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ABSTRACT 

The rise of antimicrobial resistance has once again renewed interest in the 

development of novel antimicrobials for the treatment of resistant pathogens. The genus 

of bacteria Pantoea, a member of the Erwiniaceae, has been shown to produce several 

unique antimicrobials with diverse targets. Chapter one gives a review of the known 

antimicrobials produced by Pantoea including their discovery, genetic origins, 

biosynthetic pathways, structures, mechanisms of action and resistance, distributions, and 

insights into their evolutionary histories. Chapter two describes a replica-plating 

technique that was developed to quickly and easily screen transposon mutant libraries to 

discover the biosynthetic gene clusters responsible for antimicrobial biosynthesis in 

bacteria, using Pantoea as a model. This method uses filter paper to transfer up to 200 

mutants simultaneously onto soft agar overlays or spread plates containing a target 

microbe to screen for loss of antibiotic production. The efficacy of this method was 

demonstrated by re-screening for antibiotic biosynthetic gene clusters for three previously 

identified Pantoea antibiotics: Pantoea natural product (PNP) 1, 2, and 3. This method 

was then used to identify the biosynthetic gene cluster that was producing an unknown 

antibiotic in the clinical isolate P. agglomerans 20KB447973, which we named PNP-5. 

The recovered biosynthetic gene cluster for PNP-5 shows similarity to the broad-

spectrum dithiolopyrrolone antibiotic, holomycin. PNP-5 shows broad-spectrum activity 

against members of the Enterobacteriaceae, Erwiniaceae, and Streptococcaceae, 

including clinically relevant pathogens such as Klebsiella spp. and Escherichia coli. We 

also identified a second antibiotic produced by P. agglomerans 20KB447973: pantocin 

A. Chapter three aims to uncover the distribution and provide insight into the potential 
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evolutionary history of known Pantoea antimicrobial biosynthetic gene clusters. A 

survey of 12 known clusters against public databases and our genome collection show 

that some clusters are found strictly in Pantoea, while others are more broadly distributed 

in distantly related genera within Vibrionaceae, Pectobacteriaceae, Yersiniaceae, 

Morganellaceae, and Hafniaceae. We compared the evolutionary history of these gene 

clusters to a cpn60-based species tree, considering the flanking regions of each cluster to 

provide some context for potential horizontal transfer events. Our analyses identified 

potential occurrences of horizontal gene transfer in most clusters, supporting relatively 

frequent exchanges of these metabolite biosynthetic genes. Chapter four provides 

conclusions and future directions for this work. Overall, this work provides insight into 

the antimicrobial versatility of Pantoea and its potential for providing novel antimicrobial 

scaffolds that may be useful for therapeutic development. 

 

Keywords: Pantoea, antimicrobial resistance, bacterial natural products, antimicrobial 

biosynthetic gene clusters
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CHAPTER 1: GENERAL INTRODUCTION 

1.1. ANTIMICROBIALS FROM PANTOEA 

 Multi-drug resistance poses a significant threat to healthcare and agricultural 

systems. Since the golden era of antimicrobial discovery, antimicrobial resistance, 

particularly among clinical pathogens, has been on the rise due to the use and misuse of 

antimicrobials to fight human infection coupled with the lack of novel therapeutics being 

developed. In 2019 alone, 4.95 million deaths were associated with antimicrobial 

resistance (AMR), with 1.27 million being directly attributable to AMR (1). Similarly, the 

lack of agriculturally appropriate antimicrobials resulting in the overuse of those that are 

available has driven many relevant plant pathogens to evolve resistance mechanisms 

against commonly used antimicrobials such as streptomycin (2). This increase in AMR, 

which is expected to worsen in the coming years, warrants the development of new 

strategies to target drug-resistant pathogens. One avenue to outcompeting such pathogens 

is the development of novel antimicrobials derived from bacterial natural products. 

The genus Pantoea, a Gram-negative member of the Erwiniaceae produces a 

variety of unique antimicrobial compounds. These compounds are of interest for their 

potential use as biocontrol agents or therapeutics for human or animal use. For example, 

P. agglomerans E325, P. vagans C9-1, and P. agglomerans P10c have all been 

commercialized as biocontrol agents for fire blight caused by Erwinia amylovora in 

apples and pears under the names Bloomtime BiologicalÔ, BlightBan C9-1Ô, and 

Blossom BlessÔ, respectively (3–6). Several Pantoea antibiotics have also shown 

effectiveness against clinically relevant human pathogens such as Escherichia coli, 
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Acinetobacter baumannii, Pseudomonas aeruginosa, vancomycin-resistant Enterococcus, 

and methicillin-resistant Staphylococcus aureus (MRSA) among others (7–9) 

Pantoea antimicrobials are synthesized by antibiotic biosynthetic gene clusters 

(BGCs) comprising sets of genes involved in antibiotic biosynthesis, export, and/or self-

resistance. The distribution of these antimicrobial BGCs is not limited to Pantoea, as they 

have been identified using in vitro and in silico approaches across a range of bacterial 

genera including those within the Vibrionaceae, Pectobacteriaceae, Yersiniaceae, 

Morganellaceae, and Hafniaceae (10). Given their unique distributions coupled with 

evidence that many of these gene clusters are located on mobile genetic elements, these 

antimicrobial clusters may be exchanged through horizontal gene transfer (HGT) (10).  

Delineation of Pantoea antibiotic BGCs has allowed for elucidation of the 

biosynthetic pathways of their metabolites, which include a variety of unique mechanisms 

including non-ribosomal peptide synthetase (NRPS) pathways (8), polyketide synthase 

(PKS) pathways (11), hybrid non-ribosomal peptide synthetase -polyketide synthase 

(NRPS-PKS) pathways (12), and ribosomally synthesized and post-translationally 

modified peptide (RiPP) pathways (13). Pantoea antimicrobials also have unique bacterial 

and/or fungal targets, with some metabolites displaying broad-spectrum activity, while 

others are confined to specific species or groups. The mechanism of action also varies 

across Pantoea antimicrobials. Some strategies employed by these metabolites include 

inhibition of cell wall biosynthesis (14), cell membrane disruption (15), inhibition of cell 

growth (12,16), and disruption of amino acid biosynthetic pathways (17,18). The 

mechanisms of action of many Pantoea antimicrobials also remain unknown. This chapter 

will provide insight into each of the known antimicrobials produced by Pantoea including 
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their genetic basis, biosynthesis, mode of action, spectrum of activity, and distribution 

across Pantoea and other genera.  

 

1.2. AGGLOMERIN  

P. agglomerans (Enterobacter agglomerans) PB-6042 produces four tetronate 

antibiotics: agglomerin A, B, C, and D (Figure 1.1A) (19,20). Tetronates are a unique 

class of polyketide antibiotics, all of which contain a tetronate ring core (4-hydroxy-

[5H]furan-2-one) and differ based on acylation at the C3 position (11,20). Biosynthesis of 

agglomerins A-D is catalyzed by the products of a five-gene biosynthetic cluster (agg1-5) 

that was discovered via cosmid cloning and whole-genome sequencing of P. agglomerans 

PB-6042 (Figure 1.1B) (11). Two additional genes, aggR1 and aggR2, encoding an ABC 

transporter permease and ABC transporter, respectively, are found on the reverse strand as 

agg1-5 and have been implicated in agglomerin transport (Figure 1.1B) (11). Functional 

assays of proteins encoded by the agglomerin cluster using heterologous expression of 

agg1-5 in E. coli followed by in vitro assays of each purified protein have elucidated the 

agglomerin biosynthetic pathway (11). In the primary step, 1,3-bisphosphoglycerate is 

activated and loaded onto the acyl-carrier protein (ACP) Agg3 via the action of the 

glyceryl-S synthase Agg2 (11,21). The ketoacyl-ACP synthase Agg1 then fuses the Agg3-

bound structure with a coenzyme A-coupled acyl side chain, forming a ketoacyl-tetronate 

intermediate (11). Given that agglomerins A-D can be produced via heterologous 

expression of the agglomerin cluster in E. coli, these side chains are likely recruited from 

fatty acid biosynthesis (11). In the final steps, Agg4 acylates the premature tetronate 

moiety, which is subsequently dehydrated by Agg5 to form the exocyclic double bond
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[coloured] 
Figure 1.1. Structures of agglomerins A-D (panel A) and the agglomerin biosynthetic gene cluster with predicted gene products and 
functions (panel B).  
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present in the mature tetronate ring (11). In addition to the elucidation of the in vivo 

pathway of the agglomerins, a synthetic pathway for the reconstruction of agglomerin A 

has also been described (22). 

Agglomerins are structurally similar to another linear tetronate antibiotic isolated 

from Streptomyces sp., RK-682, which acts as a tyrosine phosphatase inhibitor (11,23). 

Differences between the structure of the agglomerins and RK-682 exist in fatty-acid chain 

length and appearance of the tetronate moiety, as RK-682 contains an exocyclic hydroxy 

methylene group on the tetronate ring in place of the exocyclic double bond seen in the 

agglomerins (11,23). The RK-682 BGC does not contain homologs of agg4 and agg5, as 

seen across other tetronate clusters, which may account for this difference in the tetronate 

ring (11). Interestingly, RK-682 can be used as a substrate for Agg4 and Agg5, yielding a 

novel agglomerin that retains the characteristics of the RK-682 fatty acyl chain (11). In 

addition to RK-682, agglomerins are also structurally similar to the acyl-CoA: cholesterol 

acyltransferase inhibitor acaterin isolated from Pseudomonas sp. A92 (24). Differences 

between the structure of acaterin and the agglomerins are seen in the length of the acyl 

chain and the lack of a hydroxy group on the tetronate ring of acaterin as seen in the 

agglomerins (24,25).  

Agglomerins A-D are active against anaerobic bacteria (MICs 0.78–12.5 µg/mL) 

and weakly effective against some aerobic Gram-positives (MICs 6.25–25 µg/mL) (19). 

The mechanism of action of the agglomerins is not known. To date, P. agglomerans PB-

6042 is the only Pantoea strain reported to produce agglomerins. A survey of the BGC for 

agglomerin identified homologs for the cluster in Dickeya and the closely related genus 

Musicola (Kirk & Stavrinides, 2024). There is no genomic or barcoding data for P. 
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agglomerans PB-6042 available in the public databases; thus, it is uncertain if this strain 

has been correctly identified (10). 

 

1.3. ANDRIMID  

Andrimid is a pyrrolidinedione pseudopeptide antibiotic synthesized through a 

hybrid NRPS-PKS biosynthetic pathway (12). After its initial isolation from the broth 

culture of an intracellular symbiont of a brown planthopper (Nilaparvata lugens) (26), 

andrimid production has since been observed among several Gram-negative bacterial 

genera including Vibrio, Erwinia, Serratia, Pseudomonas, and Pantoea (12,27–30). The 

structure of andrimid consists of a core S-β-phenylalanine with an N-terminus acylated 

with an octatrienoyl moiety and a carboxy-terminus capped with a methylsuccinimide 

moiety derived from two-carbon extended valine and glycine residues (Figure 1.2A) (31). 

Moramide B, isolated from Pseudomonas fluorescens, is structurally similar to andrimid, 

with differences only seen in the length of the fatty acid chain (30). 

Almost 20 years after the first isolation of andrimid, the 21-gene andrimid 

biosynthetic cluster (admA-U) was uncovered in P. agglomerans Eh335 via cosmid 

library screening (Figure 1.2B) (12). Functional analysis of the genes directing andrimid 

synthesis, along with targeted biochemical experiments have provided considerable 

insight into the biosynthetic assembly of andrimid (12,32,33). The andrimid cluster 

encodes a highly dissociated pathway comprising a six-module NRPS-PKS assembly line 

(12). Instead of large, multidomain proteins typically seen in NRPS/PKS pathways, each 

andrimid PKS and NRPS module possesses a single thiolation domain acting as an 

attachment point for growing antibiotic intermediates (12,32).   
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[coloured] 
Figure 1.2. Structure of andrimid (panel A) and the andrimid biosynthetic gene cluster with predicted gene products and functions 
(panel B).  
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The first step in andrimid biosynthesis is thought to involve the products of admC, 

D, and E, which transfer a polyunsaturated fatty acid chain to the acyl-carrier protein 

AdmA via a type II PKS (31). The resulting octatrienoyl-S-AdmA intermediate then acts 

as a substrate for AdmF, an independent self-acylating transglutaminase homolog, which 

catalyzes amide bond formation with (S)-β-Phe (31,34). This (S)-β-Phe moiety is derived 

from L-Phe by the action of AdmH, a predicted phenylalanine aminomutase (35), and is 

activated via the adenylation domain of AdmJ before transfer to the acyl-carrier protein 

AdmI (12). The assembly of the C-terminal methylsuccinimide moiety of andrimid begins 

with two proteinogenic amino acids, valine and glycine, which are tethered and activated 

by the NRPS enzymes AdmK and AdmP, respectively (12). The N-acyl-β-Phe forms an 

amide bond with the activated valine, possible by the action of AdmS, a second 

transglutaminase homolog that shares significant sequence identity with AdmF (34). The 

entire unit is then transferred to the PKS module AdmO where the valine residue is 

extended with a C2 unit from malonyl-CoA (12,31). The growing peptide chain is then 

linked to the activated glycine on AdmP and transferred to AdmM where glycine is also 

extended, resulting in the linear methylsuccinimide precursor (12,31). Since the andrimid 

cluster lacks the acetyltransferases necessary for the loading of malonyl groups to ACPs 

in PKS units, malonyl-CoA ACP transacylases are hijacked from fatty acid biosynthesis 

to provide acetyltransferase activity (32). Once released from AdmM, the β-keto acid 

intermediate product of the NRPS-PKS assembly line is predicted to undergo an 

intramolecular aldol condensation, followed by a decarboxylation and dehydration 

reaction via several tailoring enzymes, producing the cyclized methylsuccinimide 

pharmacophore of andrimid (12). The domains found within AdmN and AdmL thought to 
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mediate these final reactions are not homologous to any known proteins, highlighting the 

fact that andrimid biosynthesis is not yet fully understood (12). In Serratia, andrimid 

production is regulated by AdmX, a LysR-transcriptional regulator found exclusively in 

this genus (36). The regulatory mechanisms for andrimid biosynthesis within Pantoea and 

other genera have not yet been discovered. 

Andrimid acts by inhibiting the β-subunit carboxyl-transfer action of acetyl-CoA 

carboxylase (ACC), an essential enzyme responsible for catalyzing the first committed 

step in bacterial fatty acid biosynthesis; thus, inhibiting bacterial cell wall biosynthesis 

(16,37). The pyrrolidinedione head group of andrimid seems to be significant in this 

interaction, as few modifications that result in the retention of antibiosis are tolerated in 

this region (38). In contrast, most modifications in the fatty acid side chain do not affect 

target binding but do affect overall antibacterial efficacy, likely due to issues with 

entering the target cell (38). Andrimid has broad spectrum activity and has been shown to 

inhibit both Gram-positive and Gram-negative species, including Klebsiella pneumoniae, 

S. aureus (MRSA), vancomycin-resistant Enterococcus faecalis, and Bacillus subtilis with 

MICs equal to or below 1 µg/mL (9,30). Several andrimid derivatives that show increased 

bioactivity towards S. aureus have also been synthesized through directed evolution of 

AdmK resulting in substitutions to valine within the peptide chain (39). Due to its 

specificity for the prokaryotic ACC, potent activity, and high drug-likeness score (0.944), 

andrimid has garnered attention as a potential antibacterial for both clinical and 

agricultural applications (28,40).  

Host resistance to andrimid is mediated by admT and admQ. The product of admT 

is a modified ACC β-subunit that can recruit the host ACC a-subunit to form an active 
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heterologous tetrameric carboxylase subunit as shown through heterologous expression of 

admT in E. coli (41). AdmT possesses a single amino acid substitution in the ACC active 

site; thus, it is likely that this mutation interferes with the capacity for andrimid to bind 

with its target (41). The second resistance gene, admQ, encodes an MFS transporter, 

which is likely responsible for export of andrimid and has also been shown to confer 

andrimid resistance in E. coli (12). 

Homologs of the Pantoea andrimid biosynthetic cluster have been identified in 

several Pantoea strains in addition to P. agglomerans Eh355 as well as strains of Vibrio 

and Serratia (10,42). Given the distribution of andrimid clusters in distantly related 

genera coupled with incongruence between andrimid cluster phylogenies and cpn60-based 

species trees, the andrimid cluster has likely undergone horizontal transfer (10). In support 

of this hypothesis, the final gene in the cluster, admU, is a predicted truncated transposase 

(12). Homologs for admU are not found in flanking regions of other andrimid clusters 

(10). 

 

1.4. D-ALANYLGRISEOLUTEIC ACID  

 The broad-spectrum phenazine antibiotic D-alanylgriseoluteic acid (AGA) 

(Figure 1.3A) was first isolated in P. agglomerans (Erwinia herbicola) Eh1087, 

recognized for its ability to inhibit the development of fire blight in apples and pears (43–

46). Phenazines are naturally occurring pigments with various predicted intra- and inter-

cellular roles including redox activity, virulence potential, regulation of gene expression,  

and antibiotic activity (47,48). Phenazines are produced by several bacterial genera, 

including Pseudomonas, Streptomyces, Pelagibacter, Photobacterium, Vibrio, 
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[coloured] 
Figure 1.3. Structure of D-alanylgriseoluteic acid (panel A) and the D-alanylgriseoluteic acid biosynthetic gene cluster with predicted 
gene products and functions (panel B).
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Actinomyces, and Pantoea as well as the archaeal genus Methanosarcina (47,49–56). 

There is only one report of AGA production in particular outside of Pantoea, which is in 

Vibrio sp. SANK 73794 (54).  

All phenazines share a core phenazine nucleus comprised of a central pyrazine 

ring located between two annulated benzenes (50). Two biologically active compounds 

derived from chorismic acid, phenazine-1-carboxylic acid (PCA) and phenazine-1,6-

dicarboxylic acid (PDC), are the base phenazine molecules to which further functional 

group modifications are made (49). PCA and PDC are synthesized by a five-gene phz 

operon originally described in P. fluorescens, which is conserved across phenazine 

producers (49,57). Additional species- or strain-specific genes encoding modifying 

enzymes may be found flanking the conserved phz operon that contribute to the 

derivatization of the core compound(s) (47,57,58).  

