᴅ-Leu4-ʟ-Ile5-ᴅ-Thr6-ʟ-Val7-ᴅ-Val8-ʟ-Val9-ᴅ-Ala10-β-Ala11-ʟ-Pro12-ʟ-Val13 and thus 

has net charge of (0) and total hydrophobic ratio of at least 75%. Despite its amino acid 

residue length being more than seven and being composed of alternating ᴅ and ʟ 

amino acids,  Xenoamicin has a non-terminal proline residue (ʟ-Pro12) and this makes 

it unlikely to form a helix secondary structure upon contact with a cell membrane179. 

Nonetheless, Xenoamicin A was potent as an antiprotozoal with activity against P. 

falciparum, T brucei, T. cruzi, L. donovani (IC50: 1.8 µM, 4.9 µM, 23.5 µM, 38.6 µM 

respectively). It was non-inhibitory to bacteria, yeast fungi and lowly toxic to 

mammalian cells (IC50: 52 µM) indicating a selective antiprotozoal activity of these 

large hydrophobic depsipeptides.  

PAX lipopeptides 
The synthesis of PAX lipopeptides from X. nematophila is encoded by the PaxA-C 

operon113. These lipopeptides are cyclised by an amide bond between side chain 

amino group of ᴅ-Lys3 and terminal carboxyl of ʟ-Lys7 and N-terminally acylated by 3-

hydroxy fatty acids derivatives. Diversity is increased by variation of amino acid of 

position two, thus the primary peptide sequence is Gly1-ʟ-Lys/ʟ-Arg2-ᴅ-Lys3-ʟ-Lys4-ᴅ-

lys5-ᴅ-Lys6-ʟ-Lys7 making it completely hydrophilic with a net charge of (+6). A degree 

of hydrophobicity is required to penetrate the phospholipid bilayer for most antibacterial 

antimicrobial peptides170 and the fatty acid moiety in the PAX peptide could contribute 

towards this. In fact, the fatty acid moiety is structurally responsible for the difference 

in MIC against M. luteus112 between PAX 3(MIC:3.125µM) and PAX 5(MIC:1.56 µM) 

as both had the same peptide sequence, but 3-hydroxypetandecenol, 3-

hydroxytetradec-7-enol fatty acids respectively. This difference in MIC was similarly 

observed against Fusarium oxysporum (PAX3, PAX5:1.56µM, 0.78µM).  PAX peptides 

had no toxicity towards mammalian cells112, demonstrating selective activity of these 

highly cationic macrolactam lipopeptides. 

Ambactin 
Ambactin117 from X. miraniensis is bioactive macrolactam i.e it was cyclised by a 

nucleophilic attack of the α-amino group of ᴅ-Ser1 on the terminal carboxyl.  It had a 
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low total hydrophobic ratio of 50% due to its primary structure of  ᴅ-Ser1-ʟ-Gln-2ᴅ-Phe3-

ʟ-Leu4-ᴅ-Phe5-ʟ-lys6  and a net charge of (1+) due to the lysine residue. One anomaly 

was its lack of a lipid moiety at the N-terminal despite being biosynthesised from the 

Cstart domain-containing AmbS synthetase. Through multiple sequence alignment 

analysis of Cstart domain polypeptides, the authors117 attributed the non N-terminal 

acylation to a mutation in an active site, which in functional Cstart domains contained 

His-His while in Ambactin was His-Pro. A successful NRPS re-engineering of the Cstart 

domain active site back to His-His did not result in lipidated ambactin derivatives. In 

spite of this anomaly ambactin had antimicrobial activity inhibiting T. brucei at IC50: 7.98 

µM. This cationic antimicrobial peptide most likely utilised electrostatic interactions with 

the anionic cell membrane of Trypanosomes to effect its inhibitory effect. Whether the 

macrolactams from nematophilic bacteria tend to utilise a cationic nature to effect their 

antimicrobial activity is a question that can only be answered by discovery of more 

antimicrobial macrolactams. 
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Figure 3: Macrocyclised antimicrobial non-ribosomal peptides classes from nematophilic 

bacteria. 
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Objectives of this study 
General Objective 
To demonstrate an antimicrobial discovery process, from soil sample collection to 

detection of inhibitory activity, through investigations on nematophilic bacteria. 

Specific Objectives 
1. Isolation of novel Xenorhabdus strains from soils of Western Kenya. 

2. Conclusive species delineation of isolated Xenorhabdus strains. 

3. Comparative genome analysis of isolated Xenorhabdus strains with X. griffiniae 

XN45. 

4. Structure elucidation, biosynthesis, and chemosynthesis of putative macrocyclic 

non-ribosomal peptides whose synthesis is encoded by ishA & ishB genes of X. 

ishibashii DSMZ 22670. 

5. Determination of antimicrobial activity of macrocyclised non-ribosomal peptides 

Ishipeptide A from X. ishibashii and Photoditritide from P. temperata Meg1. 
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MATERIALS AND METHODS 

Collection of field soil samples 
Fieldwork was carried out from 16.10.2018-04.11.2018 in Western & Rift Valley 

provinces of Kenya as part of the 2017 Kenya National Research Fund Multi-

disciplinary grant research project titled “Drug development of antibiotics from novel 

sources: Xenorhabdus bacteria from Kenya”. Ten localities were selected for   

collection of soil samples: Nandi Hills, Tinderet, Fort Tenan, Kakamega, Gisambai, 

Vihiga, Kisumu, Bungoma, Kaimosi and Mt. Elgon. Within each, collection points were 

selected from cultivated lands, fallow lands, forests, crop edges, shoreline, swamps 

and riverine areas. This resulted in a total of 76 soil collection points. To collect a soil 

sample, vegetation was first cleared from the topsoil. Then using a digging fork, soil 

was dug out to a depth of not more than 60 cm. Using a collection spade, soil was 

scooped into a measuring cup to an amount of ca. 500g.  Twigs, branches, and stones 

were removed before the soil sample was placed in labelled cotton bags.  Dug out soil 

was returned to the hole and soil samples were then transported at room temperature 

to Entomopathogenic Nematology Laboratory of Horticultural Research 

Institute,Kenya and Genetics laboratory of School of Biological Sciences, University of 

Nairobi, Kenya.  Geographic coordinates, altitude, and a description of the soil 

collection point are provided in Table S1. 

Isolation of nematodes from soils samples 
To isolate EPNs from soils, a soil sample soil was first spread out on a tray and 

crumbled to facilitate ease of movement for putative EPNs.  Soil was then redistributed 

into transparent polyethylene teraphthalate (PET) plastic containers of 20 cm diameter 

and 5 cm depth. To bait EPNs from soil, two-three Galleria mellonella larvae were 

buried in the soil in a hole of ca. 1 cm diameter and 5 cm depth. In total, about 15 G. 

mellonella larvae buried in 5 holes were used as bait per container. After a maximum 

of seven days, containers were checked. A number of samples had larvae that were 

alive while a few had dead larvae suggesting death from EPNs. These were collected 

and further assessed for the following characteristics that typify an EPN infection: limp 

cadaver, tan or red in colour and no smell or sign of putrefaction. Samples BG5 and 
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VH1 had dead cadavers that were either light-red or tan in colour. BG5 was clay soil 

collected from fallow land that was highly vegetative and ten meters from a stream with 

many ants observed at the collection point. VH1 was collected from land cultivated with 

cabbages. Other soil samples with dead cadavers were KS8, TN10, BY8, KR2, BY10, 

VH4, ST4, KS9 and ND14.  

To isolate putative EPNs from these cadavers, a modified White trap180 was made as 

follows. Clean PET containers of the aforementioned size were filled with distilled water 

to depth of ca 0.4 cm. A clean petri-dish was placed upside down into the container 

such that the petri-dish surface was raised from the bottom of the PET container. Clean 

cotton cloths of the same size as the petri-dish were placed on this raised surface. 

Selected cadavers were placed onto the cotton cloths. To allow putative EPNs to 

emigrate from the cadavers to the water, a part of the cloth was let to dip into the 

distilled water. PET containers were covered and kept for seven days. To assess for 

the presence of putative EPNs, distilled water was observed daily under a dissecting 

microscope. Presence of white motile, ca. 1mm long nematodes indicated putative 

EPNs.  

For positive samples, contaminants such as cadaver tissue debris were separated 

from nematodes by a series of sedimentation and decanting using distilled water.  

Nematodes were stored in contamination-free distilled water –to a depth of not more 

than 0.4 cm– in clear plastic containers in the dark. Stored EPN nematode cultures 

were named after their soil collection point. 

Isolation of bacteria from nematodes 
To isolate bacteria, nematode isolates from collection point BG5 and VH1 were 

selected. This was done as follows. Instead of discarding cadavers from which BG5 

and VH1 nematodes had been baited with, they were surface sterilised and dissected 

under aseptic conditions. A light-yellow, viscous, heterogenous, fluid was aseptically 

obtained and streaked onto nutrient agar supplemented with 0.0025% (w/v) 

bromothymol blue and 0.004% (w/v) 2,3,5 triphenyl tetrazolium chloride (NBTA). This 

was incubated at 30°C for 96 h. Only colonies that had the following observed 

morphologies were selected for further pure culture techniques: blue/yellow pigment, 

irregular margins, umbonate shape and visible swarming patterns. On these pure 
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cultures, a catalase test was performed as follows. A loopful of bacteria colony was 

collected from an agar plate culture and placed into a sterile Petri dish. Using a pipette, 

two drops of 20%(v/v) H2O2 was added. Absence of bubble production indicated a 

catalase-negative isolate and these were presumptively identified as Xenorhabdus 

species. They were named Xenorhabdus sp. strain BG5 and strain VH1.  

Genome sequencing and assembly 
Previously, we isolated X. griffiniae XN45 from Steinernema sp. Scarpo that was 

originally isolated from Muran’ga District in Kenya69. Thus, in addition to Xenorhabdus 

sp. strains VH1 and BG5, this strain was selected for genome sequencing and 

assembly in order to aid in species delineation of the novel isolates and comparative 

genome analysis.  

DNA from strain XN45 was extracted with FastDNA Spin Kit for Soil® (Mp Bio, 

California USA) to yield concentration of 20 ng/µl and ultraviolet(uv) absorbance ratio 

at 260nm/280nm (A260/280) >1.8.  From this, only 0.1 ng of DNA was used to prepare 

a library using a Nextera XT kit (Illumina, California USA). Sequencing was done by 

CeGaT GmBH, Tuebingen, Germany on a NovaSeq® 6000 platform with the following 

parameters for short insert paired reads of 100bp and targeted coverage of 100x. 

Output data was raw sequence reads in fastq.gz format (2.902 GB),   which had an 

Illumina standard Phred score(offset +33) and adapter sequences already removed. 

In terms of quality, 91.32% of reads had a Q30 value. Genome assembly was done 

with Spades v3.8.1/3.10.1181 with thresholds for minimum contig length and coverage 

set at 1000bp and 5x respectively. For VH1 and BG5, DNA was isolated with Gentra® 

Puregene® DNA extraction kit (Qiagen, Venlo Netherlands) to yield samples of 1µg/µl 

concentration and A260/280 ratios of >1.8. Genome sequencing and assembly was 

done as previously described166, which was a workflow similar to the aforementioned.   

For assembled genomes of strains VH1, BG5, X. griffiniae XN45 from this study and  

X. griffinae strain BMMCB from68, characteristics such as completeness, 

contamination, N50,  L50, length and  guanine-cytosine (GC) content as well as 

genome annotation with the RAST-k algorithm182 were determined using the 

comprehensive genome analysis tool of the PATRIC platform183.  
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Phylogenomic reconstruction 
Twenty-six fasta files of selected genomes (Table S2) were used as input data for a 

whole genome-based taxonomic analysis on the Type strain genome server platform 

(TYGS) 184. Output data –downloaded from TYGS server on 2020-08-26– was 

obtained as briefly described below. MASH algorithm185 was used to quickly calculate 

intergenomic relatedness and determine the strains with the smallest distances.  All 

pairwise comparisons and inference of intergenomic distances among the set of 

genomes were conducted using GBDP 'trimming' algorithm and distance formula d5 

186. 100 distance replicates were calculated each. Genome-genome distance 

calculator (GGDC) 2.1 formula was further used to calculate dDDH values and 

confidence intervals186. Intergenomic distances were then used to infer a balanced 

minimum evolution tree with branch support via FASTME 2.1.4 including SPR post-

processing 187. Branch support was inferred from 100 pseudo-bootstrap replicates 

each. Rooting of trees was done at midpoint while visualisation and graphics editing 

was done with iTOL and Inkscape respectively188,189. A similar workflow was used with 

thirteen genomes of Photorhabdus.  

Minimum thresholds for two strains to be classified as one species and sub-species 

were 70% dDDH and 79% dDDH respectively184,190. To calculate ANI values between 

species most closely related to strains VH1&BG5, the orthoANI algorithm191 was used 

within the OAT software package, which was also used to obtain genome-genome 

distances (GGD) 2.1 values.   

Pangenome analysis 
Twenty-six genomes of Xenorhabdus species were used to construct a pangenome of 

the genus using the anvio pangenome workflow192.  After fasta files were obtained from 

the Genbank database, draft genomes contigs were concatenated in Geneious® 

R8.1.9 Software suite (Biomatters Limited, New Zealand) to remove deflines and thus 

enable suitability for anvio workflow processing.  Gene prediction was done with 

Prodigal193 and genomes were then converted to .db files. On these, hidden Markov 

model profiling was done. A  .txt file that had the names of the each of the genomes 

and file paths to its .db file per line was created and this was used as data input for the 
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final anvio pangenome analysis command. To create clusters of orthologous groups 

(protein clusters) protein-protein BLAST194 coupled with the MCL cluster algorithm195 

–although slower and computationally more demanding– was used instead of 

Diamond196 in order to increase the accuracy of computed protein clusters. MCL 

inflation was maintained at 2.0. A similar workflow was used for creating the X. griffiniae 

clade and Photorhabdus pangenomes. The strain names, accession numbers and 

number of predicted genes of each genome are listed in Table S2. To estimate whether 

pangenomes were open or closed the mean α value was determined for each using 

the P-GAP platform running on the Panweb server65. Briefly, RAST-k annotated 

genomes were used as data input on the Panweb server65 and the following 

parameters were selected for clustering genes into one orthologous group: minimum 

80% nucleotide similarity, minimum 80% coverage with gene family algorithm. A similar 

workflow was used for Photorhabdus pangenome analysis. 

Elucidation of genomic islands in Strain BG5  
To highlight putative genomic islands flanked by transposases, an annotated record of 

the BG5 genome was concatenated and used as the reference genome in BRIG197 

and compared to genomes of VH1 and XN45 by the BLAST algorithm194 utilising an 

NCBI-blast 2.4.0+ bin library. Selected rings to be visualised were for BG5 genome GC 

content (ring 1) and skew (ring 2), VH1 draft genome (ring 4), XN45 draft genome (ring 

5) and loci of CDS annotated as transposases on BG5 genome (ring 6). Output 

visualisations were obtained as .svg files and enhanced in Inkscape198.  

To obtain genomic coordinates of putative genomic islands and extract them, BG5 

contigs bearing them were aligned against complimentary contigs in XN45 using the 

progressive Mauve 2.3.1 algorithm199 plug in Geneious® R8.1.9 Software under the 

following settings: do a full alignment; compute locally collinear blocks (LCB), 

automatically calculate the seed weight and minimum LCB. Prophinder200 was used to 

identify genomic coordinates of putative prophage loci. To compare if GC content of 

these regions differed significantly from that of the genome, the GC content of each 

position in a genomic island or prophage region was calculated in n Geneious® R8.1.9 

Software with setting sliding window= 57 and exported as a .csv file. These were then 

used to compute a one-sample t-test201 against a theoretical mean GC content of 



  2.0 Materials and Methods 

  29 

43.377993%. For genomic loci that were associated with transposases and had 

significantly different GC content, the predicted products of coding DNA sequences 

(CDS) contained  therein were compiled. 

General chemistry experimental procedures 
High performance liquid chromatography- electrospray ionization-high resolution mass 

spectrometry (HPLC-ESI-HRMS) was acquired using a Bruker Impact II Ultra-High 

Resolution Qq-Time-Of-Flight(UHR-QqTOF) mass spectrometer coupled to Thermo 

Scientific™ UltiMate™ 3000 HPLC system equipped with an Acquity UPLC BEH C18 

column (130 Å, 2.1 mm × 50 mm, 1.7 μm). Semi-preparative HPLC was performed on 

an Agilent 1260 system with a Cholester column (10 ID × 250 mm).                        