In P. agglomerans Eh1087, production of AGA is directed by a 15-gene cluster 

(ehpA-O) spanning approximately 14 kb (Figure 1.3B) (43,44). This cluster is divided into 

four functional gene groups based on predicted roles in AGA biosynthesis (43). The 

products of group I (EhpA-E) are thought to be involved in the formation of the AGA 

precursor PDC based on moderate (38-70%) amino acid identity shared with the five core 

phz genes previously described (43). Group 2 gene products EhpF, G, and H are thought 

to then convert PDC to 6-formylphenazine-1-carboxylate via reduction of the 6’-

carboxylic acid to an aldehyde functional group (59). This predicted function is supported 

by crystallographic observations and evidence of homology between EhpF and EhpG of 

P. agglomerans and GriC and GriD of Streptomyces griseus, the latter of which are 

responsible for the reduction of carboxylic acid to an aldehyde functional group in the 



 
 

13 

grixazone biosynthetic pathway (59). It is likely that ehpG and ehpH as originally 

annotated are a single open reading frame that underwent a frameshift mutation as all 

other described homologs of the AGA cluster retain a single open reading frame in this 

position (43,59). The products of group 3 genes, EhpI, J, K, and L, are thought to be 

involved in the conversion of the 6-formylphenazine-1-carboxylate intermediate to 

another biologically active intermediate, griseoluteic acid (GA) (43). In this conversion, 

EhpI, a predicted methyltransferase is likely responsible for the addition of a methoxy 

group to position nine of the phenazine core (43). EhpK, a predicted oxidoreductase is 

thought to be responsible for the reduction of the carboxylic acid moiety to a 

hydroxymethylene group at the sixth position (43). EhpJ is a transmembrane protein that 

exports GA, and likely AGA, from the cell (43,59). Finally, group 4 products EhpM, N, 

and O are thought to mediate a condensation reaction between D-alanine and the methoxy 

group of GA to form AGA (43). Given its sequence similarity to NRPS binding domains, 

EhpM is predicted to sequester and bind D-alanine, while EhpN is thought to facilitate the 

binding of GA to D-alanine by correctly orienting D-alanine and GA via the action of its 

phosphopantetheine domain (43). In addition to the 15-gene operon responsible for AGA 

biosynthesis, an independently transcribed gene, ehpR, mediates AGA resistance via a 

mechanism similar to that of glyoxalase I/bleomycin resistance proteins, although it does 

not chemically modify the compound (43,60). Based on the crystal structure elucidation, 

as well as sequence analysis, EhpR is predicted to bind AGA and translocate it to a 

membrane protein for export (60). 

The mechanism of action of AGA is yet to be fully elucidated, but it is  
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speculated that antibiosis is a result of redox activity (48). In cell-free assays, AGA and its 

intermediate, GA, can both reduce cytochrome c via two-electron reduction in the 

presence of NADPH, producing a cation radical (48). This reduction can be seen with or 

without the addition of the redox recycler ferredoxin–NADP+ reductase; however, AGA 

is six to seven times more readily reduced in the absence of the reductase compared to GA 

(48). Given that other phenazine compounds have been shown to produce reactive oxygen 

species causing cell death (61), it is plausible that the redox activity of AGA could 

account for its antimicrobial activity. Further investigation will be required to fully 

understand the precise mechanism of action of AGA. 

  AGA has broad-spectrum bactericidal activity against a variety of Gram-positive 

and Gram-negative bacteria (48). One survey showed AGA to be effective against select 

strains of Arcanobacterium haemolyticum, B. subtilis, Moraxella (Branhamella) 

catarrhalis, Campylobacter jejuni, Corynebacterium diphtheriae, E. amylovora, E. coli, 

Haemophilus influenzae, Helicobacter pylori, Neisseria gonorrhoeae, Neisseria 

lactamica, Shigella flexneri, S. aureus (MRSA), Streptococcus spp. Lancefield's group B, 

Streptococcus pneumoniae, Streptococcus pyogenes, Vibrio parahaemolyticus, and 

Yersinia enterocolitica (48). Strains of Aeromonas hydrophila, Enterococcus faecalis, 

Klebsiella pneumoniae, P. aeruginosa, Salmonella Typhimurium, Serratia entomophila, 

and Staphylococcus saprophyticus tested were resistant to AGA in this survey (48). AGA 

has both agricultural and clinical relevance with the ability to suppress fire blight caused 

by E. amylovora as demonstrated in vivo (45,62), as well as the ability to inhibit clinical 

isolates of S. pneumoniae at MICs between £0.06 – 0.075 µg/mL (48). The cytotoxicity of 

AGA towards eukaryotic cells has not yet been assessed.  
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The AGA biosynthetic gene cluster is narrowly distributed, with only 31 

homologs found in a recent survey of public databases and genome collections (10). 

Homologs of the cluster can be found within Pantoea as well as Xenorhabdus and 

Pectobacterium (10). Similar to other Pantoea antibiotic BGCs, the AGA cluster in P. 

agglomerans Eh1087 is plasmid-encoded, suggesting potential for horizontal transfer 

(44). 

 

1.5. DAPDIAMIDE  

The tripeptide antibiotics known as the dapdiamides were first isolated from P. 

agglomerans CU0119 via cosmid library screening against E. amylovora (63). Following 

heterologous expression of a bioactive cosmid in E. coli, analysis of bioactive subclones 

identified five structurally similar compounds responsible for activity against E. 

amylovora: dapdiamides A-E (Figure 1.4A) (63). All five dapdiamides share a central L-

2,3-diaminopropionic acid (DAP) fragment linked to two variable units via amide 

bonding (63). In dapdiamide A, the most abundantly produced dapdiamide by CU0119, a 

fumaric acid and L-valine are linked to the β-amino and carboxyl group of DAP, 

respectively (63). Dapdiamides B and C contain isoleucine and leucine in place of valine, 

respectively, while dapdiamide D, like dapdiamide A, is linked to valine, except the 

fumaric acid unit is linked to the α-amino of DAP (63). The structure of dapdiamide E is  

identical to dapdiamide D, except an epoxide replaces the fumaric acid double bond (63).  

Dapdiamides A-E are synthesized by a nine-gene cluster (ddaA-I) spanning  

approximately 11 kb (Figure 1.4B) (63). The formation of the DAP core is first catalyzed 

by DdaA and B (63). Amide bond formation between DAP, fumaric acid, and Val, Ile, or
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[coloured] 
Figure 1.4. Structures of dapdiamides A-E (panel A) and the dapdiamide biosynthetic gene cluster with predicted gene products and 
functions (panel B).  
  



 
 

17 

Leu is catalyzed by the ATP-dependent ligases DdaG and DdaF (63,64). DdaG first uses 

ATP to convert fumarate to fumaroyl-AMP, which is quickly converted to N-b-fumaroyl-

DAP (64). Interestingly, DdaG exclusively catalyzes the N-b-acyl-DAP formation; thus, 

the mechanism for N-a-acyl-DAP formation as seen in dapdiamides D and E is unknown 

(64). After formation, fumaroyl-DAP must undergo amidation by DdaH before DdaF adds 

one of the branched-chain amino acids to the carboxylate group of fumaramoyl-DAP via 

breakdown of ATP to ADP to create the final dapdiamide (64). In the formation of 

dapdiamide E, fumaramoyl-DAP is sequestered to the NRPS enzyme DdaD for oxidation 

of the fumaramoyl group by the Fe(II)/α-ketoglutarate-dependent dioxygenase, DdaC, to 

form epoxysuccinamoyl-DAP before liberation from DdaD by DdaE and subsequent 

valine linkage by DdaF (65). Heterologous expression of ddaI in E. coli shows that this 

transmembrane efflux pump exports the dapdiamides and also functions as the intrinsic 

resistance mechanism for dapdiamide producers (63). 

Dapdiamides inhibit glucosamine-6-phosphate (GlcN6P) synthase (GlmS), which 

functions to convert fructose-6-phosphate to GlcN6P (14). GlcN6P is necessary for 

aminohexose synthesis, which in turn is needed for the synthesis of UDP-N-

acetylglucosamine, a necessary precursor for cell wall biosynthesis in bacteria and fungi 

(14). The complete dapdiamide structure is likely a precursor antibiotic that uses a Trojan 

horse mechanism to enter the target cell via oligopeptide permeases (14). Once inside the 

cell, the C-terminus of the dapdiamide protein is cleaved by intracellular peptidases, 

resulting in stretched analogues of Gln, which provide NH3 in the conversion of fructose-

6-phosphate to GlcN6P (14). Kinetic assays show the epoxyamide structure, specifically 

the R,R-epoxyamide, inhibits GlcN6P synthase more efficiently by one order of 
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magnitude than the eneamide, which is consistent with the higher antibiotic efficiency 

observed in in vitro assays (14). This accounts for the extra catalytic steps of DdaCDE, 

which form the epoxide structure seen in dapdiamide E (14). 

Several other known natural product antibiotics bear structural and genetic 

similarities to dapdiamides: herbicolin I produced by P. vagans C9-1 (66–68), 2-amino-

3-(oxirane-2,3-dicarboxamido)-propanoyl-valine (APV) produced by P. agglomerans 

48b/90 (69,70), CB-25-I from Serratia plymuthica CB-25 (71), and Sch 37137 (72) and 

A 19009 (73,74) from actinomycete isolates. The structures of herbicolin I and APV from 

Pantoea are thought to be identical to dapdiamide E, which is reflected by their shared 

antimicrobial properties and homologous BGCs (67–70). CB-25-I is similar to 

dapdiamide A, with an epoxide in place of the eneamide (63,64,71). Although the BGC 

for CB-25-1 has not been delineated, a cluster sharing high sequence identity with the 

dapdiamide cluster has been uncovered in Serratia proteamaculans 568, suggesting the 

CB-25-1 cluster is homologous to that of dapdiamide (63). Both Sch 37137 and A 19009 

retain the DAP core but have an α-amino group linked L-alanine (63,64,72–74). The 

genetic basis for these compounds has not been described. 

Dapdiamide E has demonstrated broad antimicrobial potential, with the ability to 

inhibit several strains of bacteria and fungi including E. amylovora, Agrobacterium 

tumefaciens, E. coli, Pseudomonas syringae, Serratia marcescens, B. subtilis, Candida 

albicans, and Yarrowia lipolytica (70). One study showed that MICs as low as 20 µg/mL 

were effective in inhibiting E. amylovora Ea7 and P. syringae pv. morsprunorum, while 

200 µg/mL was effective in inhibiting pathogenic P. syringae pathovars (70). 

Additionally, concentrations as low as 1.5 µg/mL were effective in inhibiting C. albicans, 
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which are levels comparable to that of amphotericin B; however, C. albicans mutants 

appeared in zones of inhibition produced by dapdiamide E after incubation for four days 

(70). The biocontrol agent for E. amylovora, P. vagans C9-1 (commercialized as 

BlightBan C9-1ä), expresses the dapdiamide cluster, showcasing the biological 

importance of dapdiamides (68). Additionally, initial cytotoxicity assays have shown that 

dapdiamide E does not exhibit toxicity towards Madin-Darby canine kidney cells (70), 

suggesting that it may also be of clinical interest. 

The gene cluster for dapdiamide biosynthesis is narrowly distributed, found only 

in eight strains of Pantoea and one Serratia via in silico analysis (10). Several signatures 

suggest the possible horizontal transfer of the dapdiamide cluster. In P. vagans C9-1, the 

cluster is found on the plasmid pPag2 and is also marked by low GC content in 

comparison to the rest of the genome (68). The dapdiamide cluster is also plasmid-

encoded between integrative conjugative elements (ICE) on plasmid 4 in P. agglomerans 

DAPP-PG734 (75). Interestingly, plasmid 4 is not homologous to pPag2 (75). 

Additionally, analysis of the flanking regions of homologous dapdiamide clusters shows 

little conservation, indicating potential HGT (10). Incongruence between the evolutionary 

history of the dapdiamide clusters and the bacterial species tree also suggests different 

evolutionary histories more consistent with HGT (10). 

 

1.6. HERBICOLINS  

Herbicolin A and B were first isolated from P. agglomerans (E. herbicola) A 111, 

and were shown to inhibit a broad range of yeasts and filamentous fungi (76). Production 

of herbicolins has since been reported in several P. agglomerans species (15,77–79)
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[coloured] 
Figure 1.5. Structures of herbicolin A and B (panel A) and the herbicolin biosynthetic gene cluster with predicted gene products and 
functions (panel B).  
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These two lipopeptides are structurally similar, except for the additional glucose moiety 

attached to the 3-hydroxytetradecanoic acid residue in herbicolin A that is absent in 

herbicolin B (Figure 1.5A) (80). Despite the initial discovery of the structures of 

herbicolin A and B over 40 years ago, the genetic basis and biosynthetic pathway for 

herbicolin production has only recently been elucidated (15,77). The first report of the 

herbicolin cluster was 10 genes (acbA-J) spanning approximately 42 kb in P. 

agglomerans ZJU23 (Figure 1.5B) (15). Further open reading frame predictions of the 

candidate cluster in ZJU23 have resulted in two additional open reading frames between 

acbB and C not previously described (Figure 1.5B), which appear to be sequencing 

artefacts resulting in frameshift mutations in acbC (10). Soon after the characterization of 

the herbicolin gene cluster in ZJU23, an 11-gene cluster (hbcA-K) responsible for 

producing herbicolin A and B in P. agglomerans 9Rz4 was described (77). These two 

clusters are homologous, with 91.5% identity (77), although there are differences in the 

number of predicted genes for each cluster due to the separation of the NRPS genes acbA 

and acbB in the ZJU23 cluster into three open reading frames in the 9Rz4 cluster (hbcA, 

hbcB and hbcC). The arrangement of NRPS domains remains intact between the two 

clusters (77). For simplicity, the genes annotated in the ZJU23 cluster will be used as the 

reference to describe the predicted biosynthetic pathway of herbicolin A/B.  

In P. agglomerans 9Rz4, herbicolin A production is modulated by acyl- 

homoserine lactone-based quorum sensing (77). Biosynthesis of herbicolin A and B is 

predicted to be based on four NRPS genes (acbA, C, D, and H) containing a total of nine 

modules responsible for the activation and incorporation of nine amino acids into a 

peptide chain (15). AcbH is likely responsible for the cyclization of this peptide chain to 
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form herbicolin B (15). Glycosylation of herbicolin B is then predicted to be carried out 

by AcbI to form herbicolin A (15). A transporter, AcbG, is also encoded by the cluster, 

and may be involved in the herbicolin export (15,77). The functions of several other genes 

within the herbicolin cluster (acbB, acbE, acbF, and acbJ) have not been predicted (15). It 

has been shown that AcbF and AcbJ deficient mutants fail to produce herbicolin A in vitro 

(15); thus, further studies on the function of these proteins may be of interest. Further in 

vitro assays are also needed to provide support to the predicted biosynthetic route of 

herbicolin A/B.  

Although structurally similar, herbicolin A is a much more potent fungal inhibitor 

than herbicolin B (15,81); thus, studies have been primarily focused on herbicolin A. 

Herbicolin A has been shown to be effective against a wide range of sterol-containing 

fungi (15,76,77,82), including those resistant to common antifungals such as carbendazim, 

fludioxonil, and tebuconazole (15). Synergistic effects of herbicolin A with two 

commonly used plant fungicides, polyoxin B and carbendazim, have also been observed 

(15). Herbicolin A has even been shown to be more effective in inhibiting the growth of 

some strains of C. albicans and Aspergillus fumigatus than both amphotericin B and 

fluconazole (15). In addition to its antifungal activity, herbicolin A has also been shown to 

inhibit sterol-requiring mollicutes (83,84), with evidence of structural changes seen in 

Mycoplasma, Ureaplasma, and Acholeplasma as a result of herbicolin A treatment (85). 

Herbicolin A has also been shown to have inhibitory effects on microalgae, protozoa, and 

erythrocytes (82). 
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Herbicolin A works to inhibit sterol-containing fungi by binding ergosterol-

containing lipid rafts in the plasma membrane, thus suppressing fungal growth, 

perithecium formation, and virulence as shown in experiments using the plant pathogenic 

fungi Fusarium graminearum (15). This mode of action appears to be dependent on the 

amino acid ring structure rather than the lipid tail of herbicolin A (15). Given its broad 

spectrum of antifungal activity and potential for agricultural use, several studies have been 

published that focus on improving identification, fermentation, and isolation techniques of 

herbicolin A (81,86–88). 

Besides P. agglomerans ZJU23, 9Rz4, and A 111, only two other bacterial strains 

have been identified that contain a gene cluster homologous to those previously described 

for herbicolin A/B; however, in vitro/in vivo production of herbicolin A/B has not been 

tested (10,15). One of these clusters is found in Pantoea sp. CCBC3-3-1, while the other 

is located in the phylogenetically distinct Candidatus Fukatsuia symbiotica 5D (10,15). 

Clusters in ZJU23, 9Rz4, and 5D are plasmid-encoded, suggesting the cluster has 

potential for horizontal transfer (15,77). Additionally, the %GC content of the cluster in 

9Rz4 is over 10% higher than the plasmid on which it is found and is surrounded by 

transposase gene remnants, which could suggest horizontal acquisition (77). The flanking 

regions of herbicolin A clusters in ZJU23, 9Rz4, CCBC3-3-1, and 5D also show low 

conservation, suggesting HGT could have occurred (10). 

 

1.7. PANTOCINS  

The peptide antibiotics pantocin A and B were originally identified in P. 

agglomerans (E. herbicola) Eh318 and were found to inhibit E. amylovora in vitro (89). 



 
 

24 

Screening of cosmid clones of the Eh318 genome to identify the biosynthetic genes 

resulted in two unique antibiotic-producing clones, the products of which were named 

pantocin A and B (89). Pantocin B was readily purified via large-scale fermentation of the 

pantocin B-producing cosmid followed by HPLC of the supernatant to determine its 

chemical composition (C9H17N3O6S) and structure (Figure 1.6C). Pantocin B forms a 

horseshoe shape in the solid state via hydrogen bonding between the N- and C- termini of 

the polypeptide chain (17). The structure of pantocin A was not uncovered until four years 

after the structure elucidation of pantocin B due to difficulty in isolation from liquid 

culture as well as its acid, base, and heat lability (18). The chemical composition 

(C13H16N4O5) and structure of pantocin A (Figure 1.6A) are distinct to those of pantocin B 

(18). 

The BGC for pantocin A was described long before that of pantocin B. Pantocin A 

is synthesized by a three-gene cluster spanning approximately 3.5 kb (paaA-C; Figure 

1.6B) and is likely constitutively expressed (13). An additional precursor gene, paaP, is 

located upstream of the pantocin A biosynthetic cluster, encoding a 30-amino acid RiPP 

with a central Glu-Glu-Asn motif that forms the base of pantocin A (13,90). PaaA, a 

member of the ThiF family of ubiquitin-like proteins, is thought to be responsible for the   

double decarboxylation and dehydration of the two glutamic acid residues to create the 

characteristic bicyclic core of pantocin A (90). This post-translational processing by PaaA 

is dependent on ATP and MgCl2, and requires the leader and follower sequences of the 

Glu-Glu-Asn core in the PaaP precursor (90). A recent study using a display-based 

enzyme activity assay has shown that PaaA is promiscuous outside of its core and binding 

epitopes, which may provide an avenue for synthesis of new pantocin analogues or 
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[coloured] 
Figure 1.6. Structures of pantocin A (Panel A) and B (panel C) and their biosynthetic 
gene clusters with predicted gene products and functions (panels B & D). 
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incorporation of the pantocin A indolizidine core into other peptides via PaaA 

modification (91). The function of the 2-OG-FeII oxygenase superfamily protein encoded 

by paaB is not certain, but it may also be involved in the two-electron dehydrogenation 

necessary to create the conjugated olefin (90). PaaC, a DMT family transporter, is 

responsible for cellular export of pantocin A and also functions as the intrinsic resistance 

mechanism (13). Given significant similarities in structure and BGCs, two other Pantoea 

antibiotics, herbicolin O from P. vagans C9-1 and microcin MccEh252 from P. 

agglomerans Eh252, are thought to be identical to pantocin A (92–95). 

Despite its discovery over 20 years ago, the full BGC for pantocin B has only 

recently been reported (10). The 13-gene cluster (pabA-M) spans approximately 17.5 kb 

(Figure 1.6D) (10,96). Synthetic pathways for pantocin B and analogues of pantocin B 

have been described (97,98), but the in vivo pathway has not been elucidated. Speculation 

on the possible biosynthetic functions of some pantocin B genes has been made based on 

gene homologies to known biosynthetic genes (96). The pabJKLM operon may be 

responsible for the addition of the pantocin B methylsulfonyl moiety, with PabJ, a 

glutathione-S-transferase, possibly initiating sulfur transfer followed by liberation of said 

sulfur for methylation by PabK, a cystathionine beta lyase (96). PabA is the predicted 

resistance gene, bearing similarities to other multidrug resistance proteins; however, 

PabB, C, and D may also be involved in resistance (96). Further functional genomic and 

biochemical studies are needed to elucidate the pantocin B biosynthetic pathway. 

Both pantocin A and pantocin B inhibit amino acid biosynthesis. Pantocin A 

interferes with the activity of L-histidinol phosphate aminotransferase, the enzyme 

responsible for the conversion of imidazole acetol phosphate to L-histidinol phosphate in 
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the histidine biosynthetic pathway (18). Because of this, the inhibitory effect of pantocin 

A can be suppressed by the addition of L-histidine or L-histidinol (18,94). A recent study 

using P. vagans C9-1 has shown that adding histidine to MOPS gluconate medium 

suppressed the activity of pantocin A in part by suppressing the expression of paaA (99). 

Similarly, the addition of arginine also suppressed paaA expression, but similar effects 

were not observed with the addition of asparagine and proline (99). Interestingly, both 

arginine and histidine are scarce on pome fruit stigmas, one known niche of some 

members of Pantoea, in contrast to asparagine and proline, which are more abundant in 

this same environment (99).  

Pantocin B inhibits arginine biosynthesis by competitive inhibition with N-

acetylornithine, the last intermediate of the arginine biosynthetic pathway that acts as a 

substrate for N-acetylornithine transaminase (17). Synthetic analog studies suggest that 

the central and C-terminal fragments of pantocin B interact with N-acetylornithine 

transaminase, as little structural variation is tolerated in these regions (98). In contrast, the 

N-terminal region is highly tolerant of substitutions, and thus this region likely does not 

interact with the target but may be important for transport into the target cell (98).  

  Pantocin A and B have broad-spectrum activity against various plant and animal 

pathogens. Both pantocin A and B from P. agglomerans Eh318 have shown to be 

effective in inhibiting some strains of E. amylovora, Pantoea spp., Pantoea stewartii, 

Pectobacterium carotovorum subsp. carotovorum, Dickeya dadantii, Klebsiella aerogenes 

(variable for pantocin B), and S. marcescens (89,100). Pantocin B, but not pantocin A, has 

also shown to be effective against P. agglomerans Eh252, Xanthomonas campestris pv. 

pelargonii and E. coli DH5α (89). In vitro surveys of pantocin A produced by P. 
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agglomerans TX10, 3581, and 20KB447973 showed activity against select Aeromonas 

spp., E. amylovora, Enterobacter spp., E. coli, Kosakonia, Pseudocitrobacter, S. 

Typhimurium, and Citrobacter spp. strains (7,8,101). Pantocin A did not show activity 

against select A. baumannii, Enterobacter spp., E. coli, S. aureus, Staphylococcus capitus, 

Staphylococcus epidermis, Staphylococcus haemolyticus, Streptococcus mutans, S. 

Typhimurium, Enterococcus spp., Klebsiella spp., P. aeruginosa, C. albicans, and 

Lactococcus lactis strains in these surveys (7,8,101). Two biocontrol agents for E. 

amylovora currently on the market, BlightBan C9-1ä, and Blossom Blessä, contain 

Pantoea strains, P. vagans C9-1 and P. agglomerans P10c, respectively, that produce 

pantocin A as an active ingredient (67,102). Given the significance of pantocin A as a 

biocontrol agent, primer probes for paaA have been designed to detect potential pantocin 

A clusters from biological samples (103). 

Production of pantocin A by several other Pantoea strains in addition to Eh318 has 

been reported (7,8,100,101). In addition, the paaA-C cluster has been identified in silico 

in many other Pantoea strains as well as members of Dickeya, Edwardsiella, and the 

family Pectobacteriaceae (10,102). In P. vagans C9-1, the pantocin A cluster is located 

chromosomally within a 28 kb genomic island (67,93). Evidence of horizontal acquisition 

of this island includes a lower overall GC content in comparison to the rest of the genome, 

as well as evidence of mobile genetic elements at the island borders (67,93). This genomic 

island is absent in the type strain of P. vagans as well as other P. vagans strains, 

supporting horizontal acquisition (67). A similar, and likely related genomic island 

carrying the pantocin A cluster is also seen in the P. agglomerans P10c genome (102). 

Inconsistencies between paaA-C based phylogenies and cpn60 species trees of pantocin A 
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cluster-containing strains coupled with variability in flanking regions surrounding 

pantocin A clusters could suggest this cluster has been mobilized (10). 

Pantocin B has a much narrower distribution, with only one strain in addition to P. 

agglomerans Eh318 shown to produce pantocin B: Pantoea sp. PC-2B (100). Similarly, in 

silico surveys for pantocin B cluster homologs have only yielded an additional two strains 

containing the cluster (10). Some evidence for the mobile acquisition of the pantocin B 

cluster in P. agglomerans Eh318 can be seen, namely, a lower %GC content within the 

cluster compared to the rest of the genome and several cryptic transposase genes flanking 

the cluster (96). Many of these transposon remnants flank the pabA-D region, suggesting 

this portion of the cluster could have been acquired independently (96). 

 

1.8. PANTOEA NATURAL PRODUCTS  

Between 2014 and 2023, five novel antimicrobial gene clusters from Pantoea were 

uncovered, the products of which were called Pantoea natural product (PNP) 1 through 5 

(7,8,101,104,105). The PNP-1, PNP-2, PNP-3, and PNP-5 clusters were identified using a 

functional genomics approach by screening transposon mutant libraries for loss of 

antibiotic production followed by subsequent genomic analysis to determine the location 

of transposon insertions and potential antibiotic clusters (7,8,101,104). The candidate 

PNP-4 cluster was identified using comparative genomic analysis between the PNP-4-

producing strain and close non-producing relatives (105). To date, the structure and 

mechanism of action for most of these products are not known.  

PNP-1 was first described from the strawberry isolate P. ananatis BRT175, 

recognized for its ability to inhibit the growth of E. amylovora and select Pantoea species  
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[coloured] 
Figure 1.7. Clusters and known structures of Pantoea natural products 1-5. A) structure 
of PNP-1 (4-formylaminooxyvinylglycine; FVG), B) PNP-1 cluster with predicted gene 
products and functions, C) PNP-2 cluster with predicted gene products and functions, D) 
PNP-3 cluster with predicted gene products and functions, E) PNP-4 cluster with 
predicted gene products and functions, F) potential structure of PNP-5 (holomycin), G) 
PNP-5 cluster with predicted gene products and functions.  
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(104). PNP-1 is thought to be produced by an eight-gene cluster (pnp1A-H) spanning 

approximately 9 kb (Figure 1.7B) (104). After its initial discovery, laser ablation 

electrospray ionization-mass spectrometry of crude filtrates from P. ananatis BRT175 

was used to determine the chemical structure of PNP-1 as 4-formylaminooxyvinylglycine 

(FVG; Figure 1.7A) (106). FVG belongs to the class of non-proteinogenic amino acids 

known as the oxyvinylglycines (106). FVG was first described in P. fluorescens WH6 

and other Pseudomonas strains as a germination arrest factor affecting grassy weeds and 

later recognized for its ability to inhibit E. amylovora (107–109). Although both P. 

ananatis BRT175 and P. fluorescens WH6 produce FVG, there may be differences in 

FVG regulation, metabolism, and transport due to differences in known regulatory factors 

and the clusters encoding FVG in the two organisms (106). The FVG cluster is composed 

of 12 genes (gvgA-K, R) including an additional amidotransferase gene (gvgD), two LysE 

family transporter genes (gvgE and gvgK), and a hypothetical protein-encoding gene 

(gvgG) not present in the PNP-1 cluster (110).  

PNP-1 is likely transported into E. amylovora via an L-asparagine permease, as 

shown by genome-variant analysis of spontaneous PNP-1 resistant E. amylovora mutants 

resulting in null mutations in the L-asparagine permease gene ansP (111). Heterologous 

expression of the LysE-like transporter from the PNP-1 cluster also confers resistance to 

PNP-1 as well as the analog aminoethoxyvinylglycine, suggesting resistance to PNP-1 

and aminoethoxyvinylglycine in P. ananatis BRT175 is mediated via antibiotic export 

(111). The PNP-1 cluster is narrowly distributed, with all representatives being found in 

the P. ananatis and P. stewartii lineages, and one representative cluster in the 

Pectobacteriaceae (10).  
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PNP-2 is synthesized by six-gene cluster (Figure 1.7C), which was first described 

in P. agglomerans Tx10, an isolate from the sputum of a cystic fibrosis patient (101,112). 

Five genes, pnp3A, B, D, E, and F, are predicted to encode enzymatic proteins, likely 

involved in the modification of an unknown precursor to form PNP-2 (101). One gene, 

pnp3C, is predicted to encode an MFS transporter, likely responsible for export of PNP-2 

from the producing cell (101). Antibiotic-deficient mutants with transposon disruptions in 

pnp3C were recovered in two screens; therefore, the intrinsic resistance mechanism for 

PNP-2 may not be facilitated exclusively by Pnp3C (10,101). The structure, mechanism of 

action, and resistance mechanisms for PNP-2 have yet to be uncovered.  

Over 100 homologs of the PNP-2 cluster have been identified in silico in several 

genera: Enterobacter, Pantoea, Proteus, Serratia, Providencia, and 

Pectobacterium (10,101). Possible movement of this cluster by HGT is suggested by 

phylogenetic incongruence between cluster and species trees, and low conservation in the 

regions flanking the cluster in some genera (10). Additionally, the GC content of the 

PNP-2 clusters in P. agglomerans Tx10, IG1, and SL1_M5 are 10-14% lower than their 

respective genomes (Robinson et al., 2020). The cluster found in P. penneri ATCC 35198 

has a GC content only 4% lower than the rest of the genome (101); however, this cluster 

is degenerate, having only a small portion of pnp3E (10,101). Unlike PNP-1, PNP-2 is 

broad-spectrum, with the ability to inhibit a variety of Gram-positive and Gram-negative 

bacteria including those in the genera Aeromonas, Enterobacter, Erwinia, Escherichia, 

Klebsiella, Kosakonia, Pantoea, Pseudocitrobacter, Salmonella, Staphylococcus, and 

Streptococcus (101). Pseudomonas and Acinetobacter strains assayed to date seem to be 

resistant to PNP-2 (101). 
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PNP-3 is encoded by an eight-gene cluster (pnp3A-H; Figure 1.7D), first described 

in P. agglomerans SN01080 and 3581 isolated from a slug and oat seeds, respectively 

(7,112). The first part of the cluster, pnp3A-D contains two MFS transporter encoding 

genes (pnp3A and C), a regulatory gene (pnp3D), and a haloacid dehydrogenase-like 

hydrolase-encoding gene (pnp3B) (7). The latter half of the cluster (pnp3E-H) encodes the 

enzymatic genes required for PNP-3 production as shown through heterologous 

expression in Erwinia (7). Studies on the functions of these genes show that disruption of 

pnp3B synthesis increases PNP-3 production, which could offer a protective function to 

the cell by breakdown of PNP-3 or reduction to a less bioactive compound (7). The 

transporter encoded by pnp3A is predicted to play a role in resistance to PNP-3, as loss of 

antibiosis and impairment of cellular growth is observed when pnp3A is disrupted (113). 

PNP-3 is of particular interest for its ability to inhibit both multi-drug resistant A. 

baumannii and P. aeruginosa (7). In addition, PNP-3 is also effective against strains of E. 

amylovora, E. coli, Enterobacter, Klebsiella, Kosakonia, S. aureus, and S. mutans (7). To 

date, homologs of PNP-3 have only been identified in silico in Pantoea, with the majority 

of representatives within the agglomerans (7,10). Inconsistencies between cluster and 

cpn60 generated trees suggest HGT of this cluster between P. agglomerans and P. 

vagans, which is also supported by cluster flanking region data (10). 

The discovery of the cluster encoding the broad-spectrum antibiotic PNP-4 was 

unique compared to other PNPs. A combined approach was taken, first by using genome 

mining on the candidate strain P. agglomerans B025670 and closely related strains with 

the secondary metabolite prediction program antiSMASH to identify potential candidate 

regions (105). Comparative genomics analysis of closely related strains with different 
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antibiotic profiles was performed to identify genes unique to B025670 (105). A 

comparison of antiSMASH and comparative genomics results showed a 14-gene cluster in 

common between the two datasets (Figure 1.7E), which was confirmed to be the source of 

antibiosis via site-directed mutagenesis (105). Little is known about the function of genes 

within the PNP-4 cluster. Several genes are predicted to encode modifying enzymes that 

may be involved in PNP-4 biosynthesis (105). One gene, pnp4G, is predicted to encode an 

efflux RND transporter permease subunit, suspected to be involved in PNP-4 transport 

(105). Many of the genes, however, are predicted hypothetical proteins with no conserved 

domains; thus, further functional genetic studies are needed to confirm their role in PNP-4 

biosynthesis (105). 

PNP-4 is effective against members of Enterobacter, E. coli, Kosakonia, 

Pseudocitrobacter, and S. Typhimurium (105). Like PNP-3, bioinformatic analysis has 

shown that the PNP-4 cluster is restricted to Pantoea, with a narrow distribution within P. 

agglomerans, P. dispersa, P. delayi, and P. ananatis (10,75). Like many other Pantoea 

antibiotic clusters, there is some evidence supporting the horizontal inheritance of PNP-4. 

For example, the PNP-4 cluster found in P. agglomerans DAPP-PG734 is located on an 

ICE genomic island and thus is thought to have been horizontally acquired (75).  

The cluster for the most recently discovered PNP, PNP-5, was identified in the 

clinical isolate P. agglomerans 20KB447973 (8). Bioinformatic analysis of the 10-gene 

cluster (Figure 1.7G) revealed similarity to several previously described clusters 

responsible for producing the dithiolopyrrolone antibiotic, holomycin (Figure 1.7F) 

(8,114–116). Holomycin is a NRPS antibiotic and exhibits broad-spectrum activity 

against both Gram-negative and Gram-positive bacteria (117,118). The predicted 
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biosynthesis of holomycin is centered around HlmE, an NRPS protein that initiates 

holomycin biosynthesis by loading and activating an L-cysteine residue and covalently 

linking it to another L-cysteine (114–116). HlmB, an acyl-CoA dehydrogenase, then 

oxidizes the thiol groups of the cysteine molecules to catalyze cyclization of the 

intermediate compound via HlmE (114–116). The intermediate compound is then 

liberated from the HlmE via hydrolysis by the thioesterase HlmC (114–116). HlmF and 

HlmD are involved in further processing of the intermediate via oxidation reactions to 

form the dithiol holothin (114–116). Next, acetylation of the amino group in the 

intermediate compound by HlmA occurs either before or after disulfide bond formation, 

resulting in the final holomycin structure (114–116). The mechanism for disulfide bond 

formation in Gram-negative bacteria has not been determined (115), but it is thought to 

be carried out by HlmI, an NAD(P)/FAD-dependent oxidoreductase, in Gram-positives 

(116). The PNP-5 cluster, along with all other holomycin clusters identified in Gram-

negative bacteria, also contains hlmZ, which encodes a protein with a domain of 

unknown function that is likely involved in PNP-5 regulation or synthesis (8). The 

mechanism of action of holomycin is thought to be through inhibition of RNA synthesis 

(117,119–121), with holomycin possibly functioning as a prodrug that is activated within 

the target cell (119). Further studies are necessary to confirm whether PNP-5 shares the 

same structure as holomycin.  

Holomycin has been shown to inhibit a wide variety of bacteria including 

Escherichia, Staphylococcus, Streptococcus, Hemophilus, Moraxella, Listeria, Serratia, 

Bacillus, Yersinia, Vibrio, and marine strains from Roseobacter and Pseudoalteromonas 

(117,118). Similarly, PNP-5 shows broad-spectrum activity against a variety of Gram-
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negative and Gram-positive bacteria, including members of Citrobacter, Enterobacter, 

Erwinia, Escherichia, Klebsiella, Lactococcus, Salmonella, and Streptococcus (8). 

Homologs of the PNP-5 cluster can be found in strains within Serratia, Photobacterium, 

and Yersinia, and more distantly related homologs are found in Xenorhabdus and 

Streptomyces (8,10,114–116). Interestingly, only one homolog of the PNP-5 cluster has 

been identified in Pantoea (Pantoea sp. 1.19) (8,10); however, genetic analysis of some 

of the housekeeping genes of this strain suggests it may not be Pantoea (8). This narrow 

distribution within Pantoea may be the result of horizontal transfer of the cluster into 

Pantoea from another genus (10). 

 

1.9. SUMMARY  

Pantoea produces an array of antimicrobial compounds that are effective against 

relevant human and plant pathogens, but the biosynthesis, structure, regulation, mode of 

action, and resistance mechanisms of many of these molecules remain elusive. Further 

studies into these valuable metabolites would help not only in our understanding of 

Pantoea biology but also in assessing the potential of these antimicrobials as therapeutics 

or for agriculture. Additionally, given the diversity of antimicrobials produced by 

Pantoea, further exploration into this genus for novel antimicrobial scaffolds may lead to 

additional solutions for helping to address the expanding antimicrobial resistance 

problem. 

 
1.10. THESIS OBJECTIVE 

 The objective of this thesis is to explore the antimicrobial capabilities of Pantoea 

by canvasing for novel antimicrobial gene clusters, and also examining the distribution 
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and potential evolutionary histories of known Pantoea antimicrobial gene clusters. This 

work will contribute to our understanding of the metabolic capabilities of Pantoea and its 

potential as a source for the development of novel antimicrobials to combat antimicrobial 

resistance. 