Bacterial strains, in silico and molecular methods 
Bacterial strains obtained for investigations on putative macrocyclic non-ribosomal 

peptides whose synthesis is encoded by ishA & ishB genes were X. ishibashii DSMZ 

2267031 and the aminolevulinic acid (ALA) auxotroph E. coli strain ST18 DSMZ 

22074203. To elucidate biosynthetic gene clusters in X. ishibashii DSMZ 22670, the 

draft genome (Master record Genbank accession number: NJAK00000000.1) was 

submitted as data input in an antiSMASH version 5142 analysis under default options 

(cluster detection: relaxed, known cluster blast: on, active site finder: on, sub cluster 

blast: on). Output files revealed contig NJAK01000001.1 to contain the hitherto 

unknown ishAB NRPS cluster whose A and C domains within all modules were further 

analysed to determine putative amino acid building blocks and their stereochemistry, 

respectively.  Using the aforementioned genome sequence, cloning protocols including 

design of polymerase chain reaction (PCR) primers were developed using Geneious® 

R8.1.9 Software suite (Biomatters Limited, New Zealand) and oligonucleotides were 

purchased from Eurofins Genomics, Germany. Total DNA extraction from bacterial 

strains was done using Gentra® Puregene® DNA extraction kit (QIAGEN GmbH, 

Germany). To refactor the native promoter of ishAB via promoter exchange 

mechanism204, enzymatic amplification of a DNA fragment of the first 629 base-pairs 

(bp) of ishA was first done via PCR with primers RMA87 and RMA88 that both 

contained vector-derived 23 bp overhangs at the 5’ end to facilitate downstream 
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isothermal ligation independent cloning into plasmid vectors via the hot-fusion 

method205.The fragment was amplified in a 25 µL reaction tube containing final 

concentrations of 0.32 µM each primer, 1.5 mM MgCl2, 200 µM each dNTP, 0.2 U 

Phusion High Fidelity DNA polymerase (ThermoFischer Scientific, Germany) and 50-

150 ng genomic DNA.  Cycling conditions were as follows: 98 °C for 30 s then 10 

cycles of 98 °C for 6 s, 59 °C for 30 s, 72 °C for 35 s, then 25 cycles of 98 °C for 6 s, 

72 °C for 30 s, 72 °C for 40 s. PCR products were visualized on gels constituted from 

1% (w/v) agarose in TAE buffer, which had been previously stained with ethidium 

bromide at final concentration of 0.5 µg/mL and subject to an electric field of 7 V/cm 

with TAE as electrolyte. Expected PCR products were then column-purified using 

Stratec Msb Spin Pcrapace kit (Invitek Molecular GmbH, Germany). These were 

cloned via the hot fusion method205 into linearized pCEP plasmids204 by incubation at 

50 °C for 1 h in a 5 µL reaction volume. The reaction (5 µL) was directly mixed with 

electro-competent E. coli ST18 cells (50 µL) that were then transformed, via 

electroporation (1.25 KV, 200 Ω, 25 µF and 1 mm cuvette), by ligated plasmids. 

Electroporated cells were immediately mixed with LB medium (950 µL) supplemented 

with ALA (50 µg/mL) and incubated at 37 °C with agitation at 200 rpm for 1 h to facilitate 

replication of plasmids in positive transformants. This culture was inoculated onto LB 

agar plates supplemented with kanamycin (50 µg/mL) and ALA (50 µg/mL) and 

incubated overnight at 37 °C to select for positive transformants.  Cultured cell PCR 

was performed on positive transformants with backbone-vector derived primers 

v_PCEP_FW and PDS132_rv to confirm clones as carrying plasmid pCEP_JC0094. 

Positive E. coli clones were used as donor cells in diparental mating with X. ishibashii 

wild type strains. Briefly, both donor and recipient cells were grown overnight in 

appropriate media. Then a sub-culture (5 mL) of each was made by inoculating 1% 

(v/v) of overnights and each was cultivated until exponential phase. For the donor strain, 

a cell pellet from 1 mL culture volume was washed thrice by mixing with LB medium (1 

mL) then centrifugation at 13,000 g for 1 min, to eradicate traces of ALA. For the 

recipient strain, cells from 5 mL culture volume were pelleted by centrifugation, then 

mixed with the donor cell pellet in a total LB medium volume of 50 µL. This was dropped 

on LB agar plates which were incubated at 30 °C for 24 h, transforming recipient cells 
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to X. ishibashii strain pCEP_JC0094. LB agar supplemented with Kanamycin (50 

µg/mL) was used to select for positive transformants and cultured cell PCR was done 

using primers ALPCEP1f and RMAr032 to confirm successful plasmid integration at 

the targeted genomic locus. Genetically confirmed X. ishibashii strain pCEP_JC0094 

were used for fermentation of 1 and 2. To verify selected regions of the ishA and ishB 

gene sequences of contig NJAK01000001.1, three regions (Table S4) were PCR-

amplified and sequenced (Eurofins Genomics, Germany). These were aligned to 

NJAK01000001.1 in Geneious® R8.1.9 Software suite (Biomatters Limited, New 

Zealand) with Geneious alignment with the following settings: global alignment with 

free end gaps; cost matrix 65% similarity (5.0/-4.0); gap open penalty 12; gap extension 

penalty 3. This revealed 3 regions with GGGGGGG that had a deletion of one G. 

Corrected ishAB gene nucleotide sequences were deposited in DDBJ under accession 

numbers LC536431.1 and LC536432.1. 

NRPS re-engineering 
To re-engineer the NRPS, the protein encoded by ishA gene was altered via site-

directed mutagenesis by changing its glutamine of position 143 to a histidine. To do 

this, the exact same procedure for creating a mutant as above was used, except that 

primer RMA 88b was instead of RMA 88. This primer introduced a point mutation at 

position 429 from (G) to (T).  This mutant was named X. ishibashii _pCEP_JCHIS143. 

Bacterial fermentation and HPLC-ESI-HRMS analysis 
Bacterial fermentation was used to produce compounds 1 and 2 for routine HPLC-ESI-

HRMS analysis and compound isolation. Xenorhabdus-Photorhabdus production 

media (XPPM)106supplemented with 4% Amberlite® XAD-16 (Sigma Aldrich, Germany) 

resin beads (w/v) and 0.2% L-arabinose (w/v) in Erlenmeyer flasks five times the media 

volume, were inoculated with 24 h pre-cultures of X. ishibashii strain pCEP_JC0094. 

These were incubated for 72 h at 30 °C with continuous shaking at 130 rpm. Bacterial 

cells and supernatants were decanted out and elution of compounds bound to residual 

XAD-16 resin beads was done by mixing them with MeOH (1:1) and stirring 

magnetically for ca. 1 h. For routine analysis, this XAD-16 methanol extract was further 

diluted with MeOH (1:4) and 5 µL injected into an HPLC system under an aqueous 
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MeCN (supplemented with 0.1% formic acid (v/v)) gradient of 5-95% for 16 mins at a 

flow rate of 0.4 mL/min. The mass spectrometer was set to choose the 5 most intense 

precursor ions in each cycle (3s) to fragment over the mass-to-charge ratio (m/z) range 

of 100-1400/100-1200. Electron spray source conditions were as follows: end plate 

offset 500 V, nitrogen gas temperature 200 °C, nitrogen gas flow rate 8 L/min, nebulizer 

3.1 bar and capillary voltage 4500 V. Samples were run in positive ion mode and at 

collision energy of 10 eV, and spectral data was obtained as .d files that were analysed 

in MzMine206 (i.e converted mzXML files) and Compass Data analysis 4.3 software 

(Bruker Daltonik GmbH, Germany), which was also used to calculate the sum formulae 

for 1 and 2 and de novo peptide sequencing of 2.  

Labelling experiments  
Isotope labelling experiments combined with detailed HPLC-ESI-HRMS analysis were 

used to aid structure elucidation as previously described123. Labelling experiments 

were used to verify calculated formulae for 1 & 2 and determine amino acid monomers 

of 1. Briefly, to experimentally verify formulae, 1 and 2 were fermented as described 

above from the following media that had different isotopes of carbon and nitrogen as 

their main sources: standard medium (12C, 14N) (Sf-900 medium, Gibco Thermofisher, 

Germany), fully labelled 13C medium (13C, 14N) and fully labelled 15N medium (12C, 15N) 

(Isogro Sigma Aldrich, Germany). Comparison of the masses via high resolution 

tandem mass spectrometry (HRMS2) analysis, of compounds 1 and 2 when fermented 

from each medium revealed mass shifts identical to the exact carbon and nitrogen 

atoms of the compounds. The amino acid building blocks of compound 1 were similarly 

determined via labelling experiments123. Briefly, by comparing mass of 1 when 

fermented from sf-900 medium to when fermented from the same medium 

supplemented with 1 mM of a deuterated amino acid ([D10] L-leucine, [D4] L-tyrosine, 

[D8] L-valine) (Cambridge Isotopes Laboratories, USA) mass shifts that corroborated 

with the number deuterated hydrogen atoms in a constituent amino acid monomer (+9 

for ([D10] L-leucine, +3 for [D4] L-tyrosine, +7 for [D8] L-valine) of 1 under analysis, were 

visualised via HRMS2 analysis. Mass shifts of (-5) that showed L-glutamic acid and L-

glutamine as constituent monomers of 1, as they corroborated with the number of 

carbon atoms in a single molecule of L-glutamic acid or L-glutamine, were 
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experimentally determined via inverse feeding experiments that entailed fermentation 

from fully labelled 13C medium supplemented with 1 mM of either 12C L-amino acid.  

Compound isolation 
For isolation of 1, 6 L of media was used, and harvested Amberlite™ XAD-16 resin 

beads(Sigma Aldrich, Germany) (XAD-16) were eluted three times with MeOH (2 L) 

that was further concentrated by rotary evaporation under reduced pressure to 0.5 L. 

This was then sieved through 0.4 µm then 0.2 µm pore-size filters to remove carry over 

particles, and final concentration under reduced pressure yielded 5.65 g of XAD-16 

resin methanol extract. To fractionate out compounds of low solubility in MeOH as 1 

had demonstrated good solubility in MeOH, the extract was dissolved in 100 ml of 

MeOH and incubated at 4°C. Only the liquid fraction was collected and concentrated 

to dryness in vacuo to yield 4.62 g. This was dissolved in MeOH (14 mL) and further 

fractionated by Sephadex LH-20 (Sigma Aldrich, Germany) gel filtration 

chromatography using MeOH as the eluent to yield 100 fractions, of which 14-24 

contained 1 as detected by routine HPLC-MS analysis and were thus pooled. From 

this pool, a fraction that contained 1 was eluted by semi-preparative HPLC with an 

isocratic 40% MeCN/H2O solution containing 0.1% formic acid (v/v) at a flow rate of 3 

mL/min for 20 min to yield 1 (5.8 mg). This isolation method gave the production titer 

of 1 from X. ishibashii strain pCEP_0094 as 1mg/L. 

Chemical synthesis of 1 
Step a - Solid-phase peptide synthesis. The linear sequence was synthesised on 

the 2-chlorotrityl chloride (2-CTC) resin preloaded with D-leucine on a 25 μmol scale 

with a Syro Wave peptide synthesizer by using standard 9-fluorenylmethoxycarbonyl 

(Fmoc) chemistry. The resin was placed in a plastic reactor vessel with a Teflon frit and 

an amount of 6 equivalents (eq.) of amino acid derivatives (Fmoc-D-Ala-OH, Boc-Leu-

OH, Fmoc-Leu-OH, Fmoc-Gln(Trt)-OH, Fmoc-Val-OH, Fmoc-D-Leu-OH, Fmoc-D-Ser-

OH, Fmoc-D-Val-OH, Fmoc-D-Tyr(OtBu)-OH, 0.2 M) were activated in situ at room 

temperature with 6 eq. of O-(6-Chlorobenzotriazol-1-yl)-N,N,N,́N-́tetramethyluronium 

hexafluorophosphate (HCTU, 0.6 M) in dimethylformamide (DMF) in the presence of 

12 eq. N,N-diisopropylethylamine (DIPEA, 2.4 M) in N-Methyl-2-pyrrolidone (NMP) for 
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50 min. Fmoc-protecting groups were removed with a solution of 40% piperidine in 

DMF for 5 min and the deprotection step was repeated for another 10 min with 20% 

piperidine in DMF. After each coupling and deprotection step, the resin was washed 

with NMP. After the addition of the final residue, the resin was washed with NMP, DMF, 

and dichloromethane (DCM) and dried. 

Step b - Esterification and cleavage from the resin. For the esterification of serine 

with glutamic acid, resin was added with 20 eq. Fmoc-Glu(OtBu)-OH, 20 eq. benzoyl 

chloride (BzCl), 40 eq. triethylamine (Et3N), and 0.4 eq. 4-(Dimethylamino)pyridine 

(DMAP) in DCM (3 mL) and stirred at room temperature overnight. After reaction, the 

Fmoc-protecting group was removed by using 40% piperidine in DMF for 5 min and 

then 20% piperidine in DMF for 10 min at room temperature. The protected branched 

peptide was cleaved with 20% hexafluoroisopropanol (HFIP) in DCM at room 

temperature for 1 h. 

Step c - Cyclisation. The peptide was cyclised in solution assisted by microwave 

irradiation (30 min, 25 W, 75 °C) by using 2 eq. O-(7-azabenzotriazol-1-yl)-N,N,N,N-

tetramethyluronium hexafluorophosphate (HATU), 2 eq. 1-hydroxy-7-azabenzotriazole 

(HOAt), and 4 eq. DIPEA in DMF (c = 1 mM). 

Step d - Deprotection. The cyclized product was fully deprotected by incubation with 

95% trifluoroacetic acid (TFA) and 2.5% triisopropylsilane (TIPS) in water at room 

temperature for 2 h. After evaporation under reduced pressure, the residue was 

dissolved in ethyl acetate and the solution was washed with saturated NaHCO3. The 

organic layer was concentrated in vacuo. The aforementioned semi-preparative HPLC 

method was used to purify the peptide to give 1. The structure of 1 was confirmed by 

HRMS. 

Chemical synthesis of 2 
Step a - Loading of first amino acid on the 2-CTC resin. A solution of Fmoc-

Glu(OtBu)-OH (255 mg, 0.6 mmol, 3 eq.) and DIPEA (306 µL, 1.8 mmol, 9 eq.) in 4 mL 

dry DCM was placed in a plastic reactor vessel filled with 2-CTC resin (125 mg, 0.2 

mmol, 1.0 eq.). The resulting mixture was incubated at room temperature overnight. 
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The remaining free binding sites were capped upon incubating twice with 

DCM/MeOH/DIPEA (80:15:5) for 10 min at room temperature. The resin was washed 

several times with DMF, MeOH, and DCM, and treated with 20% piperidine in DMF to 

remove the Fmoc-protecting group. The combined filtrates were used to determine the 

actual loading of the resin at λ301 nm. Afterwards, the resin was washed with DCM and 

dried. 

Step b - solid-phase peptide synthesis. The linear sequence was synthesised on 

the preloaded Glu (OtBu)-2-CTC resin on a 25 μmol scale with a Syro Wave peptide 

synthesizer by using standard Fmoc chemistry. The resin was placed in a plastic 

reactor vessel with a Teflon frit and an amount of 6 eq. of amino acid derivatives (Fmoc-

D-Ala-OH, Fmoc-Leu-OH, Fmoc-Gln(Trt)-OH, Fmoc-Val-OH, Fmoc-D-Leu-OH, Fmoc-

D-Ser-OH, Fmoc-D-Val-OH, Fmoc-D-Tyr(OtBu)-OH, 0.2 M) were activated in situ at 

room temperature with 6 eq. of HCTU (0.6 M) in DMF in the presence of 12 eq. DIPEA 

(2.4 M) in NMP for 50 min. Fmoc-protecting groups were removed with a solution of 

40% piperidine in DMF for 5 min and the deprotection step was repeated for another 

10 min with 20% piperidine in DMF. After each coupling and deprotection step, the 

resin was washed with NMP. After the addition of the final residue, the resin was 

washed with NMP, DMF, and DCM and dried. 

Step c - cleavage of peptide from the resin. A total of 1 mL 95% TFA and 2.5% TIPS 

in water were added to the peptidyl resin (25 μmol) and the mixture was agitated for at 

least 2 h at room temperature. The resin was removed by filtration and washed twice 

with TFA. The solution was concentrated in vacuo. The peptide was purified by Agilent 

HPLC system to give 2. The structure of 2 was confirmed by HRMS. 

Antimicrobial susceptibility testing 
Antibacterial and antifungal activities were investigated for 1, 2 isolated herein and 3, 
which we106 previously isolated. Antibacterial activity was assessed against the 

reference bacterium207 Micrococcus luteus for 1,2 and 3. As 3 was highly inhibitory 

against M. luteus, it was further tested against a Gram-negative strain, Esherichia coli. 

All tests were via broth microdilution method based on the CLSI standard208 of the 

following specifications: Rosewell Park Memorial Institute (RPMI) medium 
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supplemented with Luria-Bertani(LB) medium (10%) (v/v)209 in round-bottom 96-well 

plates (100 µL per well), a dilution range of 100 µg/mL to 0.0488 µg/mL of test 

compounds, inoculum concentration per well of 1.2*105 CFU/mL with incubation at 

30 °C for 21 h. Positive control used was Ampicillin (K029.3, Carl Roth GmbH). 