 
1.10.1. SPECIFIC AIMS 

1. Develop a high-throughput screening technique to rapidly uncover antimicrobial 

gene clusters in bacteria. (Chapter 2) 

2. Identify the gene cluster responsible for producing a broad-spectrum 

antimicrobial in the clinical isolate P. agglomerans 20KB447973 and determine 

the spectrum of activity of the antimicrobial. (Chapter 2) 

3. Determine the distribution of known Pantoea antimicrobial gene clusters across 

public databases and our Pantoea genome collection. (Chapter 3) 

4. Explore evolutionary histories of Pantoea antimicrobial gene clusters by looking 

for instances of potential horizontal gene transfer. (Chapter 3)
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CHAPTER 2: A REPLICA PLATING METHOD FOR EFFICIENT, HIGH-

THROUGHPUT SCREENING OF ANTIBIOTIC GENE CLUSTERS IN 

BACTERIA UNCOVERS A HOLOMYCIN-LIKE CLUSTER IN THE CLINICAL 

ISOLATE PANTOEA AGGLOMERANS 20KB447973 

Modified from: Kirk A, Stavrinides J. A replica plating method for efficient, high-

throughput screening of antibiotic gene clusters in bacteria uncovers a holomycin-like 

cluster in the clinical isolate, Pantoea agglomerans 20KB447973. J Microbiol Methods. 

2023; 213:106822. doi: 10.1016/j.mimet.2023.106822 

 

2.1. INTRODUCTION 

Antimicrobial resistance remains a major threat to healthcare. As resistance 

continues to outpace the development of novel antibiotics, treatment of multi-drug 

resistant (MDR) infections continues to become more challenging. In 2019 alone, 

bacterial antimicrobial resistance was associated with 4.95 million deaths globally (1), 

highlighting the need for new antimicrobials. Bacterial and fungal natural products, 

which can play roles in competition and signalling, are excellent sources for novel 

antimicrobial scaffolds (122,123). Strains of Pantoea have been shown to produce a 

multitude of antimicrobial natural products including compounds effective against 

human, animal, and plant pathogens such as pantocins, herbicolins, agglomerins, 

phenazines, and andrimid (124,125). Several Pantoea strains have also been shown to 

produce multiple antibiotics. For example, P. vagans C9-1, a biocontrol agent for fire 

blight caused by E. amylovora, has been shown to produce both pantocin A (93) and 

dapdiamide E (herbicolin I) (68). There is also potential for use of antimicrobial natural 
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products from Pantoea to combat MDR bacterial species of human concern. For 

example, Pantoea Natural Product 3 (PNP-3) identified in P. agglomerans SN01080 and 

3581 has been shown to inhibit MDR strains of A. baumannii and P. aeruginosa (7). 

Many antimicrobial natural products, including β-lactams (126), aminoglycosides 

(127), tetracyclines (128), and those identified in Pantoea (7,101,104,125) are encoded 

by tightly regulated BGCs. Identification of the BGCs for antimicrobial natural products 

provides not only an understanding of the underlying biochemistry of synthesis, but also 

the means for compound production through overexpression. In cases where the 

antibiotic structure is known, homology-based approaches can be used to identify BGCs 

that produce a similar secondary metabolite. Genomic surveys of key enzymes predicted 

to be necessary for the synthesis of a given compound can also be performed (129). In 

cases where the structure of the antimicrobial secondary metabolite is unknown, 

comparative genomic approaches can be used to identify unique genomic regions in 

producer strains that are absent from closely related non-producer strains (105). If the 

genome of the antibiotic-producing microbe is not available, a genomic library of clones 

can be generated and assayed for antibiotic production (130). This approach, however, 

requires that the host is not susceptible to the antibiotic, necessary regulatory factors are 

present, and the host is capable of producing or acquiring precursor molecules that may 

be required. Functional genomics, and more specifically, transposon mutagenesis in the 

native host is a reliable approach for delineating antibiotic BGCs in bacteria. This method 

does not require knowledge of the structure of the secondary metabolite or the fully 

sequenced genome of the organism.  
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Transposon mutagenesis has been used to identify three novel antibiotic gene 

clusters in Pantoea: Pantoea Natural Product 1 (PNP-1) (104), PNP-2 (101), and PNP-3 

(7). In these screens, a target bacterium was challenged with mini-Tn5 transposon 

mutants of the antibiotic-producing strain to identify mutants defective in antibiotic 

biosynthesis. Screening of thousands of mutants was carried out by manual transfer of 

each colony onto a soft agar overlay of the target bacterium, which is generally laborious 

and time-consuming (7,101,104). One alternative to single mutant transfer is the use of 

replica plating. First described in 1952, replica plating was developed to rapidly identify 

unique biotypes of bacterial clones under different environmental conditions (131). 

Replica plating has since been expanded for many uses including the detection of 

antimicrobial compounds produced by bacteria (132). Detection of antimicrobial 

compounds can be achieved by replicating colonies onto a target bacterium using velvets, 

and identifying those colonies around which a zone of inhibition develops (132,133). One 

of the biggest challenges with replica plating, however, is that transferring hundreds of 

colonies directly onto soft agar overlay or spread plates can compromise the integrity of 

the target layer and also distort colony morphology. Maintaining these characteristics is 

essential to accurately assessing the loss of antibiotic production across mutants in large 

libraries.  

In this study, we developed a replica plating method using filter paper to quickly 

and easily screen hundreds of transposon mutants for loss of antibiotic production. We 

demonstrate the efficiency of this technique by re-identifying previously defined BGCs, 

which took only a fraction of the time in comparison to the original screens. We then 

applied the method to identify the BGC of an unknown broad-spectrum antibiotic 
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produced by the clinical strain P. agglomerans 20KB447973, which we later determined 

to closely resemble previously defined BGCs for holomycin. We carried out soft agar 

overlay assays to determine the spectrum of activity of the antimicrobial compound, 

which we call PNP-5, and show that it has activity against a broad array of Gram-

negative and Gram-positive bacteria. We also show that PNP-5 production and/or activity 

is inhibited at temperatures of 30 °C and above.  

 

2.2. MATERIALS AND METHODS 

2.2.1. Microbial Strains and Culturing Conditions  

Strains were cultured and maintained in lysogeny broth (LB; BD, Franklin Lakes, 

NJ, USA). Overnight cultures of Pantoea and Erwinia were incubated at 30 °C with 

shaking at 200 rpm in a New Brunswick Scientific I26 shaking incubator (New 

Brunswick Scientific, Edison, NJ, USA), while all other strains were incubated at 37 °C 

with shaking at 220 rpm. All strains and plasmids used in this study can be found in 

Table 2.1. 100 x 15 mm polystyrene petri dishes (VWR, Radnor, PA, USA) were used for 

all agar plating and soft agar overlays. VWR forced-air incubators (VWR, Radnor, PA, 

USA) were used for plates incubated at 30 °C or 37 °C. Plates incubated at room 

temperature were kept on a benchtop. Media were supplemented with 5-aminolevulinic 

acid (5-AA; 50 μg/mL; Acros Organics, Geel, ANR, Belgium), kanamycin (50 μg/mL; 

Enzo Life Sciences, Farmingdale, NY, USA), ampicillin (100 μg/mL; Fisher Bioreagents, 

Thermo Fisher Scientific, Waltham, MA, USA), or gentamycin (30 μg/mL; Teknova, 

Hollister, CA, USA) where appropriate.  
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Table 2.1. Microbial strains and plasmids used in this study. 
 

Strain or Plasmid Properties/Genotype* Source Reference 
Acinetobacter baumannii 
ATCC 17978 
 
A059 AB030 

 
 
 
Imipenem MIC > 32 μg/mL; 
Meropenem MIC > 32 μg/mL 

 
Infant with fatal meningitis 
 
Clinical 

 
ATCC, Dr Andrew Cameron, 
University of Regina (105) 
Ayush Kumar, University of 
Ontario (134) 

Candida albicans  
ATCC 10231 

 
 

 
Clinical 

 
ATCC, Dr Tanya Dahms, 
University of Regina 

Citrobacter sp. 
12GC134883 

 
 

 
Catheter urine 

 
St. Boniface General Hospital 
(105) 

Enterobacter hormaechei 
ATCC 700323 

 
 

 
Clinical 

 
ATCC, Regina General Hospital 
(105) 

Enterobacter sp. 
D6239 
D6370 

 
  

 
Clinical 
Clinical 

 
Regina General Hospital (105) 
Regina General Hospital (105) 

TX1  Cystic fibrosis sputum Texas Children’s Hospital (105) 
Erwinia amylovora 
Ea321 

 
Environmental  

 
Hawthorn 

 
ATCC, Dr George Sundin, 
Michigan State (105) 

Escherichia coli 
A6112 
ATCC 35218  
ST18 (pBSL118) 

 
 
 
5-AA auxotroph , S17 λpir ΔhemA 

 
Clinical 
Canine 

 
Regina General Hospital 
ATCC, Regina General Hospital  
(135) 

Klebsiella sp. 
A5339 

 
 

 
Clinical 

 
Regina General Hospital (105) 

Kosakonia sp. 
12202 

 
 

 
Rock Melon 

 
ICMP (105) 

Lactococcus lactis 
HD1 

 
 

  
Heather Dietz, University of 
Regina (105) 

Pantoea agglomerans 
DC432 
 
SN01080r 
 
TX10 
 
20KB447973 
20KB447973 mC.1 

 
 
 
RifR mutant of SN01080, PNP-3 
producer 
PNP-2 and pantocin A producer 
 
PNP-5 and pantocin A producer 
PNP-5 knockout mutant, kanR 

 
Maize 
 
Wild type – slug 
 
Cystic fibrosis sputum 
 
Foot Wound 
 

 
Dr David Coplin, Ohio State 
(112) 
(7,112) 
 
Texas Children’s Hospital,  
(101,112) 
St. Boniface General Hospital 
This study 

20KB447973 paaAKO Pantocin A knockout mutant, gentR  This study 
20KB447973 mC.1 paaAKO 
 
3581r 

PNP-5 and pantocin A double 
knockout mutant, kanR, gentR 

RifR mutant of 3581, PNP-3 and 
pantocin A producer 

 
 
Wild type – oat seed 

This study 
 
ICMP, (7,112) 

Pantoea ananatis 
BRT175 

 
PNP-1 producer 

 
Strawberry  

 
Dr Gwyn Beattie, Iowa State, 
(104) 

Pseudomonas aeruginosa 
PA14 

 
 

 
Burn Patient 

 
Dr David Guttman, University of 
Toronto, (136) 

Salmonella typhimurium 
ATCC 14028 

 
 

  
ATCC (105) 

Streptococcus mutans 
UAIS9:wt 

 
 

 
Clinical 

 
Heather Dietz, University of 
Regina (7) 

Plasmids 
pBSL118 
pKNOCKGm-paaA 

 
ampR, kanR, mini-Tn5 transposon 
gentR; partial paaA (bases 1-512) 
cloned into MCS 

  
(137) 
(101) 

*Abbreviations: 5-AA, 5-aminolevulinic acid; ampR, ampicillin resistance; gentR, gentamycin resistance; kanR, kanamycin resistance, rifR; rifampicin 
resistant. 
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2.2.2. Transposon Mutagenesis 

Mutant libraries were constructed via transposon mutagenesis by mating E. coli 

ST18 (pBSL118) with the antibiotic-producing Pantoea species. pBSL118 carries a mini-

Tn5 transposon tagged with the neomycin phosphotransferase II gene, as well as an 

ampicillin resistance gene on the plasmid backbone (137). Biparental matings were 

performed by first resuspending 10 parts overnight culture of each E. coli ST18 

(pBSL118) and Pantoea in 1 part 10 mM MgSO4 (Alfa Aesar, Haverhill, MA, USA) and 

combining them in a 25:1 donor: recipient ratio. This suspension was plated on LB plates 

supplemented with 5-AA, an essential nutrient for the auxotrophic E. coli ST18 

(pBSL118). After a 24-hour incubation at 30°C, bacteria were scraped off the plate using 

a sterile wire loop (VWR, Radnor, PA, USA) and resuspended in 1 mL of 10 mM 

MgSO4, plated onto LB supplemented with kanamycin, and incubated again at 30 °C for 

24 hours.  

 

2.2.3. Screening of Mutant Libraries 

 The target bacterium for soft agar overlay plates was prepared by concentrating 

or diluting overnight cultures 4-8 fold in 10 mM MgSO4, depending on the strain. Then, 

300 μL of this suspension was added to 4 mL of molten 0.9% agar (maintained at 60 °C 

for at least 30 minutes; BD, Franklin Lakes, NJ, USA). Also added to the molten agar 

was 800 μL of 5X glucose-asparagine solution (for 1 L: 55.750 g K2HPO4 [Fisher 

Chemical, Thermo Fisher Scientific, Waltham, MA, USA], 22.500 g KH2PO4 [VWR, 

Radnor, PA, USA], 0.600 g MgSO4·7H2O [Alfa Aesar, Haverhill, MA, USA], 1.500 g L-

asparagine [Alfa Aesar, Haverhill, MA, USA], 0.250 g nicotinic acid [Alfa Aesar, 
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Haverhill, MA, USA], and 100.000 g D-glucose [Thermo Scientific, Thermo Fisher 

Scientific, Waltham, MA, USA],). For assays involving the antibiotic-producer P. 

agglomerans 3581r, this mixture was poured onto E. coli minimal medium (EMM) plates 

(for 1 L: 0.250 g yeast extract [VWR, Radnor, PA, USA], 1.720 g KH2PO4, 4.000 g 

K2HPO4, 0.500 g NaCl [Fisher Scientific, Thermo Fisher Scientific, Waltham, MA, 

USA], 0.200 g sodium citrate [J.T. Baker, Phillipsburg, NJ, USA], 2.000 g (NH4)2SO4 

[VWR, Radnor, PA, USA], 0.002 g MgSO4·7H2O, 20.000 mL glycerol [Fisher 

Bioreagents, Thermo Fisher Scientific, Waltham, MA, USA]). LB agar plates were used 

for P. agglomerans 20KB447973, and 0.1X LB agar plates for P. agglomerans TX10. 

For assays with P. ananatis BRT175, spread plates were made by spreading 100 µL of a 

1:50 concentration 10 mM MgSO4:overnight culture of the target bacterium onto EMM 

plates in place of soft agar overlays. Antibiotic production of P. agglomerans TX10, P. 

ananatis BRT175, and P. agglomerans 20KB447973 was assayed on E. amylovora 

Ea321, while P. agglomerans 3581r was assayed on Enterobacter sp. TX1. 

Pantoea mini-Tn5 mutants were transferred onto overlay or spread plates by 

picking up a sterile VWR 7.5 cm qualitative filter paper (VWR, Radnor, PA, USA; 

catalogue number: 28310-026) using sterile forceps (VWR, Radnor, PA, USA) and 

placing one directly onto each Pantoea mutant library plate. The filter paper was then 

gently pressed with forceps to ensure complete transfer of colonies. Once fully saturated 

from the moisture on the plate, the filter paper was removed using the forceps and 

transferred directly onto either the overlay or spread plate containing the target. The filter 

paper was then carefully lifted from the overlay plate and discarded. Overlays and spread 
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plates were incubated at room temperature and colonies were assessed for the 

development of a zone of inhibition after 12-24 hours.  

 

2.2.4. Inverse PCR and Sequence Analysis 

Inverse PCR was used to identify the genomic context of the transposon insertions 

in antibiotic-production deficient Pantoea mutants. Genomic DNA (gDNA) was 

extracted from each mutant using a Monarch® Genomic DNA Purification Kit (New 

England Biolabs, Ipswich, MA, USA). Next, 1 μg of gDNA was digested with 20 units of 

HincII (New England Biolabs, Ipswich, MA, USA) in 50 μL reactions (1 μg gDNA, 2 μL 

HincII, 5 μL CutSmart buffer [New England Biolabs, Ipswich, MA, USA], up to 50 μL 

dH2O). Fragments were then re-circularized via unimolecular ligation with T4 DNA 

ligase (New England Biolabs, Ipswich, MA, USA) in 200 μL reactions (167 μL dH2O, 20 

μL T4 DNA ligase buffer [New England Biolabs, Ipswich, MA, USA], 10 μL digested 

gDNA, 3 μL T4 DNA ligase). Ligated reactions were purified using a Monarch® PCR & 

DNA Cleanup Kit (5 μg; New England Biolabs, Ipswich, MA, USA). Two outward-

facing primers (Integrated DNA Technologies, Coralville, IA, USA) designed to bind to 

the neomycin phosphotransferase II gene in the transposon, npt+772 

(TTCGCAGCGCATCGCCTTCTATC) and npt-41 

(AGCCGAATAGCCTCTCCACCCAAG), were used to amplify re-circularized 

fragments with Taq DNA polymerase (New England Biolabs, Ipswich, MA, USA). For 

these PCR reactions, 2 μL of purified DNA was used in 50 μL reactions with cycling 

conditions as follows: initial denaturation at 95 °C for 30 s, denaturation at 95 °C for 

30 s, annealing at 60-62 °C for 1 minute, and extension at 68 °C for 1 minute for 35 
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cycles, followed by a final extension at 68 °C for 5 minutes. All PCR reactions were 

performed in a Bioer GeneExplorer thermal cycler (Bioer Technology, Hangzhou, ZJ, 

China). PCR products were Sanger sequenced by Génome Québec (Montréal, QC, 

Canada). Sequences of the flanking regions of transposon insertions for P. ananatis 

BRT175, P. agglomerans TX10, and P. agglomerans 3581r were BLASTed against the 

PNP-1, PNP-2, and PNP-3 gene clusters respectively to confirm transposon insertions 

within the cluster. P. agglomerans 20KB447973 sequences were BLASTed against the nr 

and wgs databases to identify potential biosynthetic clusters in other related genomes. 

The PNP-5 gene cluster was deposited in Genbank under Accession Number: 

[PENDING]. A workflow for the delineation of biosynthetic gene clusters in bacteria 

using this high-throughput replica plating screening technique can be found in 

Supplementary Figure A.1. 

 

2.2.5. Knockout of Pantocin A  

 Homologous recombination was used to disrupt the pantocin A gene cluster in P. 

agglomerans 20KB447973 by using the knockout plasmid pKNOCKGm-paaA (101). 

The plasmid was purified using a Monarch® Plasmid Miniprep Kit (New England 

Biolabs, Ipswich, MA, USA) and electroporated into wild-type (wt) P. agglomerans 

20KB447973 and the mutant P. agglomerans 20KB447973 mC.1 using a micropulser 

(Bio-Rad, ON, CAN) at 2.5 kV in a 1 mm cuvette (Invitrogen, Thermo Fisher Scientific, 

Waltham, MA, USA). Transformants were plated on LB plates supplemented with 

gentamycin, or gentamycin and kanamycin for P. agglomerans 20KB447973 mC.1 

transformants. Plates were incubated at 30 °C for 24 hours. Knockout of pantocin A in P. 
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agglomerans 20KB447973 and P. agglomerans 20KB447973 mC.1 was verified by 

colony PCR using the primers Gent-57 (GACGATCCCGCAGTGGCT) and PAA_1-

1355 (CTTCATTGGAGAGTCTTCTGAAGA). 

 

2.3. RESULTS 

2.3.1. High-Efficiency Recovery of Previously Characterized PNP Clusters 

To establish the efficacy of our replica plating method, we assessed how quickly 

we could re-screen for the three Pantoea antibiotic biosynthetic clusters we had 

previously published: PNP-1, PNP-2, and PNP-3 (7,101,104). For each strain, the replica 

plating method facilitated the transfer of approximately 100-200 mutants at a time onto 

the target overlay. Approximately 1,500 P. ananatis BRT175 transposon mutants were 

screened resulting in the recovery of nine PNP-1-deficient mutants. Five of these mutants 

had disruptions within the PNP-1 cluster (Figure 2.1; Supplementary Table A.1). In one 

of the mutants, the transposon disruption landed within pnp1A, a predicted GntR 

transcriptional regulator, two other transposon insertions were identified within pnp2B, a 

putative hydrolase, and the remaining two were in pnp1D, a predicted carbamoyl-

transferase. For P. agglomerans TX10, 15 PNP-2-deficient mutants were recovered from 

a total of approximately 5,000 mutants screened, six of which had transposon disruptions 

in the published cluster (101) (Figure 2.1; Supplementary Table A.1). Four of these 

transposon disruptions were in pnp2C, a predicted MFS transporter, and the remaining 

two were in pnp2D, predicted to be a p-aminobenzoate N-oxygenase encoding gene. 

Lastly, approximately 3,000 P. agglomerans 3581r mutants were screened, with 15 

identified as being deficient in PNP-3 production. Three of the transposon disruptions in  
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[coloured] 
Figure 2.1. Maps of transposon insertions in previously characterized Pantoea Natural Product (PNP) antibiotic gene clusters (panels 
A-C). Panel A shows the PNP-1 gene cluster from P. ananatis BRT175. Panel B shows the PNP-2 cluster found in P. agglomerans 
TX10. Panel C shows the cluster for PNP-3 found in P. agglomerans 3581r. Black lines represent the location of the mini-Tn5 
transposon insertion. 
 

 

 

A

B

pnp1A pnp1B pnp1C pnp1D pnp1E pnp1F pnp1G

pnp2Bpnp2A pnp2C pnp2E pnp2Fpnp2D

C

pnp3Fpnp3Epnp3Dpnp3Cpnp3Bpnp3A pnp3G pnp3H



 
 

49 

these mutants were located in the published PNP-3 cluster (7) (Figure 2.1; Supplementary  

Table A.1). Two of these disruptions were in a predicted threonine/related Zn-dependent 

dehydrogenase encoding gene, pnp3F, and the other was in pnp3H, a gene predicted to 

encode a trehalose-6-phosphate synthase. The identification of mutants for each of these 

three strains was completed in only a few days as compared to weeks, and most gene 

disruptions were located within published antibiotic BGCs (Figure 2.1; Supplementary 

Table A.1) (7,101,104). 

 

2.3.2. Discovery of a Holomycin-Like Gene Cluster  

P. agglomerans 20KB447973 is a clinical strain isolated from a foot wound 

treated at St. Boniface Hospital in Winnipeg, Manitoba that was identified as antibiotic-

producing in a large survey of Pantoea isolates (Supplementary Table A.2). Overlay 

assays of this strain against E. amylovora Ea321 on EMM revealed two distinct zones of 

inhibition, suggesting it produces at least two antibiotics. The use of a 1X LB base 

instead of EMM eliminated one of the two concentric zones, suggesting suppression of 

one of the antibiotics. Since mutants of P. agglomerans 20KB447973 that were screened 

for loss of antibiotic production only had a single transposon insertion in the genome, 

only one antibiotic could be screened for at a time, thus, the 1X LB base suppressing one 

of the antibiotics provided the appropriate environmental conditions for identifying one 

of the two antibiotic BGCs. Approximately 5,000 mutants of P. agglomerans 

20KB447973 were screened against E. amylovora Ea321 overlays with an LB base. From 

the mutants screened, 13 were identified as antibiotic production mutants and subject to 

inverse PCR and sequencing to identify disrupted genes (Supplementary Table A.3). 
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Analysis of these mutants showed that eight had disruptions in NRPS genes, one in an 

acyl-CoA dehydrogenase family protein-encoding gene, one in a GNAT family N-

acetyltransferase gene, and one in a DUF2938 domain-containing protein-encoding gene. 

BLASTn searches of these sequences against the nr and wgs databases and analysis with 

antiSMASH (138) revealed best hits to previously defined BGCs for the broad-spectrum 

dithiolopyrrolone antibiotic holomycin found in Streptomyces clavuligerus, Yersinia 

ruckeri, and Photobacterium galatheae (114–116) (Figure 2.2). Similar clusters were also 

identified in Serratia and Xenorhabdus genomes present in the public databases (Figure 

2.2). A similar potential antibiotic BGC was also identified in a strain labelled as Pantoea 

sp. 1.19 (MRBS00000000.1), although our comparison of the cpn60 and 16S regions of 

this strain against the nr database resulted in the majority of top hits in genera within the 

Enterobacteriaceae, not Pantoea. Query results for cpn60 returned almost exclusively 

hits within Klebsiella (highest nucleotide identity: 89.14%) while the 16S query returned 

high-similarity matches to several genera within the Enterobacteriaceae including 

Kosakonia and Escherichia (highest nucleotide identities: 98.90% and 98.82%, 

respectively). This suggests Pantoea sp. 1.19 is likely not a member of Pantoea, but 

possibly a novel species belonging to the Enterobacteriaceae.  

We used previously defined holomycin clusters as a reference to bridge portions 

of the P. agglomerans 20KB447973 BGC (Supplementary Table A.4). This resulted in 

the delineation of a 10-gene cluster homologous to previously described holomycin 

clusters that is approximately 12 kb in size (Figure 2.2). We called the product of this 

cluster Pantoea Natural Product 5 (PNP-5). The PNP-5 cluster appears to be most similar  

to the holomycin cluster found in Serratia with respect to gene content and synteny 
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[coloured] 
Figure 2.2. Representative holomycin gene clusters found across bacterial genera. Homologous genes are colour coded across clusters. 
Genes coloured in grey are absent from the P. agglomerans 20KB447973 cluster. For clarity, homologous genes have been labelled 
using the same gene name. Gene labels in bold are those annotated in this study. The inset box shows the predicted protein product and 
function for each gene. Vertical black lines in the P. agglomerans 20KB447973 cluster show the position of mini-Tn5 insertions. 
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[coloured] 
!"#$%&'()++)'Phylogenetic and comparative genomic analysis of !"#$%&"'natural product 5'(PNP-5) clusters found across bacterial 
strains (Panels A-C). Panel A shows the maximum likelihood tree of PNP-5 clusters from representative strains, while panel B shows 
the maximum likelihood ()#*+' tree of strains carrying the PNP-5 cluster. Both trees were constructed using 1000 bootstrap replicates 
and condensed trees were computed using a 70% cut-off value. Panel C shows the open reading frames of each cluster (shown 
enclosed in the grey box) and 5 kb flanking each end as predicted using GeneMark.hmm with Heuristic Models (148). Clinker (149) 
was used to generate this figure and identify homologs (shown colour-coded) based on amino acid identities between open reading 
frames using a 30% cut-off value. */** Additional strains with identical open reading frames listed in Supplementary Table B.5. 
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3.4. DISCUSSION 

We queried 12 known Pantoea antibiotic BGCs within public databases and our 

Pantoea genome collection to determine the distribution of each cluster within Pantoea 

and other genera. Our results showed that some clusters, namely pantocin B, PNP-3, and 

PNP-4 were limited to a small subset of Pantoea. All other clusters we examined had 

unique distributions both within Pantoea and other genera. Most of these additional 

genera fell into the Enterobacterales, including those in the families Enterobacteriaceae, 

Pectobacteriaceae, Yersiniaceae, Morganellaceae, and Hafniaceae. The andrimid and 

PNP-5 clusters also had representatives in Vibrionales within the family Vibrionaceae. 

For andrimid, dapdiamide, pantocin A, PNP-1, and PNP-2, clusters were more broadly 

distributed in Pantoea than other genera based on the percent of available genomes 

containing the cluster. Two Pantoea antibiotic gene clusters did not follow this pattern: 

AGA, and PNP-5. Secondary metabolite BGCs are often reported to be reflective of 

ecotype or phylotype, with many gene clusters being species-specific (152–155). Still, 

inter-species and even inter-kingdom horizontal transfer of BGCs can occur (156,157). 

Studies have reported the production of multiple antibiotics by a single Pantoea 

strain. We identified several strains containing multiple clusters, suggesting they may 

have the capacity to produce multiple antibiotics. We found that P. agglomerans Pa31-3, 

Pa39-3, and Pa39-1 all contain the clusters for both pantocin A and PNP-3 as recognized 

in a previous study (75). The same study also described P. agglomerans DAPP-PG734 as 

having both clusters for dapdiamide and PNP-4, and P. agglomerans 4 as having the gene 

clusters for dapdiamide, PNP-2, and PNP-3 (75). Consistent with previous findings, we 

also found that P. agglomerans TX10 has clusters for both PNP-2 and pantocin A (101) 
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while P. agglomerans 3581r has the pantocin A cluster in addition to the PNP-3 cluster 

(7). Our analysis also supported previous reports that P. vagans C9-1 has the gene 

clusters for pantocin A, dapdiamide, and PNP-3 (7,67,75) and P. agglomerans Eh318 

contains the pantocin A and B clusters (89). In addition to these previously reported 

instances of multiple antibiotic clusters in one strain, we found several other strains 

containing multiple antimicrobial gene clusters that have not yet been documented. 

P. agglomerans CFSAN047153 and CFSAN047154 as well as Pectobacterium sp. F1-1 

have both the AGA and PNP-2 clusters while P. agglomerans 39-23 and 39-7 have the 

AGA and PNP-3 clusters. P. agglomerans 540Y has both the Pantocin A and PNP-3 

clusters, P. agglomerans Sl1_M5 has the dapdiamide and PNP-2 clusters, and 

P. agglomerans 9Rz4 has both the PNP-3 cluster as well as the herbicolin cluster. 

P. agglomerans VRA_MhP_f has both the PNP-2 and PNP-3 clusters. Pectobacteriaceae 

bacterium CE90 also contains two clusters: pantocin A and PNP-1. Further analysis of 

the bioactivity of these strains is necessary to confirm that these clusters, in addition to all 

other clusters reported in our survey, are functional. 

Given the parameters that we used to search for the Pantoea BGCs as a whole, 

there are limitations to our survey results. For example, our search did not identify 

homologous clusters that had large genetic variations that may still allow the production 

of the compound as shown in previous in vitro studies. An example of this can be seen 

with PNP-1. The PNP-1 cluster as described in P. ananatis BRT175 is composed of eight 

genes and produces FVG (104). An 11-gene cluster found in P. fluorescens has also been 

found to produce FVG (106). Although homologs of the eight PNP-1 genes are found 

within the P. fluorescens cluster (104,106), gene duplication and rearrangement have 
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occurred, thus, clusters within P. fluorescens were not returned as high-scoring pairs in 

relation to the entire PNP-1 cluster.  

Identification of potential HGT events can be achieved through comparison of the 

evolutionary history of the gene clusters to that of their host strains, with congruence 

indicating vertical transmission (158,159). For our analysis we used the barcoding gene 

cpn60, which can efficiently establish phylogenetic relationships between bacteria at the 

species level (160). We also constructed phylogenies using entire antimicrobial gene 

clusters from Pantoea and other cluster-containing genera. The use of entire clusters 

aimed to eliminate bias of individual genes, which may have evolved at distinct rates or 

been acquired separately (159). Several instances of potential HGT can be seen when 

comparing these trees to their sister cpn60 trees. For example, in the dapdiamide cluster 

tree, P. agglomerans DAPP-PG734 does not group with other agglomerans strains as 

seen in the cpn60 tree (Figures 3.3A & 3.3B), suggesting the cluster has a unique 

evolutionary history in comparison to the strain as a whole. Analysis of the flanking 

regions of P. agglomerans DAPP-PG734 supports evolution through horizontal transfer, 

as it does not share homologous genes with any other Pantoea representatives (Figure 

3.3C). The flanking regions of the cluster in DAPP-PG734 also contain remnants of 

transposase genes, also supporting the possibility of HGT. Given the roles of these 

natural product BGCs in competition, and niche-specific adaptation, they are often found 

associated with mobile genetic elements and therefore have the capacity for horizontal 

transfer (157,159). Many other representative dapdiamide clusters are located on 

plasmids as indicated in GenBank records (P. vagans C9-1, P. agglomerans C410P1 and 

DAPP-PG734), and also suggested by the presence of plasmid-related genes such as 
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conjugal transfer protein traI flanking the P. vagans C9-1 and P. agglomerans Sl1_M5 

clusters (Figure 3.3C). In addition to remnants of plasmid and transposable elements, the 

available flanking regions of dapdiamide clusters show that all Pantoea representatives 

except for DAPP-PG734 have a thioredoxin-domain containing protein directly upstream. 

The presence of this conserved gene between P. vagans and agglomerans strains as well 

as the conservation of other open reading frames could suggest that HGT has occurred 

between P. vagans C9-1, the only representative of the species, and P. agglomerans.  

A comparison of the PNP-3 cluster phylogenetic tree and its corresponding cpn60 

tree also suggests possible HGT. The agglomerans strains (Pa39-1, Pa31-4, Pa39-7, 

Pa39-21, Pa39-23) group together with P. vagans C9-1, instead of the two species 

forming separate lineages as seen in the cpn60 tree (Figures 3.9A & 3.9B). The flanking 

regions of this set of agglomerans also are congruent with the flanking region of 

P. vagans C9-1, and there is a conserved frameshift mutation within the cluster in pnp3C 

throughout all of these strains, supporting the possibility of HGT between P. vagans and 

P. agglomerans. Similar instances of potential HGT can also be seen with the andrimid, 

pantocin A, PNP-2, and PNP-4 clusters.  

For several antibiotics, there was only one representative gene cluster outside of 

Pantoea, likely indicating HGT. For example, the herbicolin cluster is found in 

Candidatus F. symbiotica 5D, a symbiont of pea aphids (161), many of which provide 

their hosts with antifungal defences (162). Given the narrow distribution of this cluster, it 

is interesting that these two relatively distant species share this cluster. As previously 

suggested (15), HGT may have occurred between Pantoea and Candidatus F. symbiotica. 

Similarly, HGT may account for the PNP-1 cluster being common to both Pantoea and 
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the unknown Pectobacteriaceae strain, as no other closely related strains containing the 

cluster have been identified. Other instances of this can be seen with andrimid, 

dapdiamide, and PNP-5.  

 Our survey provides a comprehensive assessment of the distribution and potential 

evolutionary histories of known Pantoea antibiotic BGCs to date. We show these clusters 

have unique distributions not only in Pantoea, but also in both closely and distantly 

related genera. Evidence of HGT of several of these clusters supports current 

understandings of antibiotic BGCs as being associated with mobile genetic elements. We 

also provide an example of HGT of antibiotic BGCs occurring both within and between 

species and genera. Our findings also demonstrate the genetic diversity of Pantoea, 

which warrants further exploration of the antibiotic-producing capacity of this genus.



97 
 

CHAPTER 4: CONCLUSIONS & FUTURE DIRECTIONS 

As antimicrobial resistance advances in both clinical and agricultural contexts, 

new antimicrobials are desperately needed to fight resistant pathogens. The genus 

Pantoea shows promising antimicrobial activity that has the potential to be harnessed for 

the development of such products. Uncovering the biosynthetic gene clusters of bioactive 

compounds from Pantoea is one avenue to exploring their potentially novel 

antimicrobials.  

One potential bottleneck in the antibiotic development pipeline is the speed at 

which novel antimicrobial biosynthetic gene clusters can be uncovered. In many research 

facilities, high-throughput equipment is not readily available, which limits the 

opportunity to efficiently screen for biosynthetic gene clusters in microbial strain 

collections. We outlined a low-cost high-throughput screening method for screening 

transposon mutant libraries of bioactive Pantoea strains for antibiotic-deficient mutants 

that does not require the use of special equipment or training. By using filter papers, up to 

200 mutants can be transferred onto a target for screening at once, which proves to be 

significantly faster than individual mutant transfer while maintaining efficiency in the 

recovery of antibiotic-deficient mutants. These mutants can then be analyzed to 

determine the genomic context of transposon insertions to uncover candidate antibiotic 

biosynthetic gene clusters. We demonstrated the efficiency of this method by successfully 

re-screening three previously identified antibiotic gene clusters in Pantoea. We then used 

this technique to uncover the biosynthetic gene cluster for an unknown antimicrobial 

produced by P. agglomerans 20KB447973 which we called PNP-5. This cluster appears 

to be homologous to previously defined gene clusters for the dithiolopyrrolone antibiotic 
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holomycin. PNP-5 has broad spectrum activity, proving to be effective in inhibiting both 

Gram-positives and Gram-negative bacteria including members of the 

Enterobacteriaceae, Erwiniaceae, and Streptococcaceae.  

Despite the homology of the PNP-5 cluster to known holomycin clusters, the 

actual structure of PNP-5 remains unknown. Thus, purification followed by mass 

spectrometry of PNP-5 is a necessary next step to confirm the structure of PNP-5. If the 

structure of PNP-5 is confirmed to be identical to holomycin, in vitro and in vivo testing 

should be employed to evaluate the potential for clinical or agricultural use of this 

compound, as little is currently known. If the compound is not holomycin, biochemical 

and functional genetic testing should first be explored to determine the mechanism of 

action of the compound as well as uncover the functions of individual genes in 

biosynthesis. In future studies, our replica-plating technique should also be used to 

continue surveying for novel Pantoea antimicrobials as guided by the results of our large-

scale Pantoea survey (Supplementary Table A.2). This technique should also be tested on 

other genera to ensure its efficacy outside of Pantoea, which will allow the technique to 

be adopted by any microbiology laboratory to screen diverse strain collections. 

Another major bottleneck to the discovery of novel antimicrobials is re-discovery 

of previously characterized compounds, as could be the case with PNP-5. Although there 

are limitations to using genomic data to predict metabolic function, in silico-based 

genomic screening of known antimicrobial clusters can be a useful tool to avoid 

rediscovery in cases where genomic data is available. Our survey of the known Pantoea 

antimicrobial gene clusters across public databases and our genome collection returned 

over 700 homologs that spanned the entirety of the queried clusters. These hits were 
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present not just in Pantoea, but in distantly related genera as well including those within 

the Vibrionaceae, Pectobacteriaceae, Yersiniaceae, Morganellaceae, and Hafniaceae. 

We showed that each cluster has a unique distribution, with many that have likely 

undergone horizontal transfer within or between species and genera, highlighting the 

mobile nature of these clusters. This survey provides a complete record of the distribution 

of Pantoea antimicrobial gene clusters that can be used as a reference when exploring 

unknown antimicrobial metabolites in Pantoea and other genera that may help mitigate 

the rediscovery of known Pantoea antimicrobials.  