Antifungal testing for 1,2 and 3 was done against a representative yeast fungus 

(Candida lusitaniae) with the broth microdilution method based on the EUCAST 

antifungal broth microdilution standard210 with the following specifications:  medium as 

Yeast-Potato-Dextrose (YPD) (100 µL per well), 96-well round-bottom plates, a dilution 

range of 100 µg/mL to 0.0488 µg/mL of test compounds, inoculum concentration per 

well of 0.45*105 CFU/mL with incubation at 30 °C for 48 h. Positive control used was 

Amphotericin B (A1907, Biochemica). For both assays, media with microorganism and 

excipient only (1% (v/v) Dimethyl Sulfoxide-DMSO) and media with the least 

compound concentration (0.0488 µg/mL) but no microorganism was included as 

controls for microbial growth and media sterility, respectively. Experiments were done 

in duplicate with three reproductions. 
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RESULTS 
Seventy-six soil samples were collected from points, all within a tropical climate and 

located between latitudes 0.882906 and -0.21363, longitudes 34.3763 and 35.31924, 

and altitudes 1117m and 2744m. Twenty-four samples (Table S1) were investigated for 

EPNs and they were from riverine (6/24), fallow land (4/24), cultivated land (5/24), 

forests (2/24), tropical rain forests (1/24) and lake shorelines (4/24). EPNs were 

isolated from samples VH1 and BG5 (Figure 4). VH1 was located at 0.06293, 34.72903 

and altitude 1624m and was red volcanic soil on cabbage-cultivated land (Figure S1). 

BG5 was located at 0.48044, 34.40836 and altitude 1239m and was clay soil on a crop 

edge in riverine land (Figure S2). Bacteria were isolated from these two EPNs. Then, 

using morphological characteristics of being pigmented umbonate colonies with 

irregular margins and visible swarming patterns coupled with them being catalase-

negative, they were designated genera as follows: Xenorhabdus sp. strain BG5 and 

Xenorhabdus sp. strain VH1. Assembled genomes of Xenorhabdus sp. strain BG5, 

Xenorhabdus sp. strain VH1 and X. griffiniae XN45 all had coverage >50x and N50 

values of 102,633 bp, 29,298 bp, 45,296 bp respectively (Table 2). Genomes of 

Xenorhabdus sp. BG5, Xenorhabdus VH1, X. griffiniae XN45 and X. griffiniae BMMCB 

were all 100% complete with estimated contamination below 0.7% when calculated 

using the X. bovienii SS-2004 complete genome as a reference strain. Annotated 

genomes for the four had 3827, 4232, 4160, 4318 coding-DNA sequences (CDS) 

respectively and >30% in each encoded hypothetical proteins (Table 3). 

Phlyogenomically, the most closely related species to Xenorhabdus sp. strain VH1 and 

Xenorhabdus sp. strain BG5 was X. griffiniae XN45 at 0.0 and 0.059 genome-genome 

distances, respectively. X. griffiniae BMMCB did not cluster with X. griffiniae XN45 and 

was most closely related to Xenorhabdus sp. strain BG5. The other most closely 

related species to these three were type strains of X. elhersii, X. ishibashii, X 

eapokensis and X. thuongxuanensis (Figure 5). Xenorhabdus sp. strain VH1 and X. 

griffiniae XN45 had, between them, orthoANI, dDDH, and GGD of 99%, 99.0% and 0 

respectively. Xenorhabdus sp. strain BG5 and X. griffiniae XN45 had, between them, 

orthoANI, dDDH and GGD values of 94.24%, 67.3% and 0.059, respectively. They 
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were thus designated species as follows: X. griffiniae VH1 and Xenorhabdus sp. nov. 

BG5.  X. griffiniae BMMCB and Xenorhabdus sp. nov. BG5 had between them, 

orthoANI, dDDH and GGD values of 92.25%, 57.1% and 0.08, respectively (Table 5). 

It was emended to Xenorhabdus sp. nov. BMMCB. Steinernema sp. scarpo, the 

nematode host of X. griffiniae XN45 was demonstrated as a probable new species due 

to 93.2% nucleotide similarity of the internally transcribed spacer (ITS) region 

sequences to its mostly closely related species (Table 4). The pangenome of 25 

species of Xenorhabdus had a total of 12,306 protein encoding genes, 1217 of which 

were present in all species (Figure 6). It was an open pangenome with its mean α 

exponent of Heap’s Law= 0.2735. For Photorhabdus its pangenome of 13 species had 

9691 protein coding genes 1933 of which were core genes. It was also an open 

pangenome with its mean α exponent of Heap’s Law= 0.3967. Phylogenomic 

reconstruction of the Photorhabdus genus revealed low species diversity.   

The pangenome containing X. griffiniae XN45, X. griffiniae VH1 and Xenorhabdus sp. 

nov. BG5 had 4057 protein coding genes, 767 and 502 of which were X. griffiniae and 

Xenorhabdus sp. nov. B5 specific, respectively (Figure 9). When compared to X. 

griffiniae genomes, the Xenorhabdus sp. nov. BG5 had 16 IS-transposase associated 

genomic islands (Figure 10) that had GC content that was significantly different from 

the rest of the genome (Table 6). Seven prophage loci were also identified that had 

significantly different GC content (Table S3). Within IS-transposase associated 

genomic islands 62% and 23% identified CDS encoded unknown proteins and 

transposases, respectively (Figure 11). Single counts of genes encoding the following 

products made up the rest: anguibactin system regulator, thioredoxin, formalaldehyde 

forming aminobutanoate oxidase, 5(hydroxymethyl) furfural oxidase, 

phosphoethanolamine transferase, aspartate carbomolytransferase, ornithine 

monooxygenase, LgrE dehydrogenase, tryptophan decarboxylase, mersacidin 

decarboxylase, Methionine tRNA ligase and Fis DNA binding protein. 

The ishAB BGC in X. ishibashii was 40,537 bp long and encoded an NRPS of 12 

modules and 38 domains that included a Cstart domain and two terminal TE domains. 

Induced expression of this operon resulted in detection of Ishipeptide A (1)  Ishipeptide 
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B(2) and 2-Me (Figure 12) of masses (m/z 1342.8 [M+H] +),  (m/z 1360.8 [M+H] +) and  

(687.9 [M+2H]2+) respectively. 1 and 2 both had 13 N and 65 C and differed in mass 

by a single water molecule (Figure 13) indicating 2 as the linearised version of 1. 

Confirmed amino acids building blocks by feeding experiments were: 4x Leu, 2x Val, 

Glu, Gln, Tyr (Figures 14&15). Ser, Leu and Ala were confirmed by HRMS2 spectra 

analysis. Using HRMS2 spectra analysis of 2, the differences in masses of successive 

ions of B3 to B12 were 99.1, 71.02, 128.06, 163.05, 113.08, 99.07, 87.02, 113.09, 113.07, 

147.05 (Figure 16) and were established as monoisotopic masses for Val, Ala, Gln, Tyr, 

Leu, Val, Ser, Leu, Leu, Glu.H2O respectively. The B2 ion of 227 was established as 

the protonated monoisotopic mass for Leu-Leu. This enabled the amino acid sequence 

of 2 to be determined as: Leu-Leu-Val-Ala-Gln-Tyr-Leu-Val-Ser-Leu-Leu-Glu.H2O. The 

following linear peptide was synthesised –LlVaQyLvsLlE– by first binding E to the resin 

and condensing amino acids in the reverse order (from E to L) using an iterative solid 

phase synthesis route (Figure 17). This synthetic 2 was of exactly the same mass, 

HRMS2 spectra and retention times were compared to natural 2 (Figure 18) confirming 

the structure and absolute configuration of natural 2. Macrocyclisation of 2 was 

proposed to create 1. A structure macrolactonated between β-hydroxy of ᴅ-Ser9 and 

terminal carboxy had hypothetical spectral fragments that matched those of 1 with the 

highest probability (P1:71.2; P2:31.9) when calculated using the iSNAP algorithm. 

Thus, this structure was synthesised as follows: ᴅ-Leu11 was bound to the resin 

overnight. Then, the following amino acids which all had protected side chains, apart 

from ᴅ-Ser9 were  condensed onto a growing peptide chain in the following order using 

iterative sold phase peptide synthesis:  ʟ-Leu10 ᴅ-Ser9 ᴅ-Val8 ʟ-Leu7 ᴅ-Tyr6 ʟ-Gln5 ᴅ-Ala4 

ʟ-Val3 ᴅ-Leu2 ʟ-Leu1  with  ʟ-Leu1  having its C-terminal protected. The unprotected 

carboxy of an ʟ-Glu12 with a protected side chain, was then esterified to the unprotected 

β-hydroxy of ᴅ-Ser9. ᴅ-Leu11 was cleaved from resin and a late stage macrolactamation 

between its carboxy and the unprotected amine group of ʟ-Glu12 resulted in 

macrocyclisation (Figure 19). All side chains were then deprotected resulting in 

synthetic 1. Masses, HRMS2 spectra and retention times of synthetic 1 and natural 1 
were exactly the same confirming the structure and absolute configuration (Figure 20). 

Neutral losses for amino acid building blocks of 1 were identified in its HRMS2 spectra 
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(Figure 21). Eluting samples with Acetonitrile instead of methanol eliminated 2-Me 
(Figure 23).  All amino acid building blocks of 2 were identified in HRMS2 spectra of 2-
Me (Figure 24). The amino acid of position 143 of IshA protein was mutated from Q to 

H. This did not result in generation of any new derivatives (Figure S5). Biosynthesis of 

Ishipeptides was proposed (Figure 22). The following were revealed as new 

Stachelhaus codes for Gln, Glu and Leu respectively: DasnIGEVGK, DAvDLGVVDK 

and DAWlLGaVcK (Table S5). Photoditritide(3) from P. temperata,  1 and 2 were all 

non-inhibitory to C. lusitaniae. Peptides 3 and 1 inhibited M. luteus at 37 µM and 3 µM 

respectively while Ampicillin inhibited it at 4.2 µM. 3 was further inhibitory to E. coli at 

24 µM (Table 7). Proposed helical wheel of Ishipeptides demonstrated a large 

hydrophobic face (Figure S6).  
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Figure 4. Map of geographical regions of soil collection points used to isolate 

entomopathogenic nematodes. Orange circles represent an area with collection points. Soil 

was collected from a total of 76 points. The two soil collection points from which nematodes 

and their respective Xenorhabdus bacteria were successfully isolated are in yellow (strain 

BG5) and blue (strain VH1). Map was created with Google MyMaps. 
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Table 2. Quality and characteristics of genome assemblies.  
 Xenorhabdus 

sp. strain BG5 

X. griffiniae 

XN45 

Xenorhabdus 

sp. strain VH1 

Xenorhabdus sp. 

strain BMMCB 

Contigs 129 381 273 231 

GC content 43.80 43.57 43.65 44.68 

Contig L50 12 29 43 21 

Contig N50 102,633 bp 45,296 bp 29,298 bp 57,901 bp 

Genome length 3,933,551 bp 4,215,754 bp 4,224,998 bp 4,183,760 bp 

Fine 

consistency 

96.5% 95.9% 95.9% 95.7% 

Coarse 

consistency 

97.0% 96.7% 96.7% 96.7% 

Contamination  0.7% 0% 0% 0% 

Completeness 100% 100% 100% 100% 

Table 3. Characteristics of RAST-k annotated genomes. 

 Xenorhabdus 

sp. nov. BG5 

X. griffiniae 

XN45 

X. griffiniae VH1 Xenorhabdus sp. 

strain BMMCB 

CDS 3,827 4,232 4,160 4318 

Repeat Regions 127 66 69 70 

tRNA 75 58 57 8 

rRNA 8 5 10 7 

Partial CDS 0 0 0 0 

Hypothetical 

proteins  

973 1,175 1,185 1,193 

Protein with 

functional 

assignments 

2,854 3,057 2,975 3,125 
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Table 4. Strains with the highest percentage identity scores to a query of ITS1-5.8S rRNA-

ITS2 nucleotide sequence of Steinernema sp. scarpo(869 bp).  

Strain name Locality 

Accession 

number 

Percentage 

identity E-value 

total 

score 

Steinernema sp. UH36 Kenya AY230186.1 93.217 0 1308 

Steinernema sp. 10 APR-

2003 Sri Lanka AY230184.1 90.263 0 1149 

S. karii type strain Kenya AY230173.1 84.256 0 821 

Steinernema sp. VP-2015a 

strain MW8A  Tanzania KT358811.1 83.934 0 798 

Steinernema sp. PT-2012 

strain S3 18S Tanzania JQ687354.1 85.658 0 754 

Steinernema sp. VK-2013 

strain EPN15 India  KC252604.1 86.724 0 739 

S. hermaphroditum isolate 

CS34  India MF663703.1 86.705 0 737 

S. hermaphroditum isolate 

S0905 India MH802516.1 86.416 0 726 

S. guangdongense strain 

GDc339  China AY170341.1 84.735 0 726 

S. taiwanensis strain T39 Taiwan KX853101.1 87.048 0 719 

Steinernema sp. WS9 

South 

Africa KP325086.1 85.073 0 710 

Steinernema sp. PQ12  Vietnam MF161467.1 86.617 0 702 
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Figure 5. Phylogenomic reconstruction of 26 Xenorhabdus species using genome blast 

distance phylogeny approach (GBDP) distances calculated from genome sequences using the 

d5 distance formula. Genome sequences of Xenorhabdus sp. strains VH1 & BG5 and X. 

griffiniae XN45 were obtained in this study. All other genomes are of type strains of respective 

species. There was no distance between Xenorhabdus sp. strain VH1 and X. griffiniae XN45, 

suggesting it as an X. griffiniae species.  Xenorhabdus sp. strain BMMCB was previously 

classified as an X. griffiniae species. However, it did not cluster with X. griffiniae XN45 

indicating that it is not an X. griffiniae species. Xenorhabdus sp. strain BG5 did not cluster 

together with any species suggesting it as a novel species. GBDP pseudo-bootstrap values 

above 60% are shown above branches.  
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Table 5. Orthologous average nucleotide identities(orthoANI), genome-to-genome distances 

(GGD) and digital DNA-DNA hybridization (in %) (dDDH) values for species most closely 

related to Xenorhabdus sp. strains VH1& BG5, X. griffiniae XN45 and Xenorhabdus sp. strain 

BMMCB.  OrthoANI are in the top half, GGD in brackets and dDDH in the bottom half. Values 

that are within the threshold for two strains to be classified as one species are shaded in grey. 

The threshold values for species delineation are orthoANI values above 95.1%, dDDH values 

above 70% or GGD values below 0.0361. Based on these Xenorhabdus sp. strain VH1 was 

classified as X. griffiniae VH1, Xenorhabdus sp. strain BG5 as Xenorhabdus sp. nov. BG5 and 

Xenorhabdus sp. strain BMMCB as Xenorhabdus sp. nov. BMMCB. Type species are DSM 

2270=X. ishibashii, DL20=X. eapokensis, DSM 16337=X. ehlersii, 30TX1= X. 

thuongxuanensis.  

 DSM 

22670 

XN45 DL20 DSM 

16337 

VH1 BG5 30TX1 BM 

MCB 

BM 

MCB  

89.68 

(0.103) 

91.41 

(0.088) 

90.03 

(0.010) 

91.95 

(0.082) 

91.42 

(0.088) 

92.25 

(0.080) 

90.56 

(0.094) 

- 

30TX1 92.55 

(0.076) 

91.02 

(0.091) 

93.42 

(0.067) 

93.76 

(0.064) 

91.01 

(0.091) 

91.72 

(0.085) 

- 49.6 

BG5 90.44 

(0.097) 

94.24 

(0.059) 

90.94 

(0.092) 

93.08 

(0.071) 

94.22 

(0.059) 

- 57.3 57.1 

VH1 89.80 

(0.102) 

99.99 

(0.000) 

90.32 

(0.097) 

91.95 

(0.081) 

- 67.4 51.1 50.5 

DSM 

16337 

92.11 

(0.080) 

92.05 

(0.081) 

92.55 

(0.077) 

- 59.9 66.7 53.50 56.4 

DL20 93.23 

(0.069) 

90.34 

(0.097) 

- 47.90 51.6 57.5 51.90 50.9 

XN45 89.92 

(0.102) 

- 51.7 59.9 99.9 

 

67.3 51.1 50.4 

DSM 

22670 

- 50.3 51.2 46.4 50.3 55.0 48.3 48.9 
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Figure 6. Graphical representation of the Xenorhabdus pangenome. Each ring represents the 

genome of a species and dark regions along a ring indicate a protein encoding gene sequence. 

Each radial position represents a cluster of orthologous protein sequences. Thus, the core 

genes are those shared by almost all species and regions towards the end of a ring represents 

singletons. A total of 1,716 protein encoding genes were found across all species representing 

13.9% of the pangenome. GC content did not vary significantly while genome size did, with X. 

hominickii having the largest genome of 5,347,057 bp. Pangenome was created with the anvio 

workflow. 
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Figure 7. Graphical representation Photorhabdus pangenome and phylogenomic 

reconstruction. The core genome composed 19% (1933 protein encoding genes) of the 

pangenome (9691 protein encoding genes). Pangenome was created with anvio workflow and 

phylogenomic tree was reconstructed using genome blast distance phylogeny approach 

(GBDP) distances calculated from genome sequences using the d5 distance formula. GBDP 

pseudo-bootstrap values above 50% are shown above branches. 
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Figure 8. Box-plot graph depicting how α exponent of Heaps law was estimated for the 

Xenorhabdus genus. Red plots and lower line depict the size and trend of the core genomes 

as more genomes are added to the pangenome. Blue plots and upper line depict the size and 

trend of the accessory genome as more genomes are added to the pangenome. Pangenome 

was open because its mean α exponent of Heap’s Law <1. This predicts that more species 

genomes need to be added to this genus so as to complete it. Pangenome analysis was 

determined by the Panweb workflow.  
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Figure 9. Graphical representation of the X. griffiniae clade pan-genome. Core genes were 

those shared by X. griffiniae and Xenorhabdus sp. nov. BG5 and were 66.4% of pan-genome. 