One limitation of this survey is that only matches for entire clusters were 

recorded. There are many instances in which partial clusters or single genes homologous 

to those within a cluster can be found that were not included. To further explore the 

evolutionary history of individual clusters, it would be beneficial to record these 

instances and further analyze them to tease apart the origins of cluster genes and/or 

segments. The evolutionary history of genes and/or segments within a cluster may also 

vary, thus, creating phylogenies based on individual genes could also help to clarify the 

origins of these biosynthetic gene clusters. Additionally, with advancements in whole-

genome sequencing, the number of genomes available in public databases is ever-

expanding; thus, this distribution will not remain static. It will be of interest to update this 

survey every few years to continue to accurately represent the distribution and piece 

together the history of these clusters. Overall, this work demonstrates the robust potential 

of Pantoea for mining novel antimicrobials and scaffolds for use against multi-drug 

resistant pathogens to help mitigate the antimicrobial resistance crisis. 
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APPENDICES 

Appendix A: Chapter 2 supplementary materials 

 

 
 
 
Supplementary Figure A.1. Workflow for delineation of biosynthetic gene clusters in 
bacteria using high-throughput replica plating screening technique. 
 

Biparental mating of antibiotic-producing 
bacterium with E. coli (pBSL118). 

Spread plate mutant libraries on 
kanamycin.

Transfer mutant libraries onto soft-agar 
overlays seeded with bacterium 

susceptible to unknown antibiotic using 
filter papers.

Identify mutants lacking antibiotic 
production indicated by the absence of a 

zone of inhibition surrounding the 
colony.

Extract gDNA of non-antibiotic-producing 
mutants, digest with HincII, and 

recircularize fragments with T4 DNA 
ligase.

Inverse PCR fragments with outward 
facing primers that bind to npt.

Sequence amplicons and determine 
genomic context of transposon insertions 
by comparing flanking region sequences 

to reference genome or database. 
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Supplementary Table A.1. Locations of transposon insertions in PNP-1, -2, and -3 
clusters found using replica plating mutant screening method. 
 
 

Mutant Gene Hit in 
Cluster Gene Description 

PNP-1 (P. ananatis BRT175)   
mC.1 pnp1B Putative Hydrolase 
mD.1 pnp1B Putative Hydrolase 
mE.1 pnp1A GntR Regulator 
mAI.1 pnp1D Carbomyl-Transferase 
mAM.1 pnp1D Carbomyl-Transferase 
PNP-2 ( P. agglomerans TX10)   
mG.1 pnp2D p-Aminobenzoate N-Oxygenase 
mH.1 pnp2C MFS Transporter 
mJ.1 pnp2C MFS Transporter 
mV.1 pnp2D p-Aminobenzoate N-Oxygenase 
mX.1 pnp2C MFS Transporter 
mY.1 pnp2C MFS Transporter 
PNP-3 (P. agglomerans 3581r)   
mD.1 pnp3F Threonine/related Zn-dependent dehydrogenase 
mK.1/mF.1/mG.1/mI.1 pnp3F Threonine/related Zn-dependent dehydrogenase 
mM.1 pnp3H Trehalose-6-phosphate synthase 
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Supplementary Table A.2. Spectrum of activity of Pantoea isolates.* 
 

Strain Source 
A. baumannii  C. albicans  Citrobacter  E. amylovora  E. coli  Enterobacter  Klebsiella  Kosakonia  L. lactis P. aeruginosa  Pseudocitrobacter  S. Typhimurium 

ATCC 17978 ATCC 
10231 12GC134883 EA321 ATCC 

35218 
ATCC 
700323 

ATCC 
BAA1705 12202 HD1 PA14 B012497 ATCC 14028 

P. agglomerans  
            

18BG427876 C - - - - - - - - - - - - 

18GC274865 C - - + + + + + - - - + + 

18VB347619 C - - - - + - - - - - - - 

20BE657653 C - - - - - - - - - - - - 

20BE671400 C - - - + - - - - - - - - 

20KB447973 C - - + + + + + + + - + + 

21BC206150 C - - - - - - - - - - - - 

21BC36698 C - - + + + + - + + - + + 

21BD820053 C - - - - - - - - - - - - 

21BF394697 C - - - - - - - - - - - - 

21BF632702 C - - + + + + - + + - + + 

21BG90319 C - - - + + - - - - - - - 

E2012-5 E - - - - - - - - - - -  

E2012-15 E - - + + + + - + + - + + 

E2012-20 E - - + +/- + - - - + - + + 

E2012-21 E + - + + + + + + - + + + 

E2012-24 E - - + - + - - - - - + + 

E2012-29 E - - - - - - - - - - - - 

E2012-30 E - - + + + + - + + - + + 

E2012-43 E - - - - - - - - - - - - 

E2012-45 E - - - - - - - - - - - - 
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Strain Source 
A. baumannii  C. albicans  Citrobacter  E. amylovora  E. coli  Enterobacter  Klebsiella  Kosakonia  L. lactis P. aeruginosa  Pseudocitrobacter  S. Typhimurium 

ATCC 17978 ATCC 
10231 12GC134883 EA321 ATCC 

35218 
ATCC 
700323 

ATCC 
BAA1705 12202 HD1 PA14 B012497 ATCC 14028 

E2012-46 E - - + + + + - + + - + + 

E2012-47 E - - + + + + - + + - + + 

P. brenneri              

E2012-23 E - - + + + + + + + - + + 

P. dispersa              

21GB726616 C - - - - - - - - - - - - 

E2012-1 E - - - + - - - - - - - - 

E2012-3 E - - - + - - - - - - - - 

E2012-4 E - - - + - - - - - - - - 

E2012-6 E - - - + - - - - - - - - 

E2012-7 E - - - + - - - - - - - - 

E2012-8 E - - - + - - - - - - - - 

E2012-9 E - - - + - - - - - - - - 

E2012-12 E - - - + - - - - - - - - 

E2012-13 E - - - + - - - - - - - - 

E2012-16 E - - - + - - - - - - - - 

E2012-17 E - - - + - - - - - - - - 

E2012-18 E - - - + - - - - - - - - 

E2012-19 E - - - + - - - - +/- - - - 

E2012-25 E - - - + - - - - - - - - 

E2012-27 E - - - + - - - - - - - - 

E2012-31 E - - - + - - - - - - - - 

E2012-34 E +/- - - + - - - - - - - - 

E2012-35 E - - - + - - - - - - - - 
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Strain Source 
A. baumannii  C. albicans  Citrobacter  E. amylovora  E. coli  Enterobacter  Klebsiella  Kosakonia  L. lactis P. aeruginosa  Pseudocitrobacter  S. Typhimurium 

ATCC 17978 ATCC 
10231 12GC134883 EA321 ATCC 

35218 
ATCC 
700323 

ATCC 
BAA1705 12202 HD1 PA14 B012497 ATCC 14028 

E2012-36 E - - - + - - - - - - - - 

E2012-39 E - - - + - - - - - - - - 

E2012-40 E - - - + - - - - - - - - 

E2012-41 E - - - + - - - - - - - - 

E2012-42 E - - - + - - - - - - - - 

E2012-44 E + - - + - - - - - - - - 

E2012-48 E +/- - - + - - - - - - - - 

E2012-49 E - - - + - - - - - - - - 

E2012-51 E - - - + - - - - - - - - 

E2012-52 E - - - + - - - - - - - - 

E2012-53 E - - - + - - - - - - - - 

E2012-55 E - - - + - - - - - - - - 

E2012-56 E - - - + - - - - - - - - 

P. eucalypti              

E2012-10 E - - - - + - - - - - - - 

E2012-32 E - - - - - - - - - - - - 

P. septica              

18CZ29371 C - - - - - - - - - - - - 

18GB350152A C - - - + - - - - - - - - 

18GB350152B C - - - - - - - - - - - - 

18GB929244 C - - - - - - - - - - - - 

18GB96456 C - - - - - - - - - - - - 

18GC24383 C - - - - - - - - - - - - 

18MB36935 C - - - - - - - - - - - - 



 

128 

Strain Source 
A. baumannii  C. albicans  Citrobacter  E. amylovora  E. coli  Enterobacter  Klebsiella  Kosakonia  L. lactis P. aeruginosa  Pseudocitrobacter  S. Typhimurium 

ATCC 17978 ATCC 
10231 12GC134883 EA321 ATCC 

35218 
ATCC 
700323 

ATCC 
BAA1705 12202 HD1 PA14 B012497 ATCC 14028 

19IA93972 C - - - - - - - - - - - - 

19KB549167 C - - - - - - - - - - - - 

19KB65454 C - - - - - - - - - - - - 

20BE733122 C + - - + - + - + - - - - 

21BB430412 C - - - + - - - - - - - - 

21BB430412 C - - - - - - - - - - - - 

21BC36698 C - - - - - - - - - - - - 

21BC88114 C - - - - - - - - - - - - 

21BC987574 C - - - - - - - - - - - - 

21BD576464 C - - - - - - - - - - - - 

21BE265412 C - - - - - - - - - - - - 

21BE918617 C - - - + - - - - - - - - 

21BF336329 C - - - + - + - - - - - - 

21BF775823 C - - - - - - - - - - - - 

21BG186067 C - - - - - - - - - - - - 

21CZ18469 C - - - +/- - - - - - - - - 

Pantoea sp.              

18BF710974 C - - - - - - - - - - - - 

18DB967130 C - - - - - - - - - - - - 

18LA85142A C - - - - - - - - - - - - 

18LA85142B C - - - - - - - - - - - - 

19KB424268 C - - - - - - - - - - - - 

20BE423418 C + - - + - - - - - - - - 

20KB448723 C - - - + - + - +/- - - - - 
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Strain Source 
A. baumannii  C. albicans  Citrobacter  E. amylovora  E. coli  Enterobacter  Klebsiella  Kosakonia  L. lactis P. aeruginosa  Pseudocitrobacter  S. Typhimurium 

ATCC 17978 ATCC 
10231 12GC134883 EA321 ATCC 

35218 
ATCC 
700323 

ATCC 
BAA1705 12202 HD1 PA14 B012497 ATCC 14028 

21BC852520 C - - - - - - - - - - - - 

 
*C, clinical; E, environmental; +, produced a zone of inhibition in ³6 replicates; +/-, produced a zone of inhibition in 4-5 replicates; -, 
produced a zone of inhibition in £3 replicates. 
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Supplementary Table A.3. Top BLASTx hits for transposon flanking regions in PNP-5 
production mutants of Pantoea agglomerans 20KB447973. 
 

Mutant Top BLASTx Protein Hit Identity (%) PNP-5 Cluster 
Gene 

mB.1 non-ribosomal peptide synthetase 70.48 hlmE 
mC.1/mI.1 non-ribosomal peptide synthetase  55.35 hlmE 

mQ.1 GNAT family N-acetyltransferase  57.53 hlmA 
mR.1 non-ribosomal peptide synthetase  51.95 hlmE 

mBF.1 non-ribosomal peptide synthetase  59.56 hlmE 
mBJ.1 non-ribosomal peptide synthetase  68.29 hlmE 
mBK.1 non-ribosomal peptide synthetase  62.93 hlmE 
mBM.1 acyl-CoA dehydrogenase family protein  74.29 hlmB 
mBN.1 DUF2938 domain-containing protein  73.02 hlmZ 
mBO.1 cyclic di-GMP phosphodiesterase  99.73 - 
mBP.1 DNA mismatch repair protein MutL  99.24 - 
mBQ.1 putative peptide synthetase  51.43 hlmE 

 
 
Supplementary Table A.4. Primers used to amplify the antibiotic biosynthetic gene 
cluster for PNP-5 in Pantoea agglomerans 20KB447973. 
 

Primer Name Sequence 
PNP5_20KB_GNAT-11208 TGACTCCCTGTCCATCTT 
PNP5_20KB_GNAT-11339 AGTAACGCACTCATCATGTG 
PNP5_20KB_GNAT+10819 GCTCAACAGGAACATTGGG 
PNP5_20KB_GNAT+11360 GGAAGATATGGTGCAGGC 
PNP5_20KB_GNAT+11473 CCTCACTGGAATTAGGCT 
PNP5_IP_End_B TCTGCAATTTCGATTGCG 
PNP5_IP_Start_A GATCCAACGATATTGCCTGC 
PNP5_IP_Start_B TGCCCAGATATCCATGAATAG 
PNP5_IP_start2_C TCCGTAGGTTGTTGCTGA 
PNP5_IP_start2_D GAAAGCCTCATGTCATTGC 
PNP5_mQ_Sgmt2_F GGTTTGGGCAATCTCTACTTC 
PNP5_mQ_Sgmt2_R GAGCAATTCTGACTTCCG 
PNP5_P119_FP-1042 TATCGTGATGTTCCACCCA 
PNP5_P119_FP-191 AGGACTTCTTCCAGCCAGAT 
PNP5_P119_FP-253 GATGTTTCGCAACCATCCC 
PNP5_P119_FP-854 GCTAGGATATTCGCCGTGG 
PNP5_P119_FP+1024 TGGGTGGAACATCACGATA 
PNP5_P119_FP+168 GGCAATCTGGCTGGAAGA 
PNP5_P119_FP+235 GGGATGGTTGCGAAACATC 
PNP5_P119_FP+63 GGAAGTGCTGCTTAAACTGATG 
PNP5_P119_FP+836 CCACGGCGAATATCCTAGC 
PNP5_P119_FPEnd-139 CCATTCACGCGAAGGCAG 
PNP5_Sgmt1_F GTGGTGTAGAAGTGCTGG 
PNP5_Sgmt2_R GGCTGATGGATAAGTTGCC 
PNP5j-286 TCATCAATGCTACCCAGCG 
S18_BF_2b CGCTTGCACACCGTTAAATG 
S18_BF_3a TCATTTAACGGTGTGCAAGCG 
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S18_BJ_3b CCATCACTCCTTTAGGTTCACC 
S18_BJ_4a GGTGAACCTAAAGGAGTGATGG 
S18_BM_4b CTGGAGCAGTCATTTGTGCC 
S18_BM_5a GGCACAAATGACTGCTCCAG 
S18_BN_1a GAGCGGGGGTTTTTGAGG 
S18_BQ_1b CCTGCATTCCTTCCCATCATAC 
S18_BQ_2a GTATGATGGGAAGGAATGCAGG 
S18_Q_5b TACCCATTCGAGTGTCGTT 
S18_S1a_Fwd GAATATCCAGTTGAACGTCTG 
S18_S1a_Rev CCTAGTCTCACATGCAGAG 
S18_S2_Fwd GGATGCTGGATTCAAACG 
S18_S2_Rev GTGCATTGAGCATAGGATGA 
S18_S3_Fwd GTGAGTGTTCAGATTACAGACA 
S18_S3_Rev CCTTCCCAGTTATAATCGCT 
S18_S4a_Fwd CTGTCAGCGGTGAAAGAC 
S18_S4a_Rev CATGGAACATCCAAACTGC 
S18_S5_Fwd GGGCAATCTCTACTTCATGG 
S18_S5_Rev CACGACATAGACCAGGTAG 
S1a_S22f_A ACAGTCATCGGGTAATGC 
S1a_S22f_B GGATATTTATTGCACCTGGC 
S22f_S22r_A CAACTCTAGACGACTTGCC 
S22f_S22r_B GCTGCGACTGAATATACGAAG 
S22r_S2_A CACTTCATGCAACTAAGGTC 
S22r_S2_B GGCACAGATCACTTAAGCC 
S4a_S52f_A CTTGGCTATCTGGGTGATG 
S4a_S52f_B CAACATGAGGCTGTTCGG 
S52f_S52r_A CGACTTTATCGTGGTTGGG 
S52f_S52r_B TGATGACGGGTATCTTCAG 
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Appendix B: Chapter 3 supplementary materials 

Supplementary Table B.1. Number of genome projects and assemblies of queried 
genera at the time of the survey. 
 

Genus WGS Projects nr Assemblies Total 

Candidatus Fukatsuia 0 2 2 

Dickeya 309 207 516 

Edwardsiella 119 122 241 

Enterobacter 14,590 8,835 23,425 

Erwinia 2,435 382 2,817 

Musicola 2 4 6 

Pantoea 1,641 886 2,527 

Pectobacterium 744 438 1,182 

Photobacterium 617 358 975 

Proteus 3,061 1,858 4,919 

Providencia 1,466 807 2,273 

Serratia 4,292 2,641 6,933 

Vibrio 35,990 20,827 56,817 

Xenorhabdus 232 122 354 

Yersinia 8,950 3,280 12,230 

 
 
Supplementary Table B.2. Models used for phylogenetic tree reconstruction of Pantoea 
antibiotic gene clusters and cpn60 sequences.* 
 

Cluster Cluster Model cpn60 Model 
Andrimid GTR + G K2 + G + I 
AGA GTR + I TN93 + G 
Dapdiamide K2 + G TN93 + G 
Herbicolin  N/A N/A 
Pantocin A T92 + G K2 + G + I 
Pantocin B HKY TN93 
PNP-1 T92 + I TN93 
PNP-2 GTR + G + I K2 + G + I 
PNP-3 K2 + G + I K2 + G 
PNP-4 GTR + G TN93 + G 
PNP-5 GTR + G + I TN93 + G + I 

*5 gamma categories used when applicable 
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Supplementary Table B.3. Number of homologs of each antibiotic biosynthetic gene 
cluster found in each queried database. 
 

 Number of Homologs 

Cluster nr wgs Strain Collection Total 

Agglomerin 50 131 0 181 

Andrimid 11 29 0 40 

AGA 10 21 0 31 

Dapdiamide 6 3 0 9 

Herbicolin  2 1 0 4 

Pantocin A 10 49 0 59 

Pantocin B 0 2 0 3 

PNP-1 1 8 0 9 

PNP-2 21 123 4 148 

PNP-3 4 18 0 22 

PNP-4 3 10 1 14 

PNP-5 39 157 0 197 
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Supplementary Table B.4. Distribution of Pantoea antibiotic biosynthetic gene clusters. 
 