X. griffiniae species specific genes were 18.9% and Xenorhabdus sp. nov. BG5 species 

specific genes were 12.3% of the pangenome. This indicates that although they are most 

closely related, they are two distinct species. Pangenome was created with the anvio workflow. 
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Figure 10. Genome visualisations of Xenorhabdus sp. nov. BG5 when compared to X. 

griffiniae XN45 (red) and X. griffiniae VH1 (green). Genomic islands of Xenorhabdus sp. nov.  

BG5 are denoted by white breaks in X. griffiniae genomes and these contain cognate 

nucleotide sequences that were less than 50% identical. Red arrows in outermost ring denote 

loci of IS family transposase genes on the BG5 genome. All transposase genes that were not 

on contig edges flanked genomic islands indicating that they played a role in acquisition of 

nucleotide sequences specific to Xenorhabdus sp. nov. BG5. Visualisation was created in 

Blast Ring Image Generator (BRIG). 
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Table 6. IS family transposase-associated genomic islands of Xenorhabdus sp. nov. BG5  
Name of 
transposase 
associated 
Genomic 
Islands 

Length GC 
content 
 

Comparison to average genome GC content  

GI_1 
 

1,204 42.7 Significantly different from average GC content 
 
(p value= 1.21163E-06, T stat = -4.738539315) 

GI1.2 1,835 39.4 Significantly different from average GC content 
 
(p value= 4.0888E-74, T stat =-19.05746349) 

GI_2 
 

15,414 43.9 Significantly different from average GC content 
 
(p value < 0.0001, T stat =7.93847263) 

GI_3 
 

3,705 42.5 Significantly different from average GC content 
 
(p value= 1.59355E-06, T stat = -4.665642783) 

GI_4 
 

4,230 31.76 Significantly different from average GC content 
 
(p value= 0.00E+00, T stat = -57.92244733) 

GI_6 
 

10,052 42.81 Significantly different from average GC content 
 
(p value= 5.02543E-11, T stat = -6.473117519) 

GI_7 2,219 43.38 Not significantly different from average GC content 
 
(p value= 0.9881, T stat = -0.015) 

GI_8.1 13,626 43.2 Not significantly different from average GC content 
 
(p value= 0.056, T stat = -1.913) 

GI_8.2 3,416 41.2 Significantly different from average GC content 
 
(p value < 0.0001, T stat = -17.574) 

GI_8.3 1,086 29.2 Significantly different from average GC content 
 
(p value < 0.0001, T stat = -63.871) 

GI_9 
 

749 37.2 Significantly different from average GC content 
 
(p value < 0.0001, T stat = -18.466) 

GI_10 
 

2,418 33.2 Significantly different from average GC content 
 
(p value < 0.0001, T stat = -51.345) 

GI_11 
 

2,004 43.1 Significantly different from average GC content 
 
(p value < 0.0001, T stat = -51.345) 

GI_12 
 

935 41.6 Significantly different from average GC content 
 
(p value < 0.0001, T stat = 7.938) 

GI_14 4,246 44.6 Significantly different from average GC content 
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(p value < 0.0001, T stat = 10.177) 

GI_15 4,872 37.3 Significantly different from average GC content 
 
(p value < 0.0001, T stat = -49.604) 

GI_16 1,764 38 Significantly different from average GC content 
 
(p value < 0.0001, T stat = -18.131) 

GI_18 
 

1,982 41.4 Significantly different from average GC content 
 
(p value < 0.0001, T stat = -11.437) 

 

Figure 11. Bar chart of predicted products encoded by coding DNA sequences found in 

genomic islands associated with transposases genes in the Xenorhabdus sp. nov. BG5 

genome. Islands were elucidated by genome comparisons with X. griffiniae, the most-closely 

related species to Xenorhabdus sp. nov. BG5. Genes encoding IS family transposases were 

23% and those encoding unknown proteins were 62%. This indicated unknown protein 

products were the main group of proteins gained by putative transposase mediated horizontal 

gene transfer. BG5 gene prediction and annotation of genomic islands was done in PROKKA.  
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Figure 12. Base peak chromatograms (BPC) depicting two natural products 1 and 2 that 

resulted from induced expression of ishAB NRPS gene cluster. To determine the natural 

product, whose synthesis is encoded by the ishA-B operon in X. ishibashii, its native promoter 

was refactored by exchanging it with a PBAD promoter.  BPC were obtained from HPLC-ESI-

HRMS analysis of methanol extracts of cell free supernatants from 72 h cultivated X. ishibashii 

pCEP_JC0094 mutant strain that had the native promoter for ishA gene refactored by 

exchanging it with a PBAD promoter. To induce expression, the fermentation culture was 

supplemented with 0.2% L-arabinose (w/v) (red) resulting in detection of above products that 

were equally absent in extracts from X. ishibashii wild-type strain (green) and control strain 

(blue).  
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Figure 13. HPLC-ESI-HRMS obtained Base Peak Chromatograms (BPC) depicting Carbon 

and Nitrogen labelling of 1 (1342.8 [M+H]+) and 2 (1360.8 [M+H]+) to confirm their carbon and 

nitrogen atoms. Indicated mass shifts were determined by comparison of methanol extracts of 

1 and 2 that were fermented from standard medium (12C, 14N) fully labelled 15N medium (12C, 
15N) and 13C medium (13C, 14N). 1 and 2 differed only by a mass of 18 Da corresponding to a 

water molecule. 
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Figure 14. HPLC-ESI-HRMS obtained base peak chromatograms (BPC) depicting how amino 

acid building blocks of 1 were determined via labelling experiments with deuterated amino 

acids. Mass shifts were obtained by comparison of BPCs of extracts with 1 when fermented 

from sf-900 media with when fermented from the same media supplemented with 1mM of a 

deuterated amino acid ([D10] L-Leucine, [D4] L-Tyrosine, [D8] L-Valine)  
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Figure 15. HPLC-ESI-HRMS obtained Base peak chromatograms (BPC) depicting how amino 

acid building blocks of 1 were determined via inverse labelling experiments. Mass shifts were 

obtained by comparison of BPCs of extracts with 1 when fermented from fully labelled 13C 

medium to when fermented from fully labelled 13C medium supplemented with 1mM 12C L -

amino acid (L-Glu, L-Gln). 
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Figure 16. HRMS2 spectra of 2 (1360.8 [M+H] +) depicting its peptide sequencing and 

assignment b2-b12 ions. Differences between successive B ions from B3 to B12, were 99.1, 

71.02, 128.06, 163.05, 113.08, 99.07, 87.02, 113.09, 113.07, 147.05 and these corresponded 

to monoisotopic masses for Val, Ala, Gln, Tyr, Leu, Val, Ser, Leu, Leu, Glu.H2O. The B3 ion 

corresponded to the protonated monoisotopic mass of 2x Leu. 
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Figure 17. Chemosynthesis route for 2 via Fmoc/Boc chemistry. Linear peptide was 

synthesised by iterative solid phase peptide synthesis. 

 

 
 

Figure 18. Extracted Ion Chromatogram from HPLC-ESI-HRMS analysis of extracts containing 

2 (m/z 1360.8 [M+H] +) with concomitant MS2 data that was used for structure elucidation. 

Natural (I) and synthetic (II) compounds were identical as seen from the above similar retention 

times, m/z values and fragmentation patterns.  This confirmed the absolute configuration of 2 
and amino acid residues of Ishipeptides A and B. 

2 
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Figure 19. Chemosynthesis route for 1 via Fmoc/Boc chemistry. Linear undecapeptide was 

first synthesised by iterative solid phase peptide synthesis (SPPS). This followed by 

microwave-assisted esterification between the building blocks L-glutamic acid and D-serine. 

After cleavage from the resin, late stage macrolactamisation was then carried out between L-

glutamic acid and the first loaded D-leucine. 
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Figure 20. Extracted Ion Chromatogram (EIC) from HPLC-ESI-HRMS analysis of extracts 

containing 1 (m/z 1342.8 [M+H] +) with concomitant MS2 data that was used for structure 

elucidation. Natural (I) and synthetic (II) compounds were identical as seen from the above 

similar retention times, m/z values and fragmentation patterns. This also confirmed the 

absolute configuration of 1. 

 
Figure 21. HRMS2 spectra of 1 (671.9 [M+2H]2+) labelled with neutral losses from its 

constituent amino acid building blocks. These were calculated from both b(blue) and y 

ions(green).  
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The proposed biosynthesis of 1 from IshA-B NRPS is as follows. Module one does not 

condense any starter unit to ʟ-Leu1 despite containing a Cstart domain. Module two 

would condense ʟ-Leu1 to ʟ-Leu2. Module three would epimerise ʟ-Leu2 to ᴅ-Leu2 then 

condense it to ʟ-Val3. Module four would condense ʟ-Val3 to ʟ-Ala4. Module five would 

epimerise ʟ-Ala4 to ᴅ-Ala4 then condense it ʟ-Gln5. Module six would condense ʟ-Gln5 

to ʟ-Tyr6. Module seven would epimerise ʟ-Tyr6 to ᴅ-Tyr6, then condense it to ʟ-Leu7. 

Module eight would condense ʟ-Leu7 to ʟ-Val8. Module nine would epimerise ʟ-Val8 to 

ᴅ-Val8 then condense it to ʟ-Ser9. Module ten would epimerise ʟ-Ser9 to ᴅ-Ser9 then 

condense it to ʟ-Leu10. Module 11 would condense ʟ-Leu10 to ʟ-Leu11. Module 12 would 

epimerise ʟ-Leu11 to ᴅ-Leu11 then condense it to ʟ-Glu12. It would further catalyse would 

a nucleophilic attack of the β-hydroxy of ᴅ-Ser9 on the terminal carboxy creating a 

branch cyclic depsidodecapeptide and simultaneously cleaving it from the NRPS.   

 

Figure 22. Proposed biosynthesis of ishipeptide A (1) from X. ishibashii. Domain organization 

of the 12 modules (M) of the two NRPSs -IshA & IshB- is represented by C (condensation 

domain), E (epimerisation domain), A (adenylation domain), T (thiolation domain) and TE 

(thioesterase domain).  
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Figure 23. Extracted Ion Chromatogram from HPLC-ESI-HRMS analysis of extracts containing 

2 (m/z 1360.8 [M+H] +). Sample preparation with MeOH resulted in 2-Me which was absent 

when sample preparation without MeOH was done, confirming it as the methylated product of 

2. 

 
Figure 24. HRMS2 spectra of 2-Me (687.9 [M+2H]2+) labelled with neutral losses from its 

constituent amino acid building blocks. These were calculated from both b(blue) and y 

ions(green). 
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We previously106 obtained mammalian cell toxicity for 3. As 3 was strongly inhibitory to 

Gram-positive bacteria, it was further tested against Gram-negative bacteria. 

Compound 2 was linear peptide and displayed no detectable antimicrobial activity 

while its macrocyclic derivative 1 was inhibitory to Gram-positive bacteria indicating 

that macrocyclisation affected antimicrobial activity. 

 

Table 7. Antimicrobial activity of macrocyclic non-ribosomal peptides 1,3 and linearised 2. 
Minimum inhibitory concentration (MIC) and toxicity to mammalian cells (IC50) are in µM.  

Ampicillin, chloramphenicol, Amphotericin B and podophyllotoxin were used as controls for M. 

luteus, E. coli, C. lusitaniae and mammalian L6 cells respectively. 

 

Test species 1 3 2 Control 

M. luteus 37 3.0 >73.5 4.2 

C. lusitaniae >74.4 >96 >73.5 0.6 

E. coli N/A 24 N/A 0.42 

Mammalian L6 cells N/A 83 N/A 0.007 

 

 

 

 

 

 

 

 



  4.0 Discussion  

  65 

DISCUSSION 

 
Figure 25. Flowchart of the process of how to discover antimicrobial peptides from 

nematophilic bacteria as demonstrated in this dissertation. Created with Biorender.com 

Soils in Western Kenya contain entomopathogenic nematodes 
Seventy-six soils samples collected from geographical points in Western Kenya (Table 

S1) were investigated for the presence of EPNs. This was done by baiting EPNs with 

G. mellonella, as recommended180. After seven days, viable larvae were present in 

most samples and these provided a default control for natural mortality. A few soil 

samples (Table S1) had dead larvae. These were assessed for characteristics that 

typify an EPN-caused death: limp body, red/tan colour, and no smell of putrefaction. 

Limp body is due to the bioconversion of tissues by enzymes and the lack of 

putrefaction is due to the production of antimicrobials and both these biomolecules are 

produced by the bacterial EPN endosymbionts.  Such cadavers were placed in 

modified White traps180 as recommended, to draw out nematodes. This happens 
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because IJ3 naturally migrate away from the cadaver once nutrients are depleted and 

into the distilled water of the White trap211. Traps of cadavers obtained from soil 

samples of points VH1 and BG5 (Figure S1, S2) were confirmed to have nematodes 

by light microscopy. 

In order to culture EPN endosymbionts from these cadavers, cadavers were surface 

sterilised, aseptically dissected and haemolymph was obtained and inoculated onto 

nutrient agar for cultivation. Though endosymbionts can be obtained by hanging drop 

or crushing nematodes techniques168, this indirect isolation via haemolymph is fast and 

accurate. The type species of X. khoisanae33 was obtained using this method. This 

method is based on the natural lifecycle of EPNs where, once within an insect 

haemocoel they release their Xenorhabdus or Photorhabdus endosymbionts that then 

cause quick insect death and proliferate within the cadavers to high concentrations. 

Previously168 it was assumed that Xenorhabdus and Photorhabdus create a 

monoxenic environment due to their production of antimicrobials. However, for 

Steinernema EPNs this paradigm was recently shifted to Xenorhabdus as the 

dominant bacteria in the cadaver and other bacteria of the following genera present at 

low levels: Pseudomonas sp., Alcaligenes sp., Ochrobactrum sp., Stenotrophomonas 

sp., Achromobacter sp., and Brevundimonas sp.,16. 

After four days, NBTA agar plate cultures were obtained and the following 

morphological characteristics were used to distinguish putative primary variants of 

Photorhabdus/Xenorhabdus from other bacteria: pigmented, umbonate, irregular 

margin and visible swarming patterns. Only Xenorhabdus and Photorhabdus possess 

all these four characteristics among bacteria genera possibly found in cadavers of 

EPN-killed insects supporting the use of this criteria for their selection. 

Primary Photorhabdus/Xenorhabdus variants adsorb dyes, swarm, and produce high 

levels of secondary metabolites while secondary variants do not168. A genetic basis of 

this variation is the hexA gene212 and it was demonstrated that its deletion resulted in 

a permanent primary variant of P. luminescens because HexA represses genes 

associated with primary variant traits213. Additionally, HexA interacts with Hfq which 

regulates secondary metabolite production, and ΔHfq mutants produce almost no 

secondary metabolites204. HexA also interacts with the global regulator Lrp which 
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regulates swarming motility in Xenorhabdus214. Pure cultures from VH1 & BG5 isolates 

were catalase negative indicating putative Xenorhabdus isolates. As Xenorhabdus 

species have only been naturally isolated from Steinernema nematodes their 

respective nematode hosts were named Steinernema sp. VH1 and Steinernema sp. 

BG5.  

Soils from VH1 collection point were red volcanic, found on land cultivated with 

cabbages (Figure S1) and those from BG5 were clay (Figure S2) found on riverine 

land, adjacent to cultivated land (Table S1). Previous studies correlated natural 

occurrence of EPNs to clay soils in riverine areas in Fiji215, cultivated land in Central 

Kenya216 and Colimo, Mexico217 and land on crop edges218 in Northern Spain. The soil 

and habitat from which EPNs were found in Western Kenya corroborate these previous 

studies. 

Genome assemblies of isolated bacterial strains were of good quality for 
overall genome related index analysis 
To delineate the species of putative Xenorhabdus isolated from Steinernema sp.  VH1 

and Steinernema sp.  BG5, genomes were sequenced and assembled, including that 

of X. griffiniae XN45 that was previously isolated from Steinernema sp.  scarpo. 

Coverage was 100x for X. griffiniae XN45 and 70x, Xenorhabdus sp. strains BG5 & 

VH1. Assembled genomes for Xenorhabdus sp. strain BG5, X. griffiniae XN45 and 

Xenorhabdus sp. strain VH1 had GC contents of 43.8%, 43.57%, and 43.65% 

respectively. Xenorhabdus sp. strain BG5 had the smallest genome at 3,933,551 bp 

with those of X. griffiniae XN45 and Xenorhabdus sp. strain VH1 of sizes 4,215,754 bp 

and 4,224,998 bp respectively (Table 2). N50 values for strains BG5, XN45 and VH1 

were 102,633bp, 45,296bp, 29,298 bp, respectively. Strain XN45 had a larger N50 

than strain VH1 despite having more contigs and this can be attributed to the shorter 

insert size(100bp) used in sequencing.   The contig N50 represents the length of the 

shortest contig among the fewest number of contigs in which half of the genome is 

contained. Low contig N50 values indicate genomes with low “draftness” i.e they are 

less fragmented. This is especially important for genome analysis that require long 

contigs such as the elucidation of BGC because of their size, which –only taking those 

found in Streptomyces species as an example– are between 11-108Kb219. For overall 
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genome related indices however, sequencing depth of >50x is the only explicitly 

outlined threshold67, indicating that the assemblies were of good quality for such 

analysis.  

All genome assemblies were 100% complete and only the BG5 genome was 

contaminated (0.7%) when assessed with the checkM algorithm220. With this algorithm, 

completeness was estimated by determining the presence of single-copy core genes 

from the most closely related complete genome –in this case this was Xenorhabdus 

bovienii SS-2004– and 100% indicated all were detected in the assessed genome. 

When any of these genes are detected more than once, contamination may be 

assumed. The estimated contamination of BG5 may have been due to occurrence of 

single-copy core genes on contig edges that makes them appear to be in two genomic 

loci. However, this is unlikely for the BG5 genome as partial CDS were not detected 

during annotation (Table 3). The most likely reason is due to the estimation of 

contamination by the occurrence of single copy core genes that are meant to be absent 

as per the reference genome. And this type of contamination was observed for genes 

encoding UDP-N-acetylmuramoyl-L-alanine--D-glutamate ligase, tRNA-(ms[2]io[6]A)-

hydroxylase, S-adenosylmethionine decarboxylase proenzyme, RbsB, Oxygen-

independent coproporphyrinogen-III oxidase-like protein, Phosphate ABC transporter, 

permease protein, Na+ dependent nucleoside transporter NupC, Membrane-

associated zinc metalloprotease, Cell division protein ZapE, 2-keto-3-deoxy-D-

arabino-heptulosonate-7-phosphate synthase II, Glutamate/aspartate ABC transporter 

and ATP-binding protein GltL among others. A simple reason for this latter 

misinterpretation of contamination is that BG5 is phylogenomically distantly-related 

from reference genome X. bovienii (Figure 5) and thus is likely to contain a high number 

of single copy core genes that are absent in X. bovienii. This supported the hypothesis 

it was of good quality for accurate downstream analysis.   

The nematode host of X. griffiniae XN45, Steinernema sp. scarpo is a putative 
novel nematodes species. 
Previously we69 isolated X. griffiniae XN45 from the nematode Steinernema sp. scarpo 

that was originally isolated from soils in Muran’ga, Central Kenya. However, we did not 

do any molecular identification of this nematode. The nucleotide sequence of its 
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internal transcribed spacer region (ITS) was obtained (Peter Njenga Ng’ang’a, 

personal communication) and comparison of its percentage nucleotide identities to any 

known species yielded the highest value as 93.2% (Table 4). This was of Steinernema 

sp. UH36 that was isolated from the Aberdare Ranges above L. Elementaita216 in Rift 

Valley Province, Kenya making it both geographically and phylogenetically the most 

closely related species to Steinernema sp. scarpo. The minimum percentage 

nucleotide identity of the ITS region for two Steinernema strains to be considered one 

species is 95%221 indicating that the nematode host of X. griffiniae XN45, Steinenema 

sp. scarpo may be a novel Steinernema species.  

Novel isolates Xenorhabdus sp. strain VH1 and BG5 are most closely related to 
X. griffiniae XN45 
Genome distances between X. griffiniae XN45, Xenorhabdus sp. strains VH1 and BG5 

and 22 Xenorhabdus type species were calculated with GGDC 2.1 formula within the 

type strain genome server workflow184 and used to create a phylogenomic tree (Figure 

5). Strains BG5 and VH1 did not cluster with any of the type strains thus excluding 

them as those species. VH1 clustered with X. griffiniae XN45 and there was no 

distance between the two (Figure 5), indicating that it is an X. griffiniae species. 

Additionally, the difference in GC content between the two was 0.08%, and this is well 

within 1% threshold that exists when two strains are of the same species222.   Strain 

BG5 was most closely related to X. griffiniae XN45 and shared a common ancestor 

with its extinct primary ancestor. It was distantly related from any other species 

indicating that it may be a novel species. Xenorhabdus sp. strain BMMCB was 

identified an X. griffiniae strain68. Yet we69 previously demonstrated that its serC, recA 

and 16s rRNA genes nucleotide percentage identities to those of the type strain were 

below the same species thresholds of 97% for protein coding genes and 98.5% for 16s 

rRNA genes. Its genome assembly was assessed as of good quality for overall genome 

relatedness index analysis (Table 2) and thus included in the phylogenomic 

reconstruction (Figure 5) in order to conclusively delineate its species. Indeed, it did 

not cluster in the X. griffiniae clade and was most closely-related to Xenorhabdus sp. 

strain BG5, sharing a common ancestor with its extinct primary ancestor. Additionally, 

the difference in GC content between it and X. griffiniae XN45 or strain VH1 was at 
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least 1.03%, and this is above the 1% threshold for two strains to belong to the same 

species222.  Its distant relatedness to other Xenorhabdus taxon (Figure 5) indicated 

that it may be a novel species.  These supported the hypothesis that Xenorhabdus sp. 

strain BMMCB is not an X. griffiniae species. 

X. griffiniae stain VH1, Xenorhabdus sp. nov. BG5, Xenorhabdus sp. nov 
BMMCB are a novel Xenorhabdus strain and two novel bacterium species. 
To conclusively delineate species, strains of the 6 closest species to VH1, BMMCB 

and BG5 from the phylogenomic reconstruction were compared via orthoANI, GGD 

and dDDH. These six strains were: X. ishibashii, X. ehlersii, X. eapokensis, X. 

thuoxuangnensis and X. griffiniae XN45 (Table 5).  X. griffiniae XN45 and 

Xenorhabdus VH1 had 0.000 GGD, 99% dDDH and 99% orthoANI to each other and 

these were all above the thresholds for same species delineation of < 0.0361, > 95.1% 

and >70% respectively. This demonstrated that VH1 is an X. griffiniae species. Strain 

BG5 was most closely related to X. griffiniae XN45 with GGD, orthoANI and dDDH of 

0.059, 94.24% and 67.3% respectively. This was below all three thresholds for same 

species delineation demonstrating Xenorhabus sp. strain BG5 as a novel bacteria 

species. Additionally, the pangenome of the clade containing strains XN45, VH1 and 

BG5(Figure 5) elucidated 66% as core genes, 12.3% as Xenorhabdus sp. strain BG5 

specific genes and 18.9% as X. griffiniae specific genes (Figure 9). X. griffiniae XN45 

and X. griffiniae VH1 differed from each other by a total of only 80 genes. These results 

supported the hypothesis that VH1 is an X. griffiniae species and Xenorhabdus sp. 

strain BG5 is specifically distinct from X. griffiniae species. Xenorhabdus sp. strain 

BMMCB was mostly closely related to Xenorhabdus sp. strain BG5 with GGD, 

orthoANI, and dDDH of 0.08, 92.25%, 57.1% respectively. This was also below all 

three same species thresholds demonstrating it as a novel bacteria species. Thus, the 

strains were emended as follows: X. griffiniae VH1, Xenorhabdus sp. nov. BG5 and 

Xenorhabdus sp. nov. BMMCB. 

The Xenorhabdus and Photorhabdus genera have open pangenomes. 
The α exponents of Heaps Law223 for genera Xenorhabdus and Photorhabdus 

pangenomes were 0.2792 and 0.3967, respectively. The core protein encoding genes 
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consisted of 13.9% and 19% of their pangenomes, respectively. Addition of new 

genomes results in an increase in pangenome size due to more accessory genes as 

the core genome decreases until a constant size (Figure 8, S3). This increase in 

pangenome size occurs at a decreasing rate and when a pangenome is complete, this 

rate would theoretically be 066. The α exponent of Heaps Law is used to estimate how 

close to completion a pangenome is with >1 indicating a closed/ complete pangenome 

and values <1 indicating an open pangenome66. Both pangenomes were open as they 

had values <1. The pangenome of Xenorhabdus had a larger percentage of protein 

encoding genes (86.1%) compared to Photorhabdus (81%) that were either shared by 

two or more species or were species specific. This indicated that it was a more diverse 

genus corroborating with phylogenomic trees of the two (Figures 4, 7). The challenges 

in delineating species in Photorhabdus38,48,224 when compared to Xenorhabdus, can 

be attributed to this lower phylogenetic diversity. For both species, open pangenomes 

means that novel genomes need to be added to each genus so that they can be 

complete. As Xenorhabdus is a more open pangenome one can predict novel species 

from this genus shall be discovered at a faster rate than those of Photorhabdus. 

Loci of genes encoding transposases are adjacent to genomic islands in 
Xenorhabdus sp. nov. BG5 
To gain insights on the genomic basis of speciation in Xenorhabdus sp. nov. BG5, 

differences in genomes were highlighted by identification of genomic islands of 

Xenorhabdus sp. nov. BG5 when compared to X. griffiniae species (Figure 10). A total 

of 18 genomic islands were identified and 16 of these had GC content that significantly 

differed from the genome average (Table 6). Additionally, these were flanked by genes 

that encode insertion sequence (IS) family transposases. In fact, all genes encoding 

IS family transposases flanked genomic islands. A number of genomic islands were 

not flanked by IS elements.  One of this, prophage 7_GI3, was attributed to a prophage 

(Table S3) and further analysis elucidated seven prophage loci, all of which had 

significantly differed GC content (Table S3). 

IS family transposase facilitate the movement of mobile genetic elements within and 

between genomes and thus contribute to genome diversification225 through events like 

horizontal gene transfer (HGT). Thus, acquisition of genomic islands can be facilitated 
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by IS family transposase mediated-HGT and such islands would typically have different 

GC content from the rest of the genome226.  This supports the hypothesis that BG5 has 

genomic islands that resulted from of IS family transposase mediated HGT. Within 

these islands, genes predicted to encode unknown proteins were the major CDS 

accounting for 66% followed by those encoding transposases at 23% (Figure 11).  This 

indicated that IS family transposase mediated-HGT contributed towards the gain of 

unique genetic traits in Xenorhabdus sp. nov. BG5. 

1 and 2 are related compounds whose synthesis is encoded by the ishA-B 
operon  
Upon induced expression of ishA-B operon, 1 and 2 were detected (Figures 12, S4) 
and their HRMS-determined molecular formulae were experimentally verified as 

C65H108N13O17 (1 m/z 1342.7731 [M + H]+, calcd for C65H108N13O17, ∆ppm 19.288) and 

C65H110N13O18 (2 m/z 1360.7869 [M + H]+, calcd for C65H110N13O18, ∆ppm 16.2403) with 

the mass difference attributed to a H2O molecule (Figure 13) suggesting a hydrolysis 

reaction. Detailed HRMS2 analysis (Figures 16, 24) coupled with sample preparation 

with different solvents (Figure 23) revealed that elution of extracts with methanol 

resulted in 2-Me. An example of NRPS-synthesised compound that undergoes non-

enzymatic hydrolysis upon release from the TE domain is obafluorin (m/z 359.7 [M + 

H]+) that is hydrolysed to obafluorin-COOH (m/z 377.7 [M + H]+)227. This supported the 

hypothesis that these are related compounds with 2 being the hydrolysed version of 1.  

Amino acid residues for 1 and 2 are 5x Leu, 2x Val, Ala, Ser, Tyr, Gln, Glu. 
Bioinformatic analysis of A-domain Stachelhaus codes and positions of E-domains 

predicted the NRPS encoded by ishA-B operon to synthesize a peptide of the following 

sequence: LlVaQyLvsLlQ (Table S5). Eight of these were experimentally confirmed as 

building blocks of 1 via both labelling experiments and HRMS2 spectra analysis 

(Figures 14, 15, 21). Serine and alanine were confirmed by HRMS2 spectra analysis 

only as serine and alanine are readily catabolized228 by bacterial enzymes such as 

serine aminotransferase, serine hydroxymethyltransferase, serine dehydratase, 

aspartate decarboxylase and muramyl ligase –their putative genes were all identified 

in an annotated record of NJAK00000000.1– thus obscuring labelling experiments. An 
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isotope of 1 with all five labelled leucines was probably produced albeit below detection 

levels (Figure 14), thus the fifth leucine building block was confirmed by HRMS2 spectra 

analysis only. Isotope labelling experiments coupled with HRMS2 spectra and domain 

organization analysis for amino acid building block determination is an established 

method in NRP structure elucidation229 supporting the hypothesis that the building 

blocks for 1 and 2 are 5x Leu, 2x Val, Ala, Ser, Tyr, Gln, Glu. 

The main product, whose synthesis is encoded by the ishA-B operon, is a 
branch cyclic peptide and 2 is its linearised derivative 
The peptide sequence was determined by HRMS2 spectra analysis of 2 (Figure 16) 

that was hypothesised as the linearised peptide thus suitable for de novo peptide 

sequencing. To confirm the sequence LlVaQyLvsLlE and elucidate the structure of 2, 
the peptide was synthesized, using the epimerization domain positions to determine 

amino acid configurations, via iterative solid phase synthesis (Figure 17). Identical 

values for HPLC-ESI-HRMS data and HRMS2 spectral fragments for synthetic and 

natural 2 (Figure 18) elucidated the structure and absolute configuration of 2 as shown. 
This supported the hypothesis that 2 is the linearised peptide of 1.  
To determine which cyclisation catalysed by observed double TE domain resulted in 1, 

a head to tail macrolactamisation was hypothesised creating a cyclic peptide or 

macrolactonisation creating a branch cyclic depsipeptide. Dissimilar retention times for 

natural 1 and a synthetic head-to-tail cyclised 2 revealed this as an inaccurate 

cyclisation. In silico comparisons of hypothetical spectral fragments of a branch cyclic 

depsipeptide with an ester bond between side β-hydroxy of D-Ser9 and terminal 

carboxyl of L-Glu and another with an ester bond between side chain hydroxy of D-Tyr6 

and terminal carboxy of L-Glu with experimental MS2 spectral fragments of 1 using the 

iSNAP algorithm230 demonstrated the former to have a more probable peptide-

spectral-match (P1:71.2; P2:31.9). This structure was synthesised (Figure 19) via a 

late-stage macrolactamisation route so as to increase ester bond formation231. 

Identical values for HPLC-ESI-HRMS data and HRMS2 spectral fragments for synthetic 

and natural 1 (Figure 20) elucidated the structure and absolute configuration of as 

shown. This supported the hypothesis that 1 is the main NRPS product, macrocyclised 

from 2.   



  4.0 Discussion  

  74 

Cstart domain of IshA does not N-terminally acylate peptides 
X. ishibashii biosynthesised Ishipeptides A (1) from IshA&IshB synthetases that 

composed of 12 modules (Figure 22). Ishipeptide B (2) is a dodecapeptide with the 

primary structure: ʟ-Leu1 ᴅ-Leu2 ʟ -Val3 ᴅ -Ala4 ʟ -Gln5 ᴅ -Tyr6 ʟ -Leu7 ᴅ -Val8 ᴅ -Ser9 ʟ -

Leu10 ᴅ -Leu11 ʟ -Glu12. Ishipeptide A is formed by a double thioesterase-catalysed ester 

bond formation between β-hydroxy of ᴅ -Ser9 and the terminal carboxy of ʟ -Glu12 

creating a cyclic tetrapeptide linked to a linear octapeptide that is consequently 18 Da 

less in mass than Ishipeptide B.  

Both peptides were not N-terminally acylated, despite being biosynthesised from a 

Cstart domain bearing synthetase. A mutation at the histidine active site HH (X)3D(X)14 

from HH to HP of Cstart domains was present in the non N-terminally acylating Cstart 

domain that produced the non-acylated ambactin117. A probable single base mutation 

at position 429 of ishA from T/C to the current G resulted in a similar change from the 

histidine active site HH to HQ. A site directed mutagenesis approach to correct this 

mutation did not result in any production of acylated derivatives (Figure S5). This 

approach also did not result in production of acylated ambactin derivatives indicating 

that in addition to the histidine active site HH (X)3D(X)14, other sites are required for 

Cstart domains to N-terminally acylate peptides. This is a crucial insight for NRPS-

reengineering of Cstart domains.   

Macrocyclisation contributed to antimicrobial activity in Ishipeptides 
The only inhibition by Ishipeptides was by Ishipeptide A against Gram-positive M. 

luteus at an MIC of 37 µM demonstrating that the macrocyclic peptide was inhibitory 

while the linear analogue was not. This indicated macrolactonation had an enhancing 

effect on antimicrobial activity as observed with the taxalllaids171. A reason for this may 

be change in hydrophobicity. Ishipeptide A had increased hydrophobicity as compared 

to linear Ishipeptide B as it was more retained in RP-HPLC columns (Figure S4), and 

this change in physiochemical properties due to macrocyclisation was also seen in the 

lipodepsipeptide Xenematide A which was more hydrophobic than its linear 

derivative175. Apart from the reduced conformation, this increase in hydrophobicity may 

be due to reduced hydrophilicity, because the side chain of serine is now involved in 

an ester bond with the terminal carboxyl. Hydrophobicity of an AMP determines how 
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‘soluble’ it is in the non-polar lipid matrix of phospholipid bilayers of cell membranes as 

apart from the polar phospholipid heads the rest of the bilayer is highly hydrophobic. 

Thus a degree of hydrophobicity is required for antimicrobials to insert into cell 

membranes with increasing hydrophobicity – up to an upper threshold beyond which 

there is loss of selectivity and resultant lysis of mammalian cells–  among certain AMP 

analogues resulting in increasing antimicrobial activity232,233. This supported the 

hypothesis that increased hydrophobicity due to macrocyclisation enhanced 

antimicrobial activity in Ishipeptides.  