Cluster Database Species Strain Query 
Cover 

Percent 
Identity E-Value Accession Number 

Agglomerin nr Pantoea agglomerans PB-6042 100% 100 0 HF565364.1 
  Dickeya solani CFBP5647  97% 88.59 0 CP136339.1 
  Dickeya solani  RNS 05.1.2A  97% 88.49 0 CP104920.1 
  Dickeya solani IFB0421 97% 88.29 0 CP051460.1 
  Dickeya solani IFB0231 97% 88.29 0 CP051458.1 
  Dickeya solani IFB0167 97% 88.29 0 CP051457.1 
  Dickeya solani IFB0223 97% 88.29 0 CP024710.1 
  Dickeya solani IFB 0099  97% 88.29 0 CP024711.1 
  Dickeya solani PPO 9019 97% 88.29 0 CP017454.1 
  Dickeya solani D s0432-1  97% 88.29 0 CP017453.1 
  Dickeya solani  RNS 08.23.3.1.A  97% 88.29 0 CP016928.1 
  Dickeya solani  IPO 2222 97% 88.29 0 CP015137.1 
  Dickeya solani DsR34  97% 88.29 0 CP110886.2 
  Dickeya solani DsR207 97% 88.29 0 CP110887.2 
  Dickeya solani IPO2019  97% 88.29 0 CP071062.1 
  Dickeya solani IFB0417  97% 88.29 0 CP051459.1 
  Dickeya dianthicola ME23  95% 88.71 0 CP031560.1 
  Dickeya dianthicola LAR.16.03.LID 95% 88.71 0 CP038499.1 
  Dickeya dianthicola DDI_ME30  95% 88.71 0 CP076042.1 
  Dickeya dianthicola 16JP03 95% 88.71 0 CP069605.1 
  Dickeya dianthicola 16JP05  95% 88.71 0 CP069604.1 
  Dickeya dianthicola 16LI01 95% 88.71 0 CP069603.1 
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  Dickeya dianthicola 16LI02  95% 88.71 0 CP069602.1 
  Dickeya dianthicola 16LI04  95% 88.71 0 CP069601.1 
  Dickeya dianthicola 16MA15T  95% 88.71 0 CP069600.1 
  Dickeya dianthicola 16MB01  95% 88.71 0 CP069599.1 
  Dickeya dianthicola 16ME21T  95% 88.71 0 CP069598.1 
  Dickeya dianthicola 16ME22T 95% 88.71 0 CP069597.1 
  Dickeya dianthicola 16SBJ16 95% 88.71 0 CP069596.1 
  Dickeya dianthicola PA24  95% 88.71 0 CP069595.1 
  Dickeya dadantii XJ12 97% 88.5 0 CP110362.1 
  Dickeya dadantii  3937 97% 88.51 0 CP002038.1 
  Dickeya dianthicola  RNS04.9  95% 88.69 0 CP017638.1 
  Dickeya sp.  Secpp 1600 94% 89.23 0 CP023484.1 
  Dickeya fangzhongdai PL145  94% 89.23 0 CP094338.1 
  Dickeya dadantii FZ06  97% 88.4 0 CP094943.1 
  Dickeya fangzhongdai DSM 101947  94% 89.17 0 CP025003.1 
  Dickeya dianthicola 67-19 95% 88.61 0 CP051429.1 
  Dickeya fangzhongdai QZH3  94% 89.17 0 CP031507.1 
  Dickeya fangzhongdai LN1 94% 89.17 0 CP031505.1 
  Dickeya dadantii DSM 18020 97% 88.4 0 CP023467.1 
  Dickeya fangzhongdai PA1  94% 89.12 0 CP020872.1 
  Dickeya dadantii S3-1  97% 88.32 0 CP076386.1 
  Dickeya fangzhongdai Onc5  94% 89.04 0 CP080400.1 
  Dickeya fangzhongdai B16  94% 89.04 0 CP087226.1 
  Dickeya fangzhongdai ZXC1  94% 89.02 0 CP119773.1 
  Dickeya dadantii M2-3  97% 88.25 0 CP077422.1 
  Dickeya fangzhongdai 643b  94% 89.12 0 CP092458.1 
  Dickeya fangzhongdai AP6  94% 88.94 0 CP092460.1 
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  Dickeya fangzhongdai ND14b  95% 88.95 0 CP009460.1 
 wgs Dickeya chrysanthemi  EC16  100% 98.78 0 JAFCAF010000003.1 
  Dickeya chrysanthemi  NCPPB 402  100% 98.78 0 AOOA01000022.1 
  Dickeya chrysanthemi  A604-S21-A17  100% 98.51 0 JAIZFX010000004.1 
  Dickeya solani  FVG2-MFV017-A9  97% 88.49 0 JAWLLM010000001.1 
  Dickeya solani  FVG9-S3-A17-E1  97% 88.49 0 JAWLLL010000007.1 
  Dickeya solani  FVG13-S21A17-D9  97% 88.49 0 JAWLLK010000010.1 
  Dickeya solani  FVG14-S21A17-C8 97% 88.49 0 JAWLLJ010000023.1 
  Dickeya solani  RNS10-105-1A  97% 88.49 0 JAPTND010000019.1 
  Dickeya solani  A623-S20-A17  97% 88.49 0 JAIZGA010000001.1 
  Dickeya solani  M21a 97% 88.29 0 VZQM01000018.1 
  Dickeya solani  Sp1a  97% 88.29 0 VZQL01000022.1 
  Dickeya solani  Am3a 97% 88.29 0 VZQK01000001.1 
  Dickeya solani  RNS10-27-2A 97% 88.29 0 VZQJ01000009.1 
  Dickeya solani  MIE35  97% 88.29 0 VZQI01000015.1 
  Dickeya solani  D12  97% 88.29 0 PGUT01000005.1 
  Dickeya solani  F012 FGLHLNJM_2 97% 88.29 0 PGOJ01000002.1 
  Dickeya solani  IFB_0158  97% 88.29 0 PENA01000002.1 
  Dickeya solani  IFB_0221  97% 88.29 0 PEMZ01000002.1 
  Dickeya solani  F012  97% 88.29 0 PDVN01000002.1 
  Dickeya solani  PPO 9134  97% 88.29 0 JWLT01000004.1 
  Dickeya solani  PPO 9019 97% 88.29 0 JWLS01000001.1 
  Dickeya solani  RNS 07.7.3B  97% 88.29 0 JWLR01000011.1 
  Dickeya solani  PO3796  97% 88.29 0 JAWLLI010000005.1 
  Dickeya solani  RNS13-0-1B  97% 88.29 0 JAPTNC010000001.1 
  Dickeya solani  RNS13-31-1A 97% 88.29 0 JAPTNB010000032.1 
  Dickeya solani  RNS13-48-1A 97% 88.29 0 JAPTNA010000013.1 
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  Dickeya solani  RNS15-102-1A  97% 88.29 0 JAPTMZ010000035.1 
  Dickeya solani  CH07044 97% 88.29 0 JAEKIP010000002.1 
  Dickeya solani  CH05026  97% 88.29 0 JAEKIO010000001.1 
  Dickeya solani  CH9918-774  97% 88.29 0 JAEKIN010000007.1 
  Dickeya solani  CH9635-1 97% 88.29 0 JAEKIM010000009.1 
  Dickeya solani  IFB0695 97% 88.29 0 JABAOQ010000003.1 
  Dickeya solani  IFB0487  97% 88.29 0 JABAOP010000002.1 
  Dickeya solani  IFB0311  97% 88.29 0 JABAOO010000001.1 
  Dickeya solani  IFB0212  97% 88.29 0 JABAON010000001.1 
  Dickeya solani MK16  97% 88.29 0 AOOQ01000006.1 
  Dickeya solani  GBBC 2040 90% 88.29 0 AONX01000115.1 
  Dickeya solani IPO 2222 90% 88.29 0 AONU01000039.1 
  Dickeya solani  D s0432-1  97% 88.29 0 AMWE01000002.1 
  Dickeya solani  MK10 97% 88.27 0 AOOP01000010.1 
  Dickeya sp.  NCPPB 3274  97% 87.87 0 AOOH01000021.1 

  Dickeya dadantii subsp. 
dieffenbachiae  NCPPB 2976  95% 88.9 0 AOOG01000028.1 

  Dickeya dianthicola CFBP6548 94% 88.97 0 JALDOI010000010.1 
  Dickeya dianthicola  CH90110-7-1  94% 88.97 0 JALDOF010000003.1 
  Dickeya dianthicola  IPO256  93% 88.97 0 JALDOD010000015.1 
  Dickeya dianthicola  IPO1003 94% 88.97 0 JALDNY010000072.1 
  Dickeya dianthicola  IPO1350 93% 88.97 0 JALDNW010000129.1 
  Dickeya dianthicola IPO3846 94% 88.97 0 JALDNP010000004.1 
  Dickeya dianthicola  GBBC 2039 82% 88.97 0 AOOM01000087.1 
  Dickeya dianthicola  SS70 95% 88.92 0 QESZ01000012.1 
  Dickeya dianthicola IPO3797 93% 88.92 0 JALDNR010000037.1 
  Dickeya dianthicola CFBP3706 94% 88.89 0 JALDOJ010000045.1 
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  Dickeya dianthicola CH88.23  95% 88.89 0 JALDOH010000005.1 
  Dickeya dianthicola  CH9187-1  94% 88.89 0 JALDOE010000029.1 
  Dickeya dianthicola NY1785A  93% 88.71 0 WABK01000054.1 
  Dickeya dianthicola  NY1760A  93% 88.71 0 WABJ01000054.1 
  Dickeya dianthicola  NY1758A  93% 88.71 0 WABI01000053.1 
  Dickeya dianthicola NY1746A  93% 88.71 0 WABH01000055.1 
  Dickeya dianthicola NY1719A  93% 88.71 0 WABG01000085.1 
  Dickeya dianthicola  NY1713C 93% 88.71 0 WABF01000079.1 
  Dickeya dianthicola  NY1578A  93% 88.71 0 WABE01000050.1 
  Dickeya dianthicola NY1562C  93% 88.71 0 WABD01000046.1 
  Dickeya dianthicola NY1559C 93% 88.71 0 WABC01000050.1 
  Dickeya dianthicola NY1558D  93% 88.71 0 WABB01000058.1 
  Dickeya dianthicola NY1557A 93% 88.71 0 WABA01000082.1 
  Dickeya dianthicola  NY1556C  93% 88.71 0 WAAZ01000054.1 
  Dickeya dianthicola NY1547B  93% 88.71 0 WAAY01000036.1 
  Dickeya dianthicola  NY1538B  93% 88.71 0 WAAX01000056.1 
  Dickeya dianthicola  NY1536B  93% 88.71 0 WAAW01000051.1 
  Dickeya dianthicola NY1528B 93% 88.71 0 WAAV01000060.1 
  Dickeya dianthicola  MIE34  93% 88.71 0 VZQH01000059.1 
  Dickeya dianthicola  CFBP2015  93% 88.71 0 VZQG01000005.1 
  Dickeya dianthicola  CFBP2982 94% 88.71 0 VZQF01000043.1 
  Dickeya dianthicola RNS 11-47-1-1A  93% 88.71 0 VYSC01000047.1 
  Dickeya dianthicola  S4.16.03.LID  93% 88.71 0 QZDO01000044.1 
  Dickeya dianthicola S4.16.03.P2.4  93% 88.71 0 QZDN01000070.1 
  Dickeya dianthicola  WV516  93% 88.71 0 PJJC01000029.1 
  Dickeya dianthicola  DE440  93% 88.71 0 PJJB01000017.1 
  Dickeya dianthicola CFBP1805  94% 88.71 0 JALDOM010000003.1 
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  Dickeya dianthicola CFBP1984  93% 88.71 0 JALDOL010000030.1 
  Dickeya dianthicola  CFBP2598  94% 88.71 0 JALDOK010000037.1 
  Dickeya dianthicola CH8885  93% 88.71 0 JALDOG010000009.1 
  Dickeya dianthicola IPO502  93% 88.71 0 JALDOC010000025.1 
  Dickeya dianthicola IPO846  93% 88.71 0 JALDOA010000073.1 
  Dickeya dianthicola  IPO973  93% 88.71 0 JALDNZ010000052.1 
  Dickeya dianthicola  IPO3646 93% 88.71 0 JALDNU010000074.1 
  Dickeya dianthicola  IPO3699 93% 88.71 0 JALDNT010000052.1 
  Dickeya dianthicola IPO3700  93% 88.71 0 JALDNS010000022.1 
  Dickeya dianthicola  IPO3845 93% 88.71 0 JALDNQ010000023.1 
  Dickeya dianthicola  IPO 980  95% 88.71 0 AOOS01000023.1 
  Dickeya dianthicola  NCPPB 3534  93% 88.71 0 AOOK01000018.1 
  Dickeya dianthicola  CFBP1888  93% 88.69 0 VZQE01000040.1 
  Dickeya dianthicola  IPO1741 94% 88.69 0 JALDNV010000035.1 
  Dickeya dianthicola  A260-S21-A16  94% 88.69 0 JAIZFZ010000020.1 
  Dickeya dianthicola DDI_16NJ12 95% 88.69 0 JAHEPV010000004.1 
  Dickeya dianthicola  RNS04.9  95% 88.69 0 APVF01000002.1 
  Dickeya dianthicola  NCPPB 453 94% 88.69 0 AOOB01000016.1 
  Dickeya dadantii  NCPPB 898  97% 88.45 0 AOOE01000019.1 
  Dickeya dadantii  CZ1501 95% 88.46 0 MPDL01000255.1 
  Dickeya fangzhongdai CGMCC 1.15464  94% 89.17 0 BMJF01000001.1 
  Dickeya dadantii  NCPPB 3537 97% 88.42 0 AOOL01000016.1 
  Dickeya dadantii  Kunimi-3  95% 88.41 0 SMHE01000019.1 
  Dickeya dadantii  BI3-1  95% 88.41 0 PHRA01000042.1 
  Dickeya dadantii  Yana2-2  95% 88.41 0 JABEPB010000034.1 
  Dickeya dadantii Aka1-1 81% 88.41 0 JABEPA010000069.1 
  Dickeya dadantii  BI1-1  97% 88.38 0 JABEOZ010000041.1 
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  Dickeya dadantii  Housui2-1  95% 88.22 0 JABEPD010000035.1 
  Dickeya dadantii  Kousui1-1  75% 88.22 0 JABEPC010000101.1 
  Dickeya sp.  MK7  94% 89.02 0 AOOO01000021.1 
  Dickeya dianthicola DDI_59W  95% 88.43 0 JAHEPW010000004.1 
  Dickeya dianthicola  DDI_16NJ11  95% 88.43 0 JAHEPU010000006.1 
  Dickeya dianthicola DDI_16PA07 95% 88.43 0 JAHEPT010000003.1 
  Dickeya dadantii  ICMP 9290  97% 88.19 0 SGPP01000009.1 
  Dickeya fangzhongdai  S1  94% 88.96 0 JXBO02000002.1 
  Dickeya fangzhongdai  908C  94% 88.96 0 JADCNJ010000029.1 
  Dickeya dadantii  A622-S1-A17  95% 88.31 0 JAIZFY010000021.1 
  Dickeya fangzhongdai  M005  95% 88.98 0 JSXD01000024.1 
  Dickeya fangzhongdai  M074 95% 88.95 0 JRWY01000098.1 
  Musicola paradisiaca  NCPPB 2511  92% 83.54 0 AONV01000025.1 
  Dickeya oryzae  S20  92% 83.39 0 JAGJWV010000015.1 
  Dickeya oryzae  A642-S2-A17  92% 83.28 0 JAIZGC010000002.1 
  Dickeya oryzae  A003-S1-M15  92% 83.25 0 JAIZGB010000015.1 
  Dickeya oryzae FVG03  92% 83.23 0 JAGJWX010000011.1 
  Dickeya parazeae  S31  92% 83.25 0 JAGJWU010000011.1 
  Dickeya zeae  NCPPB 3531  94% 83.18 0 AOOI01000013.1 
  Dickeya oryzae  CSL RW192 93% 83.18 0 AONY01000021.1 
  Dickeya oryzae  BRIP64262 92% 83.18 0 JAMXSN010000012.1 
  Musicola keenii  A3967  92% 83 0 JAAWVW010000002.1 
  Dickeya dianthicola  IPO1348  52% 88.05 0 JALDNX010000176.1 
  Dickeya dianthicola IPO775  52% 88.01 0 JALDOB010000132.1 
 collection N/A      

Andrimid nr Pantoea agglomerans Eh355 100% 100% 0 AY192157.1 



  

141 

  
Serratia plymuthica UBCF_13  97% 87.32 0 CP068771.1   
Serratia plymuthica NCTC8015  98% 87.3 0 LR134478.1   
Serratia plymuthica NCTC8900  98% 87.29 0 LR134151.1   
Serratia marcescens LVF3 96% 83.22 0 CP063229.1 

  Serratia marcescens E05 96% 83.35 0 AP028491.1 
  Serratia marcescens E38 96% 83.33 0 AP028510.1   

Serratia ureilytica HNU47 96% 83.48 0 CP098030.1   
Serratia plymuthica C-1 97% 85.43 0 CP053398.1   
Vibrio coralliilyticus OCN008 92% 73.94 0 CP048695.1   
Vibrio coralliilyticus S2052 92% 73.94 0 CP063053.1  

wgs Pantoea sp. B623 99% 91.16 0 JANUXM010000004.1   
Pantoea ananatis 99-26  99% 91.16 0 JALKJM010000001.1   
Pantoea stewartii subsp. 
indologenes PANS 07-6  99% 91.16 0 JADWWG010000004.1 

  
Pantoea ananatis PANS_99_26  99% 91.16 0 JABDZI010000001.1   
Pantoea ananatis PANS 200-1  99% 91.16 0 QTTV01000001.1   
Pantoea sp. B566  99% 91.16 0 JANUQL010000003.1   
Pantoea ananatis 200-1 99% 91.16 0 JALKLB010000001.1   
Pantoea stewartii PANS 07-4  99% 91.16 0 JADWWF010000005.1   
Pantoea ananatis PANS_200_1  99% 91.16 0 JABDZB010000001.1   
Pantoea ananatis BAV 3296  99% 91.15 0 WHOW01000051.1 

  Serratia proteamaculans 
72f938ee-a76c-11e8-
a962-3c4a9275d6c8 97% 87.74 0 CAMKPQ010000003.1 

  Serratia proteamaculans 
74cc738e-a76c-11e8-
a962-3c4a9275d6c 97% 87.74 0 CAMITN010000001.1 

  Serratia proteamaculans 
6e3de084-a76c-11e8-
a962-3c4a9275d6c8 97% 87.7 0 CAMISV010000007.1 
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  Serratia marcescens MSU97 97% 84.61% 0 MJAO01000010.1 
  Serratia marcescens KS23 96% 83.31 0 RCDR01000134.1 
  Serratia marcescens ID149856 96% 83.3 0 PQOH01000001.1 
  Serratia marcescens ID149855 96% 83.3 0 PQOG01000001.1 
  Serratia marcescens ID148696 96% 83.3 0 PQOB01000001.1 
  Serratia marcescens SER00097 96% 83.24 0 JADTUT010000001.1 
  Serratia marcescens MGH136 96% 83.23 0 NGUE01000001.1 
  Serratia marcescens SER00116 96% 83.22 0 JADTUM010000001.1 
  Serratia marcescens 90-166 96% 83.48 0 LCWI01000001.1 
  Serratia ureilytica HEE16_1 96% 83.48 0 JASBWN010000001.1 
  Serratia sp. S1C92_SP369 96% 83.47 0 CAJYDV010000019.1 
  Serratia sp. X10 96% 83.46 0 JAEIOH010000002.1 
  Serratia sp. X3  96% 83.46 0 JADCNB010000001.1 
  Serratia plymuthica A153 97% 87.14 0 LRQU01000001.1 
  Serratia marcescens E29 84% 83.96 0 BPZB01000009.1 
  Serratia plymuthica undefined 1 96% 85.45 0 CAQO01000014.1 

  collection N/A           

D-
alanylgriseoluteic 
acid (AGA) 

nr Pantoea agglomerans Eh1087 100% 100% 0 AF451953.1  
Pantoea agglomerans ASB05 100% 99.67 0 CP046724.1  
Pantoea agglomerans CFSAN047153 100% 99.67 0 CP034471.1  
Pantoea agglomerans CFSAN047154  100% 99.67 0 CP034476.1   
Pectobacterium sp. F1-1 99% 86.57 0 CP104733.1   
Pectobacterium parvum FN20211 99% 86.8 0 CP087392.1   
Pectobacterium parvum YT22221 99% 86.8 0 CP102749.1   
Xenorhabdus 
nematophila YL001 72% 65.74 5.00E-157 CP032329.1 
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Xenorhabdus 
nematophila SII 72% 65.74 5.00E-157 CP060401.1 