The macrocyclic structure of Photoditritide may have contributed to its high 
antibacterial activity. 

Photoditritide is a potent antimicrobial inhibitory to M. luteus at 3.0 µM, lower than the 

clinical beta-lactam antibiotic Ampicillin (4.2 µM). It was selective, with no inhibitory 

seen against fungi and mammalian cells at concentrations >96 µM and 83 µM 

respectively. P. temperata biosynthesised from Pdt synthetase, Photoditritide that is a 

head-to-tail cyclised hexapeptide of primary structure: ᴅ-Har1 ᴅ-Har2 ᴅ-Tyr3 ᴅ-Trp4 ʟ-

Tyr5 ʟ-Trp6 and cyclised via a thioesterase-catalysed nucleophilic attack of the α-amino 

group of ᴅ-Har1 on terminal carboxy of ʟ-Trp6. The rare residue homoarginine, is an 

arginine analogue that differs by having its side chain elongated by a single carbon 

atom. Photoditritide is an arginine and tryptophan rich cyclic hexapeptide and for these, 

cyclisation improved antimicrobial activity as compared to linear analogues by creating 

conformational rigidity which resulted in an increased charge density169. An increase 

in charge density increases the probability150 that peptide electrons will participate in 

electrostatic interactions with the bacterial surface.  Additionally, the conformational 

rigidity of cyclic peptides increases affinity to bind to their target234.  Photoditritide has 

a net charge is of (+2) due to its two homoarginine residues. This makes it highly 

electrostatically attracted to the cell surface of M. luteus that is conversely, negatively 

charged due to the teichoic and lipoteichoic acids and the negative carboxyl groups of 

cross-linking amino acids of the peptidoglycan cell wall232. This high negative charge 

as compared to animal, fungi and protozoal cell surfaces makes cationic AMPs most 

attracted to bacteria, creating a selective activity as was seen in Photoditritide that was 
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not inhibitory fungi and mammalian cells at high concentrations (Table 7). This 

selective activity can also be because most AMPs exhibit their bioactivity by interacting 

with cell membranes of target cells235 exemplified by 5 out 7 of clinically-approved 

AMPs being membrane active peptides132.The difference in cell membrane 

composition confer different proprieties that result in the selectivity of AMPs. For 

example, bacterial cell membranes lack any sterol, fungi have ergesterol, protozoa 

have lanesterol and mammals have cholesterol that makes it harder to reorganise the 

lipid bilayer, creating strong cohesive forces of cell membrane that are most difficult to 

overcome while those of bacterial cell membranes are conversely the least difficult233. 

Additionally, one third of bacterial proteins are associated with the cell membrane 

making them easy targets for AMPs as compared to proteins in mammalian cells. 

These characteristics make bacteria, especially Gram-positive that lack the outer 

protective lipopolysaccharide capsule, susceptible to even weak antimicrobials. 

The net charge (+2) plus increased charged density due to cyclisation could create 

high adsorption and accumulation of peptides on bacterial surface169 in a carpet like 

manner that then destabilises the membrane when enough molecules accumulate, 

finally causing membrane permeabilisation132.  Additionally, the two hydrophobic 

tryptophan residues facilitate insertion of the peptide into the lipid matrix, as tryptophan 

has an affinity for cell membranes surfaces176. Photoditritide is macrocyclised via a 

lactam bond between D-Har1 and L-Trp6 which creates a cation-π interaction236 

between the aromatic ring of tryptophan and the cationic moieties of homoarginine, 

which results in shielding of the hydrophilic side chain facilitating longer interactions in 

the hydrophobic lipid matrix. Although this shielding effect would be less when 

compared to Arg residues because the cationic moieties of the longer Har side chain 

are more exposed237, it is sufficient to enhance peptide insertion into the matrix, 

contributing either directly to inhibition by membrane disruption, or indirectly by 

facilitating passage of peptide to its cytoplasmic target.  These support the hypothesis 

that macrocyclisation in Photoditritide may have contributed to its antibacterial activity.  

Ishipeptides can form an α-helix secondary structure  
A major group of AMPs are those that form α-helices upon interaction with cell 

membranes of target cells232. Formation of such increases antimicrobial activity due to 
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increased interaction with the cell membrane.  A determinant of α-helix formation is 

peptide length with at least 7 amino acids required and higher propensities with 

increasing length are observed among analogues232. Ishipeptide length of 12 residues 

make it sufficient to form an α-helix. Another determinant is composite residues of the 

peptide with Ala, Leu, Val having the highest propensity for α-helix formation and Glu 

and Gln having a high propensity179. Ten/twelve composite residues of Ishipeptides 

are the aforementioned giving it a high propensity for α-helix formation. The 

arrangement of 1-2 hydrophobic residues for every 2-3 residues is indicative that a 

peptide forms α-helix233 and this is seen in Ishipeptides with 4 hydrophobic (2x Leu, 

Val, Ala) for the first 6 residues, then 2(Leu, Val) for the next three and 2(Leu, Leu) for 

the last three.  

At least 5 hydrophobic residues indicates a peptide may form an α-helix AMP as this 

increases the chance of formation of a hydrophobic face170. Ishipeptides have 8/12 

hydrophobic residues making it likely to form a hydrophobic face of an α-helix as seen 

in proposed helical wheel (Figure S6). Perfect amphipathicity in an α-helix peptide 

would mean all hydrophobic and hydrophilic residues on their own faces. This would 

enable the hydrophobic face to interact with the non-polar lipid matrix and the 

hydrophilic face with the polar phospholipid heads and heterogeneous extracellular 

aqueous environment. The hydrophobic face is thus less tolerant of hydrophilic 

residues as it interacts only with lipids while the hydrophilic face can tolerant even 2-3 

hydrophobic residues232. The incorporation of ᴅ amino acids among ʟ amino acids 

reduces the helicity & stability of α-helices233 and 2x ᴅ-Leu, ᴅ -Ala, ᴅ -Val may 

contribute to this. However, α-helix stabilisation as well as increased helicity is 

observed through cyclisation of side chains238. For example, GRF analogues with a 

side chain lactamation between Lys-Asp had higher local and general helicity than 

linear analogues238. In apolipoprotein E analogues239, cyclisation between the ith and 

(i+3th) residues, as is found in Ishipeptide A, stabilised the α-helix. These support the 

hypothesis that Ishipeptides can form an α-helix secondary structure.   
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CONCLUSION 
In view of exacerbating antimicrobial resistance, nematophilic bacteria are a source of 

novel antimicrobials, in particular macrocyclic non-ribosomal peptides. Yet there are 

few studies on a complete discovery process –from nematophilic bacteria isolation to 

demonstrated antimicrobial peptides. Thus, four parts of this process were 

demonstrated by investigating 6 different nematophilic bacteria.  

The first two parts of isolation of bacteria and species delineation was done on strains 

isolated from natural soil-dwelling nematodes of Western Kenya.  Steinernema sp. 

VH1 and BG5 were isolated from red volcanic soil on cultivated land and clay soil on  

riverine land respectively. Their bacteria endosymbionts Xenorhabdus sp. strains VH1 

and BG5 were delineated as X. griffiniae VH1 and Xenorhabdus sp. nov. BG5. Using 

X. griffiniae XN45 genome data, X. griffiniae BMMCB was emended to Xenorhabdus 

sp. nov. BMMCB. The nematode host of X. griffiniae XN45, Steinernema sp. scarpo 

was highlighted as a new species.  

The third part was genome mining, chemical structure elucidation, chemosynthesis 

and biosynthesis. This was done by investigations on ishA-B gene cluster of X. 

ishibashii. The IshA-B proteins biosynthesised Ishipeptide A that was a very 

hydrophobic branch cyclic dodecadepsipeptide, macrolactoned between serine and 

the terminal glutamate. Ishipeptide B was its linearised derivative. Chemosynthesis 

routes for both were elucidated. Insights into the functions of IshA Cstart domain 

revealed that more than the HH active site is necessary for N-terminal acylation, aiding 

future derivitisation of these peptides. 

The fourth part of the process was antimicrobial susceptibility testing. This was done 

for both Ishipeptides and the macrocyclic hexapeptide Photoditritide from P. 

temperata. Only the macrocyclic peptides were inhibitory, with Photoditritide being 

more potent than a current clinical compound Ampicillin in inhibiting Gram-positive 

bacteria. Ishipeptide A weakly potent against Gram-positive bacteria. Discussions into 

physiochemical characteristics revealed that macrocyclisation contributed to 

antimicrobial activity for both, and further suggested how net charge, hydrophobicity, 

amphipathicity and helicity may have a role in antimicrobial activity. Such insights aid    
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the design of derivatives with potent antimicrobial activity: needed entities in a world 

plagued by microbial pandemics.  
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RECOMMENDATIONS 
1) Description of novel species: Xenorhabdus sp. nov BG5, Xenorhabdus sp. nov 

BMMCB and Steinernema sp. scarpo 

2) Investigation of the exact composition of core protein encoding genes of the 

pangenomes of Xenorhabdus genera and Photorhabdus genera.  

3) Swapping the Cstart domain of IshA protein with one with the highest percentage 

similarity– X. eapokensis Cstart domain found on contig MKGQ01000042 from 

position 17,130bp. 

4) Constitutive expression the gene encoding the putative X. eapokensis NRPS 

that begins with Cstart domain found on contig MKGQ01000042 from position 

17,130bp to investigate production of ishipeptide derivatives.  

5) Determining the cellular target of Photoditritide by comparison of genomes of 

resistant M. luteus strains to susceptible strains.  
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SUPPLEMENTARY FIGURES AND TABLES 
 
 

Figure S1. Photograph of soil collection point VH1 from which nematodes were isolated. Soil 

was collected from this point located in Vihiga County for investigation of presence 

entomopathogenic nematodes (EPN). After successfully isolating EPNs from this soil, their gut 

bacteria were also successfully isolated. These were identified as X. griffiniae VH1 and their 

respective nematode was thus named Steinernema sp. strain VH1. 
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Figure S2. Photograph of soil collection point BG5 from which nematodes were isolated. Soil 

was collected from this point located in Bungoma County for investigation of presence 

entomopathogenic nematodes (EPN). After successfully isolating EPNs from this soil, their gut 

bacteria were also successfully isolated. These were identified as Xenorhabdus sp. nov. BG5 

and their respective nematode was thus named Steinernema sp. strain BG5. 
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Figure S3.  Box-plot graph depicting how α exponent of Heaps law was estimated for the 

Photorhabdus genus. Red plots and lower line depict the size and trend of the core genomes 

as more genomes are added to the pangenome. Blue plots and upper line depict the size and 

trend of the accessory genome as more genomes are added to the pan-genome. Pangenome 

was open because its mean α exponent of Heap’s Law <1. This predicts that more species 

genomes need to be added to this genus so as to complete it. Pangenome analysis was 

determined by the Panweb workflow.  
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Figure S4. Extended base peak chromatograms (BPC) depicting two natural products 1 and 

2 that resulted from induced expression of ishAB NRPS gene cluster. BPC were obtained from 

HPLC-ESI-HRMS analysis of methanol extracts of cell free supernatants from 72 h cultivated 

X. ishibashii pCEP_JC0094 mutant strain that had the native promoter for ishA gene refactored 

by exchanging it with a PBAD promoter. To induce expression, the fermentation culture was 

supplemented with 0.2% ʟ-arabinose (w/v) (red) resulting in detection of above products that 

were equally absent in extracts from X. ishibashii wild-type strain (green) and control strain 

(blue).  
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Figure S5. Base peak chromatograms (BPC) depicting two natural products 1 and 2 that 

resulted from induced expression of ishAB NRPS gene cluster. BPC were obtained from 

HPLC-ESI-HRMS analysis of methanol extracts of cell free supernatants from 72 h cultivated 

X. ishibashii pCEP_JC0094(red) and X. ishibashii pCEP_JCHIS143(blue) mutant strains that 

had the native promoter for ishA gene refactored by exchanging it with a PBAD promoter. To 

induce expression, the fermentation culture was supplemented with 0.2% ʟ-arabinose (w/v) 

(red&blue) resulting in detection of above products that were equally absent in extracts from 

X. ishibashii pCEP_JCHIS143 that were not induced(black). The ishA gene of X. ishibashii 

pCEP_JCHIS143 was mutated via site-directed mutagenesis to change the amino acid residue 

glutamine of position 143 to histidine so as to restore an active site within the Cstart domain of 

the IshA protein, that is necessary for creating acylated derivatives. From the BPCs no new 

derivatives were produced by this mutant(blue) as compared to the one whose IshA protein 

was not altered at position 143. This indicates that an additional unknown mutation is required 

to restore the function of Cstart domain of IshA protein.   
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Figure S6.  Proposed α-helix structure of Ishipeptides. Single letter amino acid notion is used. 

Yellow are hydrophobic residues while red, pink, and purple are hydrophilic residues. 

Proposed hydrophobic face is clockwise from position two to position eleven. Hydrophilic face 

is clockwise from position four to nine. This would create a weakly amphipathic peptide.  Helical 

wheel was created with Heliquest.  
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Table S1: Soil samples names and their geographic regions of collection. Bacteria used in this 

dissertation were collected from embolden samples. Samples that had dead larvae after 

baiting are in red. The remaining samples that were investigated for entomopathogenic 

nematodes are in orange. 

Sample 
name Latitude Longitude Altitude(m) Area description 

Locality name 
if known 

TN1 0.01971 35.44755 2485.7 Virgin forest   
TN3 0.01968 35.44765 2486.7 Virgin forest   
TN4 0.01968 35.44765 2486.7 Virgin forest   
TN5 0.01926 35.44772 2478.7 Virgin forest   
TN6 0.01908 35.44796 2478.7 Virgin forest   
TN7 0.01908 35.44804 2451.7 Virgin forest   

TN8 0.01673 35.4545 2595.7 
Cultivated land with 
minimum disturbance Coliby Forest 

TN9 0.01662 35.45479 2613.7 
Cultivated land with 
minimum disturbance  

TN10 0.01647 35.45539 2629.7 
Cultivated land with 
minimum disturbance  

TN11 0.02258 35.46348 2773.6 Virgin forest   
TN12 0.02287 35.46344 2744.0 Virgin forest   
TN13 0.02223 35.46351 2694.0 Virgin forest   
TN14 0.02223 35.46341 2672.0 Virgin forest  Lorenge Forest 
ND1 0.1053 35.19019 2045.0 Near tea cultivated land  
ND2 0.10535 35.19028 2062.0 Tea cultivated land  
ND3 0.10498 35.19019 2047.0 Near tea cultivated land  

ND4 0.10355 35.19836 2017.0 
Eucalyptus cultivated 
land 

Nandi Hills Tea 
Estate 

ND5 0.10309 35.19858 1989.0 
Eucalyptus cultivated 
land 

Nandi Hills Tea 
Estate 

ND6 0.10207 35.19084 2064.0 Tea cultivated land 
Nandi Hills Tea 
Estate 

ND7 0.10219 35.19069 2055.0 
Tea cultivated land-
1990 tea bush 

Nandi Hills Tea 
Estate 

ND8 0.0926 35.19466 1967.0 
Eucalyptus cultivated 
land 

Nandi Hills Tea 
Estate 

ND9 0.0884 35.19389 1934.0 Riverine vegetation 
Nandi Hills Tea 
Estate 

ND10 0.08779 35.19403 1930.0 Riverine vegetation 
Nandi Hills Tea 
Estate 

ND11 0.08725 35.21023 2019.0 
Tea cultivated land- 
1996 tea bush 

Nandi Hills Tea 
Estate 

ND12  0.08631 35.21016 2010.6 
Indigenous trees 
cultivated land 

Nandi Hills Tea 
Estate 
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ND13 0.0862 35.21019 1996.0 
Indigenous trees 
cultivated land 

Nandi Hills Tea 
Estate 

ND14 0.08594 35.21032 1981.6 Riverine vegetation 
Nandi Hills Tea 
Estate 

KR1 -0.1957 35.28344 1422.7 Fallow land  
KR2 -0.19564 35.2839 1420.0 Fallow land  
KR3 -0.21374 35.31923 1429.4 Riverine vegetation River Murgut 
KR4 -0.21363 35.31924 1491.4 Riverine vegetation River Murgut 

KS1 -0.12548 34.7447 1143.0 River Wigia Inlet 
Lake Victoria 
shores 

KS2 -0.12547 34.7464 1143.0 
River Wigia Inlet swamp 
area 

Lake Victoria 
shores 

KS4 -0.12565 34.74166 1117.0 Hippo Point 
Lake Victoria 
shores 

KS5 -0.12537 34.74238 1117.0 
Hippo Point-River inlet 
swamp area 

Lake Victoria 
shores 

KS6 -0.12541 34.74238 1117.0 Hippo Point 
Lake Victoria 
shores 

KS7 -0.13592 34.74103 1133.0 Swamp Land 
Lake Victoria 
shores 

KS8 -0.08592 34.74627 1130.0 
Nyanza Golf Club 
shoreline 

Lake Victoria 
shores 

KS9 -0.08596 34.74644 1130.0 
Nyanza Golf Club 
shoreline 

Lake Victoria 
shores 

KS10 -0.08596 34.74654 1130.0 
Nyanza Golf Club 
shoreline 

Lake Victoria 
shores 

KS11 
-
0.087818 34.74231 1139.0 

Nyanza Golf Club 
shoreline 

Lake Victoria 
shores 

KS12 -0.08756 34.7432 1139.0 
Nyanza Golf Club 
shoreline 

Lake Victoria 
shores 

KS13 -0.08761 34.74207 1139.0 
Nyanza Golf Club 
shoreline 

Lake Victoria 
shores 

KS14 -0.08774 34.74140 1140.0 
Nyanza Golf Club 
shoreline 

Lake Victoria 
shores 

GS1 0.0577 34.76411 1680.0 Cultivated land  
GS2 0.05824 34.76421 1680.0 Cultivated land-Maize  

GS3 0.05857 34.76486 1668.0 
Eucalyptus cultivated 
land  

GS4 0.05895 34.76526 1634.6 Riverine vegetation  
GS5 0.05913 34.76493 1656.3 Man-made pond banks  

GS6 0.05623 34.77107 1719.6 Virgin land 
Gisambai 
Rocks 

VH1 0.06293 34.72903 1624.0 
Cultivated land-
cabbage 

Terry Amadi 
Farm 

VH2 0.0629 34.72911 1624.0 
Cultivated land-
cabbage 

Terry Amadi 
Farm 
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VH3 0.06644 34.7316 1592.0 Virgin forest  
River Idumu 
Forest 

VH4 0.06637 34.73195 1592.0 Virgin forest  
River Idumu 
Forest 

ST1 0.12841 34.85427 1660.0 
Virgin tropical rain 
forest 

Kaimosi 
Tropical Rain 
forest 

ST2 0.12972 34.8464 1657.0 
Virgin tropical rain 
forest 

Kaimosi 
Tropical Rain 
forest 

ST3 0.12978 34.84423 1657.0 
Virgin tropical rain 
forest 

Kaimosi 
Tropical Rain 
forest 

ST4 0.12968 34.84413 1610.0 
Virgin tropical rain 
forest 

Kakamega 
Forest Reserve 

KG1 0.17356 34.89599 1627.0 
Virgin tropical rain 
forest 

Kakamega 
Forest Reserve 

KG2 0.17382 34.8959 1627.0 
Virgin tropical rain 
forest 

Kakamega 
Forest Reserve 

KG3 0.15393 34.8935 1618.0 
Kakabuti Riverbed 
Sample  

Kakamega 
Forest Reserve 

KG4 0.15375 34.89375 1618.0 
Virgin tropical rain 
forest 

Kakamega 
Forest Reserve 

BY1 0.48037 34.40839 1240.0 Virgin riverbank land 
Lawrence 
Awori farm 

BG5 0.48044 34.40836 1239.0 Virgin riverbank land 
Lawrence 
Awori farm 

BY2 0.48035 34.40849 1239.0 Virgin riverbank land 
Lawrence 
Awori farm 

BY3 0.48043 34.40851 1239.0 Virgin riverbank land 
Lawrence 
Awori farm 

BY4 0.48051 34.40845 1239.0 Virgin riverbank land 
Lawrence 
Awori farm 

BY5 0.48046 34.40828 1239.0 Virgin riverbank land 
Lawrence 
Awori farm 

BY6 0.48419 34.373222 1239.0 
Cultivated land-Maize 
farm  

BY7 0.48466 34.37534 1230.0 
Cultivated land- 
cassava  

BY8 0.4857 34.3763 1230.0 Fallow land  
BY9 0.48584 34.37654 1215.0 Riverine vegetation  
BY10 0.48575 34.37653 1229.0 Riverine vegetation River Sianda 
BY11 0.48937 34.37311 1229.0 Riverine vegetation River Sianda 
EL1 0.882906 34.731095 2149.0 Fallow land  
EL2 0.882906 34.731095 2149.0 Fallow land  
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Table S2. Accessions numbers, strains and predicted gene counts of genomes used in 
phlyogenomic and pangenomic analyses 
Genbank number of master-

record for drafts/complete 

genome 

Strain name Number of predicted 

genes in Prodigal 

This study X. griffiniae XN45 3855 

This study X. griffinae VH1 3780 

This study Xenorhabdus sp. nov. BG5 3534 

MUBK01000000 X. beddingii 3668 

FN667741 X. bovienii ss-2004 3747 

NIBS00000000.1 X. budapestensis DSM 

16342 

3756 

NJGH00000000.1 X. cabalinasii JM26 4288 

NZ_FO704550 X. doucetiae FRM16 3640 

MKGQ00000000.1 X. eapokenisis DL20 3839 

NIBT00000000.1 X. ehlersii DSM 16337 3727 

NJAI00000000.1 X. hominickii DSM 17903 4937 

NIBU00000000.1 X. innexi DSM 16336 4149 

NJAK00000000.1 X. ishibashii DSM 22670 3556 

FOVO00000000.1 X. japonica DSM 16522 3198 

LFCV00000000.1 X. khoisanae MCB 4117 

FPBJ00000000.1 X. koppenhoeferi DSM 

18168 

2770 

NJCX00000000.1 X. kozodoii DSM 17907 3704 

NITY00000000.1 X. mauleonii DSM 17908 4418 

NITZ00000000.1 X. miraniensis DSM 17902 4313 

LN681227 X. nematophila AN6/1 4123 



  7.0 Supplementary Figures and Tables 

  91 

FO704551 X. poinarii G6 3357 

LDNM01000000.1 Xenorhabdus sp. nov. 

BMMCB 

3951 

NJAJ00000000.1 X. stockiae DSM 17904 4094 

MKGR00000000.1 X. thuogxuanensis 30TX1 3533 

MUBJ00000000.1 X. vietnamensis DSM 

22392 

3966 

     Photorhabdus genomes 
LOIC00000000.1 P. namnaonensis PB45.5 4643 

PUJV00000000.1 P. stackerbranti DSM 

23271 

4354 

LJCS00000000.1 P. heterohabditis VMG 4317 

FMWJ00000000.1 P. luminescens 

ATCC29999 

4524 

PUJW00000000.1 P. cinerea DSM19727 4542 

PUJU00000000.1 P. tasmaniensis T327 4648 

NSCI00000000.1 P. laumondii BOJ-47 4427 

CP011104.1 P thracensis DSM15199 4545 

JONO00000000.1 P. australis DSM17609 4247 

RBLJ00000000.1 P. asymbiotica DSM15149 4389 

AYSJ00000000.1 P. khanii NC-19 4548 

NSCM00000000.1 P. bodei LJ24 4454 
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Table S3. Prophage associated genomic loci of Xenorhabdus sp. nov.  BG5  

Prophage loci 
name 

Length GC 
content 

 

Prophage 1 17,860 43.2 Significantly different from average GC content 
 
(p value= 0.005408171, T stat = -2.548845258) 

Prophage 2 86,072 43.12 Significantly different from average GC content 
 
(p value= 8.22695E-22, T stat = -9.527857257) 

Prophage 3 18,682 42.78 Significantly different from average GC content 
 
(p value=3.05511E-28, T stat = -10.97542747) 

Prophage 5 9,128 41.6 Significantly different from average GC content 
 
(p value= 9.1663E-102, T stat = -21.65830959) 

Prophage 4 11,829 47.25 Significantly different from average GC content 
 
(p value < 0.0001, T stat = 64.31439891) 

Prophage 
6_GI3 

29,967 43.52 Significantly different from average GC content 
 
(p value= 0.006, T stat = 2.739173238) 

Prophage 
7_GI3 

29,163 44.11 Significantly different from average GC content 
 
(p value< 0.0001, T stat =14.74031146) 

 
Table S4. Primers and plasmids used 

Name Sequence (5´- 3´) Description 

RMA87 

 

GGCTAACAGGAGGC 

TAGCATATGATGCC 

TATGTCATGCAATAGTAG 

 

Amplifies first 629bp of ishA gene 

with 23 bp overhang at 5’ end 

(forward primer) 

RMA88 CCGTTTAAACATTTAAA 

TCTGCAGGGAGGTAAG 

TTTTTGTAGCGAT 

 

Amplifies first 629bp of ishA gene 

with 23 bp overhang at 5’ end 

(Reverse primer) 

RMA 88b CCGTTTAAACATTT 
AAATCTGCAG 
CAATAAGATGA 
TGACAGCAAAACT 
 

When used with RMA87 as the 

forward primer, it amplifies first 

436bp of ishA gene with change 

of complementary base pair for 
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position 429(G) to that of T. It has 

23 bp overhang at 5’ end 

(Reverse primer) 

V_PCEP_FW GCTATGCCATAGC 

ATTTTTATCCATAAG 

Amplifies a 863 bp fragment from 

plasmid pCEP_JC0094 (forward 

primer) 

PDS132_RV ACATGTGGAATT 

GTGAGCGG 

Amplifies a 863 bp fragment from 

plasmid pCEP_JC0094 (reverse 

primer) 

ALPCEP1F CCACTGGTGATA 

CCATTCGC 

 

Amplifies a 1226 bp fragment only 

found in genomes of successfully 

modified X. ishibashii 

pCEP_JC0094 strains (forward 

primer) 

RMAr032 ATAAGCTGGT 

TTCGGCACG 

 

Amplifies a 1226 bp fragment only 

found in genomes of successfully 

modified X. ishibashii 

pCEP_JC0094 strains (reverse 

primer) 

RMA_JC1F 

 

TAGCCCAACCC 

ATGCCG 

Amplifies locus 14026..14309 of 

ishA gene (284bp) (forward 

primer) 

RMA_JC1R CCGGATCGCTT 

GTTGTGGA 

Amplifies locus 14026..14309 of 

ishA gene (284bp) (reverse 

primer) 

RMA_JC2F 

 

TGCAGGAAACC 

TATCAAAATCTG 

 

Amplifies locus 20377..21792 of 

ishA gene (1416bp) (forward 

primer) 
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RMA_JC2R 

 

TGGCAATCGGGCGACC 

 

Amplifies locus 20377..21792 of 

ishA gene (1657bp) (reverse 

primer) 

RMA_NJC2F 

 

TGGATAACCCCGAACCGC 

 

Amplifies locus 21196..153 of 

ishA-ishB genes (1657bp) 

(forward primer) 

RMA_JC3R TTGTTGGGCAA 

AAGAGAGTGG 

 

Amplifies 1656bp of ishA gene 

with (reverse primer) 

RMA_JC4F 

 

TCATCAGGGCGCCAGATG 

 

Amplifies locus 12073..12699 of 

ishB gene (627bp) (forward 

primer) 

RMA_JC4R 

 

ATTCGGGGTCAGCGGG 

 

Amplifies locus 12073..12699 of 

ishB gene (627bp) (reverse 

primer) 

pCEP plasmid Integrative plasmid with a 

PBAD promoter system and a 

kanamycin resistance 

cassette. 

204 

pCEP_JC0094 

plasmid 

pCEP plasmid that contains 

first 629bp of ishA gene, 

which is also the target locus 

for genomic integration, 

directly downstream of PBAD 

promoter. 

This study 

pCEP_JCHIS143 

plasmid 

pCEP plasmid that contains 

first 436bp of ishA gene, 

which is also the target locus 

for genomic integration, 

directly downstream of PBAD 

This study 
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promoter. It has a mutation 

at position 429 of the IshA 

gene, from G to T 

 
 
Table S5. Amino acid specificities of A domains of IshA-B 

Position Stachelhaus Code Detected amino 

acid specificity 

Predicted amino acid 

specificity 

A domain 1 DAWlLGaVcK Leu Leu 

A domain 2 DAWlLGaVcK Leu Leu 

A domain 3 DAwWLGGTFK Val Val 

A domain 4 DLYNNALTYK Ala Ala 

A domain 5 DasnIGEVGK Gln Asn 

A domain 6 DASTVAAVCK Tyr Tyr 

A domain 7 DAWlLGaVcK Leu Leu 

A domain 8 DAwWLGGTFK Val Val 

A domain 9 DVWHLSLIDK Ser Ser 

A domain 10 DAWlLGaVcK Leu Leu 

A domain 11 DAWlLGaVcK Leu Leu 

A domain 12 DAvDLGVVDK Glu Gln 
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Abstract 
A new cyclic peptide photoditritide (1), containing two rare amino acid D-homoarginine 

residues, was isolated from Photorhabdus temperata Meg1 after the nonribosomal 

peptide synthetase encoding gene pdtS was activated via promoter exchange. The 

structure of 1 was elucidated by HR-MS and NMR experiments. The absolute 

configurations of amino acids were determined according to the advanced Marfey’s 

method after hydrolysis of 1. Bioactivity testing of 1 revealed potent antimicrobial 

activity against Micrococcus luteus with an MIC value of 3.0 µM and weak antiprotozoal 

activity against Trypanosoma brucei rhodesiense with an IC50 value of 13 μM. 

Additionally, the biosynthetic pathway of 1 was also proposed. 
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Photorhabdus is a genus of Gram-negative entomopathogenic bacteria that live in 

symbiosis with nematodes of the genus Heterorhabditis.1,2 The nematode-bacterium 

complex is highly pathogenic for a broad range of insects and is well known as a model 

system for the investigation of mutualistic and pathogenic symbiosis.2–4 The 

Heterorhabditis nematode releases Photorhabdus bacteria from its gut into the insect 

hemocoel after insect infection.2 The bacteria replicate and produce a large number of 

protein toxins and secondary metabolites to kill the insect and protect the prey cadaver 

for nutrition against soil-living food competitors, including bacteria, fungi and 

protozoa.5,6 The unique niche makes Photorhabdus a rich source of bioactive natural 

products,6–8 and several compounds, such as isopropylstilbene,9 phurealipids,10 

kolossins,11 photolose,12 lumizinones,13 rhabduscins,14 and photopyrones15 with 

antibiotic,16 insecticidal,10 antiprotozoal,11 immune regulation,12 protease inhibitory,13 

virulence factor,14 and signaling activity,15 respectively, have been identified recently. 

Natural products have played and will continue to play a highly significant role in the 

drug discovery and development process.17 Our efforts to search for additional natural 

products from promising Photorhabdus strains resulted in the identification of 

photoditritide (1), a new cyclohexapeptide containing two uncommon amino acid 

homoarginine residues, after its biosynthetic gene pdtS was activated in Photorhabdus 

temperata Meg1. Here we report the discovery, structure elucidation, biosynthesis, and 

bioactivity of 1. 
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In the genome of P. temperata Meg1, in total 25 biosynthesis gene clusters of 

secondary metabolites have been predicted by antiSMASH.18 The pdtS (photoditritide 

synthetase) gene (MEG1_RS04325, 19.5 kbp, accession number NZ_JGVH01000009) 

was identified encoding an unknown nonribosomal peptide synthetase consisting of 

six modules with overall 18 domains (Figure 1). PdtS was hence expected to produce 

a hexapeptide. As no such peptide could be identified in P. temperata Meg1 when the 

strain was cultivated in the lab in different media such as lysogeny broth (LB) or Sf-900 

II SFM medium, a promoter exchange approach was applied to activate pdtS as 

previously described,19 thus resulting in the detection of one new natural product based 

on HPLC-MS analysis (Figure S1). 

 
Figure 1. Domain organization of the PdtS and proposed biosynthesis of photoditritide 
(1). Domains: A: adenylation, T: thiolation, C/E: dual condensation/epimerization, C: 
condensation, TE: thioesterase. 

To isolate 1, the promoter exchange mutant P. temperata Meg1 pCEP-pdtS was 

grown in Xenorhabdus and Photorhabdus production medium (XPPM), an amino acid 

rich medium developed from M9 medium,20 which gives a clear background for 

compound isolation from Xenorhabdus and Photorhabdus strains. From 4 L of cultures, 

12 mg of 1 was isolated from the XAD-16 extracts by using Sephadex LH-20 

chromatography, followed by semipreparative HPLC. 
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Compound 1 was obtained as a brown powder. The molecular formula of 1 was 

determined to be C54H66N14O8 by its HRESIMS data combined with isotopic labelling 

experiments as previously described (Figure S2),21 indicating 29 degrees of 

unsaturation. Detailed analysis of 1D and 2D NMR data of 1 (Table 1, Figure 2) implied 

the presence of six amino acids: two homoarginines (Har), two tyrosines (Tyr), and two 

tryptophans (Trp), and therefore 1 was named as photoditritide. As nonproteinogenic 

amino acids like homoarginine are rarely found in natural products from 

entomopathogenic bacteria, a reverse labelling experiment with homoarginine was 

performed in 13C medium verifying the incorporation of two homoarginines (Figure S3). 

Compound 1 was further identified to be a monocyclic peptide on the basis of the 

remaining one degree of unsaturation because the six amino acids accounted for 28 

of the 29 degrees of unsaturation. The connectivity of the six amino acid building blocks 

was established by HMBC (Figure 2) and was confirmed by the assembly order of 

predicted amino acids from the adenylation (A) domain specificity conferring codes 

(Table S1). Thereby, compound 1 was unequivocally elucidated to be a cyclic 

hexapeptide. 

Table 1. 1H (500 MHz) and 13C (125 MHz) NMR Data of 1 in DMSO-d6 (δ in ppm) 
subunit position δC, type δH (J in Hz)  subunit position δC, type δH (J in Hz)  
Har1 1 170.3, C   3b  2.91, overlap 
 2 52.2, CH 4.23, dd (13.4, 

6.5) 
 4 108.8, C  

 2-NH  7.23, d (7.0)  5 127.9, C  
 3a 32.1, CH2 1.52, m   6 118.5, CH 7.05, overlap 
 3b  1.45, m  7 118.1, CH 6.83, t (7.4) 
 4 22.0, CH2 1.12, m  8 120.6, CH 6.99, overlap 
 5 28.1, CH2 1.40, m  9 111.0, CH 7.26, d (8.1) 
 6 40.4, CH2 2.97, overlap  10 135.8, C  
 6-NH  8.45, brs  10-NH  10.79, s 
 7 157.2, C   11 123.8, CH 6.48, s 
Har2 1 171.7, C  Tyr5 1 171.2, C  
 2 53.0, CH 3.99, m  2 57.4, CH 3.83, m 
 2-NH  8.36, submerge  2-NH  8.27, d (4.5) 
 3 29.9, CH2 1.30, m  3a 36.0, CH2 2.43, m 
 4a 22.0, CH2 0.96, m  3b  2.35, m 
 4b  0.71, m  4 127.8, C  
 5 28.1, CH2 1.30, m  5 130.0, CH 6.79, d (8.2) 
 6 40.2, CH2 2.91, overlap  6 114.9, CH 6.53, d (8.2) 
 6-NH  8.51, brs  7 155.9, C  
 7 157.2, C   8 114.9, CH 6.53, d (8.2) 
Tyr3 1 171.3, C   9 130.0, CH 6.79, d (8.2) 
 2 56.3, CH 4.17, m Trp6 1 170.4, C  
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 2-NH  8.70, d (7.6)  2 53.3, CH 4.45, dd (12.6, 
9.5) 

 3a 36.5, CH2 3.09, brd (12.4)  2-NH  8.03, d (7.7) 
 3b  2.61, t (12.7)  3a 25.9, CH2 3.34, overlap 
 4 128.4, C   3b  2.97, overlap 
 5 130.0, CH 7.04, overlap  4 110.8, C  
 6 115.0, CH 6.65, d (8.1)  5 127.3, C  
 7 156.0, C   6 118.2, CH 7.49, d (7.8) 
 8 115.0, CH 6.65, d (8.1)  7 118.3, CH 6.99, overlap 
 9 130.0, CH 7.04, overlap  8 120.9, CH 7.07, overlap 
Trp4 1 170.9, C   9 111.3, CH 7.31, overlap 
 2 54.4, CH 4.57, m  10 136.1, C  
 2-NH  7.31, overlap  10-NH  10.85, s 
 3a 27.3, CH2 3.32, overlap  11 123.2, CH 7.07, overlap 

 

 
Figure 2. COSY and key HMBC correlations of 1. 

To address the absolute configurations of the amino acids in 1, four dual 

condensation/epimerization (C/E) domains were identified in PdtS by antiSMASH 

(Figure 1).22 C/E domains have been shown to transform the initially bound L-amino 

acids into their D-form,21,23 suggesting 1 with the configuration sequence DDDDLL in its 

biosynthesis order. To confirm the configurations for homoarginine (D), tyrosine (D), 

tryptophan (D), tyrosine (L), and tryptophan (L), compound 1 was hydrolyzed with 6 M 

HCl supplemented with 2.5% triisopropylsilane to prevent degradation of tryptophan.24 

The hydrolysate was analyzed according to the advanced Marfey's method,25 and the 

finding was in accordance with the results predicted above (Figure S4). 

Finally, the antimicrobial and antiprotozoal activity of 1 was investigated in view of 

the ecological function of Photorhabdus (Table 2). Compound 1 exhibited potent 

activity against Gram-positive bacterium Micrococcus luteus with an MIC value of 3.0 
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µM and weak activity against the causative agent of sleeping sickness Trypanosoma 

brucei rhodesiense with an IC50 value of 13 μM, but no activity against other tested 

organisms and no cytotoxic activity against mammalian L6 cells. 

In summary, a new cyclic peptide photoditritide was unequivocally identified from P. 

temperata Meg1 by using a combination of bioinformatics analysis, promoter exchange, 

isotopic labelling experiments, HPLC-MS analysis, and NMR. Although 

nonproteinogenic amino acid homoarginine containing peptides have been reported in 

several marine organisms such as a sponge,26 cyanobacteria,27 and marine-derived 

actinomycetes,28 photoditritide so far is the only example of a peptide from 

entomopathogenic bacteria that contains homoarginine. 

Table 2. Bioactivity of 1 Against Different Microorganisms (MIC in μM), Protozoan 
Parasites (IC50 in μM), and Mammalian L6 Cells (IC50 in μM) 

species 1 controla 
M. luteus 3.0 4.2 
Escherichia coli 24 0.60 
Candida lusitaniae >96 0.42 
T. brucei rhodesiense 13 0.005 
Trypanosoma cruzi 71 2.1 
Leishmania donovani >100 0.73 
Plasmodium falciparum 27 0.009 
mammalian L6 cells 83 0.007 

aThe positive control is different for each target organism: ampicillin for M. luteus, 
chloramphenicol for E. coli, amphotericin B for C. lusitaniae, melarsoprol for T. brucei 
rhodesiense, benznidazole for T. cruzi, miltefosine for L. donovani, chloroquine for P. 
falciparum, and podophyllotoxin for L6 cells. 

 

EXPERIMENTAL SECTION 
General Experimental Procedures. Optical rotation was measured on a 

PerkinElmer 241 polarimeter. ECD spectrum was obtained on a JASCO J-815 

spectropolarimeter. 1H, 13C, COSY, HSQC, and HMBC NMR spectra were recorded on 

a Bruker AV 500 spectrometer at 500 MHz (1H) and 125 MHz (13C) using DMSO-d6 as 

solvent; the 1H and 13C NMR chemical shifts were referenced to the solvent peaks at 

δH 2.50 and δC 39.52 for DMSO-d6. HPLC-ESI-MS analysis was recorded on a Dionex 

UltiMate 3000 system coupled to a Bruker AmaZonX mass spectrometer; the MeOH 
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extracts were eluted on an ACQUITY UPLC BEH C18 column (130 Å, 2.1 mm × 100 

mm, 1.7 μm) using a gradient from 5% to 95% MeCN/H2O solution containing 0.1% 

formic acid at a flow rate of 0.6 mL/min for 16 min. HPLC-HR-ESI-MS analysis was 

performed on a Dionex UltiMate 3000 system coupled to a Bruker Impact II QTOF 

mass spectrometer; the MeOH extracts were eluted on an ACQUITY UPLC BEH C18 

column (130 Å, 2.1 mm × 50 mm, 1.7 μm) using a gradient from 5% to 95% MeCN/H2O 

solution containing 0.1% formic acid at a flow rate of 0.4 mL/min for 16 min. Positive 

mode with scan range from 100 to 1200 m/z for HPLC-ESI-MS and HPLC-HR-ESI-MS 

analysis was used to detect photoditritide (1). Semipreparative HPLC was conducted 

on an Agilent 1260 system with a ZORBAX Eclipse XDB-C18 column (9.4 mm × 250 

mm, 5.0 µm). 

Strain Construction. The construction of the promoter exchange mutant P. 

temperata Meg1 pCEP-pdtS was carried out as described previously.19 Briefly, the 

plasmid pLZ46 carrying the first 650 bp of pdtS from P. temperata Meg1 was 

constructed by using Gibson cloning and was transformed into E. coli ST18. For 

conjugation, P. temperata Meg1 and E. coli ST18 were grown in LB medium. 

Kanamycin (50 µg/mL) and δ-aminolevulinic acid (ALA, 50 µg/mL) were added to E. 

coli ST18. After OD600 0.5‒0.7, the cells were harvested and washed three times with 

fresh LB medium. Subsequently, E. coli ST18 and P. temperata Meg1 were mixed on 

a LB agar plate containing ALA in a ratio of 1:3 and were incubated at 37 °C for 3 hours 

followed by growth at 30 °C overnight. The next day, the bacterial cell layer was 

harvested and resuspended in fresh LB medium. Serial dilutions were spread out on 

selective LB agar plates with kanamycin and were incubated at 30 °C for 2‒3 days. 

The genotype of individual clones was verified by PCR. 

Production Cultivation. 100 µL of overnight cultures of P. temperata Meg1 pCEP-

pdtS were inoculated into 10 mL fresh liquid LB medium with kanamycin (50 µg/mL), 

0.1% L-arabinose (from a 25% stock solution), and 2% Amberlite XAD-16 resin added. 

The cultures were grown at 30 °C on a rotary shaker at 200 rpm and were harvested 

after 3 days. The XAD-16 beads were filtered and extracted with 10 mL MeOH for 1 h 

to give extracts for HPLC-MS analysis. 
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Labelling Experiments. Labelling experiments were performed in 5 mL fully 13C 

labeled medium as described previously.21 Culture conditions, extract preparation, and 

HPLC-MS analysis were carried out as described above. To confirm the incorporation 

of homoarginine, L-homoarginine was supplied to P. temperata Meg1 pCEP-pdtS in 
13C medium. 

Compound Isolation. To isolate 1, the XAD-16 beads from 4 L XPPM cultures of P. 

temperata Meg1 pCEP-pdtS were extracted with MeOH. The XAD-16 extract was 

fractionated by Sephadex LH-20 chromatography using MeOH as the eluent. The 

enriched fractions containing 1 were collected and further purified by semipreparative 

HPLC with a gradient 20% to 40% MeCN/H2O solution containing 0.1% formic acid at 

a flow rate of 3 mL/min for 20 min to yield 1 (12 mg). 

Photoditritide (1): brown, amorphous solid; [α]25D −1490.9 (c 0.022, MeOH); ECD (c 

5.3 × 10‒5 M, MeOH) λmax (Δɛ) 232 (35.25), 214 (7.42), and 202 (‒11.60) nm; 1H and 
13C NMR data, Table 1; HRESIMS m/z 520.2669 [M + 2H]2+ (calcd for C54H66N14O8, 

520.2667; Δppm 0.5). 

Configuration Determination. The configurations of amino acids in 1 were 

determined by the advanced Marfey's method as described previously.24,25 

Approximately 1 mg of peptide was dissolved in 200 µL MeOH and was hydrolyzed 

with 800 µL HCl (6 M) in an Ace high-pressure tube at 110 ℃ for 1 h. To prevent the 

degradation of tryptophan, 2.5% triisopropylsilane was added. The hydrolysate was 

evaporated to dryness and was redissolved in 100 µL H2O. To each half portion (45 µL) 

were added 10 µL 1M NaHCO3 and 80 µL 1% Nα-(5-fluoro-2,4-dinitrophenyl)-L-

leucinamide or Nα-(5-fluoro-2,4-dinitrophenyl)-D-leucinamide (L-FDLA or D-FDLA, 

dissolved in acetone). The brown reaction vials were incubated in a water bath at 40 ℃ 

for 1 h. After that the reactions were cooled to room temperature, quenched with 10 µL 

1 M HCl and evaporated to dryness. The residue was dissolved in 400 µL MeOH and 

was analyzed by HPLC-MS. 

Antimicrobial Activity Testing. Antimicrobial activity was tested against 

representative Gram-positive (Micrococcus luteus), Gram-negative (Escherichia coli 

OP50), and yeast (Candida lusitaniae DSM 70102) strains. For antibacterial activity, a 

microdilution broth assay modified from the Clinical and Laboratory Standards Institute 
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(CLSI) protocol29 was carried out in round-bottom 96-well plates with a final inoculum 

concentration of 1.3 × 105 CFU/mL, incubation time of 20 h at 30 °C, and final culture 

volume of 100 µL. A two-fold dilution series was created for both 1 and the positive 

control ampicillin or chloramphenicol with a concentration range between 100 µg/mL 

and 0.02 µg/mL. RPMI 1640 medium supplemented with 10% LB medium was used 

instead of Muller Hinton broth to ensure the detection of antibacterial activity.30 For 

antifungal activity, a microdilution broth assay modified from the European Committee 

for Antimicrobial Susceptibility Testing 33 protocol31 was performed in round-bottom 96-

well plates with a final inoculum concentration 2.8 × 104 CFU/mL, incubation period of 

49 h at 30°C in YPD medium, and final culture volume of 100 µl. A two-fold dilution 

series was created for both 1 and the positive control amphotericin B with a 

concentration range between 100 µg/mL and 0.02 µg/mL. For both assays, minimum 

inhibitory concentration (MIC) was defined as the lowest antibiotic concentration that 

inhibits visible growth of the microorganisms. 

Antiprotozoal Activity and Mammalian Cell Cytotoxicity Testing. Bioactivity 

testing of 1 against the parasites Trypanosoma brucei rhodesiense STIB900, 

Trypanosoma cruzi Tulahuen C4, Leishmania donovani MHOM-ET-67/L82, and 

Plasmodium falciparum NF54 was performed as described previously.32 Cytotoxicity of 

1 against rat skeletal myoblasts (L6 cells) was evaluated as described previously.32 

IC50 (50% inhibitory concentration) values against these cells were calculated. 
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Supplementary Tables 

Table S1. A domain specificity prediction of PdtS 

A domain 
Stachelhaus 
sequence 

most likely amino acid 
predicted 

amino acid 
detected 

A1 DVESIGGVTK Lys Har 

A2 DVESIGGVTK Lys Har 

A3 DASFIADVCK Tyr Tyr 

A4 DVQCIGDVCK Tyr Trp 

A5 DASFIADVCK Tyr Tyr 

A6 DASLVGDVCK Tyr Trp 

 

Table S2. Bacterial strains used in this study 

strain genotype reference 

E. coli ST18 E. coli S17 λpir ΔhemA 1 

P. temperata Meg1 wild type 2 

 

Table S3. Plasmids used in this study 

plasmid genotype/description reference 

pCEP pDS132 based vector, R6Kγ ori, oriT, araC, araBAD promoter, KmR 3 

pLZ46 5443 bp, first 650 bp of pdtS gene from Meg1 genomic DNA 
assembled into pCEP, KmR 

this 
work 
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Table S4. Primers used in this study 

primer sequence (5'-3') 
targeting DNA 
fragment 

plasmid 

LZ_112 TTTGGGCTAACA 

GGAGGCTAGCATATGAAAG 

ATAGCATTGCTGAAGC first 650 bp of pdtS 
from Meg1 (650 bp) 

pLZ46 LZ_113 TCTGCAGAGCTCGAGCATGCAC 

ATCACGGTGTGTCATCTTGTATCA 

pCEP_fw_gib ATGTGCATGCTCGAGCTC pCEP vector 
backbone (4841 
bp) 

pCEP_rv_gib ATGCTAGCCTCCTGTTAGC 

V_pCEP_fw GCTATGCCATAGCATTTTTATCCATAAG insert verification 
from pLZ46 (836 
bp) 

 

V_pCEP_rv ACATGTGGAATTGTGAGCGG 

V_pCEP_fw GCTATGCCATAGCATTTTTATCCATAAG conjugation 
verification from 
Meg1 pCEP-pdtS 
(1050 bp) 

 

LZ_114 ACTGAGCATCTGCTCTTGATAC 
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Table S5. PdtS and its nearby proteins with predicted function 

 

locus tag predicted function 

MEG1_RS04315 hypothetical protein 

MEG1_RS04320 hypothetical protein 

MEG1_RS04325 (PdtS) non-ribosomal peptide synthase 

MEG1_RS04330 aspartate aminotransferase family protein 

MEG1_RS04335 arginine N-succinyltransferase 

MEG1_RS04340 succinylglutamate-semialdehyde dehydrogenase 

MEG1_RS04345 N-succinylarginine dihydrolase 
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Supplementary Figures 

 

 

Figure S1. HPLC-MS analysis of XAD extracts from P. temperata Meg1 wild type (black line) 
and P. temperata Meg1 pCEP-pdtS without (green line) and with (red line) L-arabinose 
induction in LB medium. Base-peak chromatograms (BPCs) and extracted ion chromatograms 
(EICs) for 1 are shown, respectively. 
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Figure S2. Determination of the number of carbon atoms for 1 by growing P. temperata Meg1 
pCEP-pdtS in standard 12C medium and fully 13C labelled medium, respectively. 

 

 

Figure S3. HPLC-MS analysis of 1 from reverse labelling experiment with L-homoarginine fed 
to P. temperata Meg1 pCEP-pdtS in fully 13C labelled medium. 
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Figure S4. Configuration determination of amino acids in 1 using the advanced Marfey's 
method. HPLC-MS analysis of hydrolyzed 1 and derivatized with L-FDLA and LD-FDLA. 
Depicted are extracted ion chromatogram (EIC) traces for homoarginine (Har, m/z 483 [M + 
H]+), tyrosine (Tyr, m/z 476 [M + H]+), and tryptophan (Trp, m/z 499 [M + H]+). The 
configurations are determined by the elution order: L-FDLA derivatized tyrosine and tryptophan 
elute prior to its D-enantiomer, while D-FDLA derivatized homoarginine elutes prior to its L-
enantiomer. The small amount of L-Har might be from racemization of D-Har during acid 
hydrolysis of 1. 
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Figure S5. ECD spectrum of 1.
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Figure S6. 1H NMR (500 MHz, DMSO-d6) spectrum of 1.  
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Figure S7. 13C NMR (125 MHz, DMSO-d6) spectrum of 1.  
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Figure S8. COSY (DMSO-d6) spectrum of 1.  
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Figure S9. HMBC (DMSO-d6) spectrum of 1.  
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Figure S10. HSQC (DMSO-d6) spectrum of 1.
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