  Xenorhabdus sp. SF857 73% 66.94 0 CP119194.1  
wgs Pantoea agglomerans ICMP 1087  100% 99.8 0 SGQI01000008.1   

Pantoea agglomerans BAV 2934 100% 99.67 0 WHOZ01000004.1   
Pantoea agglomerans 190 100% 99.67 0 JNGC01000004.1   
Pantoea agglomerans Pa39-21 100% 99.67 0 JACSWX010000022.1   
Pantoea agglomerans Pa39-23  100% 99.67 0 JACSWW010000013.1   
Pantoea agglomerans Pa39-7  100% 99.64 0 JACSWZ010000008.1 

  Xenorhabdus bovienii MC_239_E_2016 79% 64.92 0 JAILSS010000038.1 
  Xenorhabdus bovienii MC_59  79% 64.91 0 JAILTL010000078.1 
  Xenorhabdus bovienii MC_67 79% 64.91 0 JAILTJ010000078.1 
  Xenorhabdus bovienii MC_266_E_2016 79% 64.91 0 JAILSO010000071.1 

  Xenorhabdus 
nematophila 

SII-2019 72% 65.74 2.00E-160 WUUN01000064.1 

  Xenorhabdus 
nematophila 

SC 0516 72% 65.74 2.00E-160 JACDOS010000001.1 

  Xenorhabdus 
nematophila 

Websteri 72% 65.74 2.00E-160 CCWW01000105.1 

  Xenorhabdus 
nematophila C2-3 72% 65.75 6.00E-160 JRJV01000041.1 

  Pectobacterium parvum IFB5220 99% 86.82 0 PHSZ01000040.1 
  Pectobacterium polaris s0421 99% 86.82 0 OANP03000017.1 
  Pectobacterium polaris s0416 99% 86.82 0 OANO03000035.1 
  Pectobacterium parvum NCPPB 3395 99% 86.82 0 JQHN01000043.1 
  Pectobacterium polaris WBC11  99% 86.8 0 WUBF01000044.1 
  Pectobacterium polaris WBC9  99% 86.8 0 WUBE01000044.1 
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Pectobacterium 
carotovorum subsp. 
carotovorum 

MAFF 301879 81% 86.76 0 BRCW01000048.1 

  collection N/A           

Dapdiamide nr Pantoea agglomerans CU0119 100% 100 0 HQ130277.1   
Pantoea agglomerans 48b/90 100% 99.64 0 JQ901494.1   
Pantoea agglomerans C410P1 99% 98.08 0 CP016891.1   
Pantoea agglomerans DAPP-PG734 99% 96.38 0 OW970319.1   
Pantoea vagans C9-1 100% 95.6 0 CP001894.1   
Serratia inhibens PRI-2C  99% 81.24 0 CP015613.1  

wgs Pantoea agglomerans 4 100% 99.98 0 JPOT02000004.1   
Pantoea agglomerans 540Y 100% 99.25 0 JAIWZA010000006.1   
Pantoea agglomerans Sl1_M5 99% 98.18 0 ADWZ01000022.1 

  collection N/A           

Herbicolin A/B 
nr Pantoea agglomerans ZJU23 100% 100 0 CP068441.1 

 Pantoea sp. CCBC3-3-1 99% 77.3 0 CP034363.1   
Candidatus Fukatsuia 
symbiotica 

5D 82% 66.13 0 CP021660.1 

 wgs Pantoea agglomerans 9Rz4 100% 99.03 0 JANHBZ010000004.1 
  collection N/A           

Pantocin A nr Pantoea agglomerans Eh318 100% 100 0 U81376.2   
Pantoea agglomerans 3581r 99% 96.8 0 MT711881.1   
Pantoea vagans C9-1 100% 96.69 0 CP002206.1   
Dickeya chrysanthemi Ech1591 98% 83.2 0 CP001655.1   
Edwardsiella hoshinae FDAARGOS_940 99% 74.64 0 CP065626.1 

  Dickeya chrysanthemi BRR1 98% 83.28 0 CP128510.1 
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  Pectobacteriaceae 
bacterium C52 95% 71.64 0 CP128861.1 

  Pectobacteriaceae 
bacterium C80 95% 71.6 0 CP129116.1 

  Pectobacteriaceae 
bacterium CE70 95% 71.6 0 CP128863.1 

  Pectobacteriaceae 
bacterium 

CE90 95% 71.35 0 CP129114.1 
 

wgs [Curtobacterium] 
plantarum 

LMG 16222 100% 99.63 0 RHDS01000006.1 
  

Pantoea agglomerans P10c 100% 99.37 0 LIME01000008.1   
Pantoea agglomerans Pa31-3  100% 98.66 0 JACSXF010000021.1   
Pantoea brenneri LMG 5343  99% 98.91 0 MIEI01000127.1   
Pantoea agglomerans BD 1274 100% 98.51 0 QQXI01000204.1   
Pantoea agglomerans 20TX0122  100% 98.51 0 JAKZMS010000007.1   
Pantoea agglomerans Pa39-3  99% 98.65 0 JACSXB010000007.1   
Pantoea agglomerans 540Y 99% 98.58 0 JAIWZA010000001.1   
Pantoea ananatis PNA 14-1  99% 98.16 0 QEKS01000026.1   
Pantoea ananatis 14-2 99% 98.16 0 JALKIX010000003.1   
Pantoea ananatis PNA_14_2  99% 98.16 0 JABEAH010000005.1   
Pantoea agglomerans Pa39-1  98% 98.37 0 JACSXC010000034.1   
Pantoea agglomerans Tx10 98% 98.37 0 ASJI01000014.1   
Pantoea agglomerans 553Y 100% 96.33 0 JAIWYZ010000001.1   
Pantoea stewartii NRRL B-133  99% 95.67 0 JACETZ010000004.1   
Pantoea sp. ICBG 985 99% 95.7 0 POWM01000010.1   
Pantoea sp. Ap-870 99% 95.43 0 VWXG01000003.1   
Pantoea sp. Taur 100% 95.17 0 SZZZ01000007.1   
Pantoea ananatis MMB-1 100% 90.97 0 JAABOW010000010.1 
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Pantoea ananatis 99-27 99% 90.82 0 JALKLD010000004.1   
Pantoea ananatis 98-3 99% 90.82 0 JALKKW010000004.1   
Pantoea ananatis 01-1 99% 90.82 0 JALKJG010000015.1   
Pantoea ananatis 1-10 99% 90.82 0 JALKIS010000002.1   
Pantoea ananatis PNA_98_3  99% 90.82 0 JABEBI010000002.1   
Pantoea ananatis PANS_99_27 99% 90.82 0 JABDZJ010000002.1   
Pantoea ananatis PANS_1_9  99% 90.82 0 JABDYV010000001.1   
Pantoea ananatis PANS_1_10  99% 90.82 0 JABDYQ010000002.1   
Pantoea ananatis PNA 15-1  99% 90.79 0 NMZZ01000005.1   
Pantoea ananatis PNA 99-7 99% 90.79 0 NMZW01000001.1   
Pantoea stewartii ST25  99% 90.79 0 JAOSLH010000009.1   
Pantoea ananatis 99-5 99% 90.79 0 JALKLI010000005.1   
Pantoea ananatis 15-1 99% 90.79 0 JALKKP010000001.1   
Pantoea ananatis PNA_15_1  99% 90.79 0 JABEAI010000001.1   
Pantoea ananatis PANS_99_5  99% 90.79 0 JABDZQ010000001.1   
Pantoea ananatis 18-8S  99% 90.71 0 JALKLA010000035.1   
Pantoea ananatis 18-9S  99% 90.71 0 JALKJV010000035.1   
Pantoea ananatis 18-6S  99% 90.71 0 JALKJA010000037.1   
Pantoea ananatis 18-10S  99% 90.71 0 JALKIZ010000036.1   
Pantoea ananatis PNA_18_9S  99% 90.71 0 JABEAU010000003.1   
Pantoea ananatis PNA_18_8S 99% 90.71 0 JABEAT010000005.1   
Pantoea ananatis PNA_18_6S 99% 90.71 0 JABEAR010000027.1   
Pantoea ananatis PNA_18_10S  99% 90.71 0 JABEAM010000005.1   
Pantoea stewartii S301  99% 90.12 0 LIIU01000016.1   
Pantoea ananatis PA4  99% 91.19 0 JMJK01000013.1 

  Edwardsiella hoshinae NCTC12121 99% 74.64 0 UFXZ01000001.1 
  Edwardsiella hoshinae NBRC 105699  99% 74.64 0 BAUC01000015.1 
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  Dickeya chrysanthemi L11 98% 83.23 0 JSYH01000048.1 
  Dickeya chrysanthemi NCPPB 3533 98% 83.2 0 AOOJ01000042.1 
  Dickeya chrysanthemi NCPPB 516 98% 83.2 0 AOOC01000018.1 

  collection N/A           

Pantocin B nr N/A      
 wgs Pantoea agglomerans Eh318 100% 100 0 AXOF01000035.1 
  Pantoea ananatis 92-7 99% 98.37 0 JALKKA010000008.1 
  Pantoea ananatis PNA_92_7 99% 98.37 0 JABEBB010000006.1 

  collection N/A           

PNP-1 nr Pectobacteriaceae 
bacterium 

CE90 99% 83.07 0 CP129114.1 

 wgs Pantoea ananatis BRT175 100% 100 0 ASJH01000002.1   
Pantoea ananatis PANS 99-36  100% 99.88 0 NMZT01000006.1   
Pantoea ananatis 99-36  100% 99.88 0 JALKLH010000005.1   
Pantoea ananatis 99-25  100% 99.88 0 JALKLC010000003.1   
Pantoea ananatis PANS_99_36  100% 99.88 0 JABDZO010000006.1   
Pantoea ananatis PANS_99_25  100% 99.88 0 JABDZH010000003.1   
Pantoea stewartii subsp. 
indologenes 

NCPPB 1562  100% 97.17 0 JADWWO010000020.1 
  

Pantoea stewartii subsp. 
indologenes NCPPB 2282  100% 97.17 0 JADWWN010000019.1 

  collection N/A           

PNP-2 nr Pantoea agglomerans TX10 100% 100 0 MN329808.1   
Pantoea agglomerans PSV1-7 100% 99.81 0 CP091190.1   
Pantoea agglomerans CFSAN047153 100% 99.36 0 CP034470.1   
Pantoea agglomerans CFSAN047154  100% 99.36 0 CP034475.1   
Serratia marcescens M158-1-1 92% 71.36 0 CP060440.1 
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Serratia marcescens 332 91% 71.52 0 CP021164.1   
Enterobacter 
chengduensis 

WCHECl-C4 80% 69.32 0 CP043318.1 
  

Pectobacterium sp. F1-1 80% 67.27 0 CP104733.1   
Pectobacterium 
carotovorum 

25.1 76% 67.8 0 CP088019.1 
  

Pectobacterium 
colocasium 

LJ1 80% 67.18 0 CP084032.1 
  

Proteus penneri S178-2  73% 66.94 0 CP059690.1   
Proteus penneri FDAARGOS_874 73% 66.91 0 CP065722.1   
Providencia huaxiensis WCHPr000369  72% 66.53 0 CP031123.2   
Providencia rettgeri PROV087  72% 66.49 0 CP059347.1   
Providencia rettgeri Pre20-95  66% 66.36 0 CP096258.1   
Providencia rettgeri Res13-Sevr-LER2-35 69% 66.47 0 CP062821.1 

  Serratia marcescens KC049 93% 71.46 0 AP028534.1 
  Serratia marcescens QC13 92% 71.43 0 AP028571.1 
  Serratia marcescens KC034 91% 71.59 0 AP028531.1 
  Serratia marcescens KC058 93% 71.34 0 AP028539.1 
  Serratia marcescens QC21 92% 71.54 0 AP028580.1  

wgs Pantoea pleuroti JZB 2120015 100% 99.9 0 SBFD01000004.1   
[Curtobacterium] 
plantarum 

RIT-As-4 2 100% 99.86 0 JAPJDK010000002.1 
  

Pantoea agglomerans CFBP13569  100% 99.86 0 JACYNG010000005.1   
Pantoea agglomerans 4 100% 99.84 0 JPOT02000002.1   
Pantoea agglomerans A2 100% 99.83 0 WSSP01000019.1   
Pantoea agglomerans C1 100% 99.81 0 SMLN01000002.1   
Pantoea agglomerans Pa21-13 100% 99.81 0 JACSXI010000003.1   
Pantoea agglomerans Pa17-5  100% 99.74 0 JACSXM010000002.1 
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Pantoea sp. PMG_056  100% 99.65 0 SECZ01000008.1   
Pantoea agglomerans GB1 100% 99.65 0 JYGW01000013.1   
Pantoea agglomerans 62e  100% 99.31 0 JACGXI010000002.1   
Pantoea agglomerans 62d  100% 99.31 0 JACGXH010000003.1   
Pantoea agglomerans 3 100% 99.2 0 LVHW01000002.1   
Pantoea vagans PaVv1 100% 99.2 0 CEFP01000003.1   
Pantoea agglomerans IG1  100% 99.2 0 BAEF01000002.1   
Pantoea agglomerans MM2021_7 100% 99.19 0 JAFMNV010000002.1   
Pantoea sp. S62  96% 73.14 0 JACVVI010000001.1   
Pantoea vagans Mg1 96% 73.12 0 JAPJYL010000036.1   
Pantoea vagans UBA6298 93% 73.36 0 DJTW01000018.1   
Pantoea agglomerans  VRA_MhP_f 76% 71.36 0 WKLC01000013.1   
Pantoea agglomerans T6  93% 70.79 0 WSSZ01000009.1   
Pantoea agglomerans Sl1_M5  93% 70.77 0 ADWZ01000022.1 

  Serratia marcescens SER00079 97% 70.45 0 JADTQD010000032.1 
  Serratia marcescens SER00249 97% 70.41 0 JAEHSS010000001.1 
  Serratia marcescens 1145_SMAR 93% 71.46 0 JWBL01000131.1 
  Serratia marcescens QC05 93% 71.46 0 BQCT01000021.1 
  Serratia marcescens BM19 78% 71.69 0 JAIWVP010000037.1 
  Serratia marcescens SER00283 92% 71.41 0 JAFIZV010000023.1 
  Serratia marcescens 14BL05 92% 71.26 0 BPXK01000009.1 
  Serratia marcescens AS012323 92% 71.54 0 VKXA01000004.1 
  Serratia marcescens SRM-1 92% 71.3 0 PXIB01000001.1 
  Serratia marcescens 907_SMAR 92% 71.54 0 JUOM01000128.1 
  Serratia marcescens SER00255 91% 71.54 0 JAEHSX010000013.1 
  Serratia marcescens B77-CPSm 91% 71.54 0 JAAAME010000003.1 
  Serratia marcescens M52-CPSm 91% 71.54 0 JAAAMB010000001.1 
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  Serratia marcescens PDL100 91% 71.52 0 RCDL01000433.1 
  Serratia marcescens MS14424 93% 71.17 0 DACTED010000012.1 
  Serratia marcescens TUM2341 (1) 43% 70.94 0 JAUEHN010000078.1 
  Serratia marcescens TUM2341 (2) 43% 70.94 0 BRPU01000078.1 
  Serratia marcescens KC030 43% 70.94 0 BQAX01000001.1 
  Pectobacterium polaris ZRIMU1022 78% 67.89 0 JAQRHQ010000001.1 

  Pectobacterium 
aquaticum A101-S19-F16 75% 67.88 0 QHJV02000012.1 

  Pectobacterium 
aquaticum A105-S21-F16 75% 67.88 0 QHJT02000008.1 

  Pectobacterium 
brasiliense CFBP8736 75% 67.88 0 JACDSF010000067.1 

  Pectobacterium versatile KC01 75% 67.63 0 JAINZP010000007.1 
  Pectobacterium versatile KC03 75% 67.27 0 JAINZR010000013.1 
  Pectobacterium polaris Ec-173 47% 66.92 0 SGPT01000035.1 
  Proteus penneri NCTC12737 73% 66.94 0 UGTQ01000009.1 
  Proteus penneri JX20 73% 66.94 0 JAEOXK010000010.1 
  Proteus penneri PR00195 73% 66.94 0 JAEKCB010000009.1 
  Proteus penneri 1001216B_150713_H11 73% 66.94 0 JADNNB010000033.1 
  Proteus sp. G2657 73% 66.94 0 JAABMI010000010.1 
  Proteus sp. G2658 73% 66.94 0 JAABMH010000024.1 
  Proteus sp. G2659 73% 66.94 0 JAABMG010000014.1 
  Proteus sp. G2661 73% 66.94 0 JAABME010000039.1 
  Proteus sp. G2662 73% 66.94 0 JAABMD010000032.1 
  Proteus sp. G2663 73% 66.94 0 JAABMC010000045.1 
  Proteus sp. G2664 73% 66.94 0 JAABMB010000021.1 
  Proteus sp. G2667 73% 66.94 0 JAABLY010000013.1 
  Proteus sp. G2670 73% 66.94 0 JAABLW010000018.1 
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  Proteus sp. G2671 73% 66.94 0 JAABLV010000003.1 
  Proteus sp. G2672 73% 66.94 0 JAABLU010000015.1 
  Proteus penneri ATCC 33519 73% 66.91 0 PHFJ01000006.1 
  Proteus sp. G2660 73% 66.91 0 JAABMF010000003.1 
  Proteus sp. G2665 73% 66.91 0 JAABMA010000029.1 
  Proteus sp. G2673 73% 66.91 0 JAABLT010000018.1 
  Proteus penneri MGYG-HGUT-02488 73% 66.92 0 CABMMT010000003.1 
  Proteus penneri ATCC 35198 73% 66.92 0 ABVP01000025.1 
  Proteus penneri S333-3 73% 66.87 0 JAMXYA010000009.1 
  Proteus sp. G2666 73% 66.87 0 JAABLZ010000001.1 
  Proteus sp. TJ1640 73% 66.81 0 PENY01000018.1 
  Proteus penneri WFppe127  73% 65.64 7.00E-167 JAPHVR010000010.1 
  Providencia sp. PROV017 68% 66.49 0 JANBBC010000008.1 
  Providencia sp. PROV025 68% 66.49 0 JAMPTC010000023.1 
  Providencia sp. PROV087 72% 66.49 0 JAMPRM010000010.1 
  Providencia sp. PROV123 72% 66.49 0 JAMPQH010000010.1 
  Providencia rettgeri ZDHY182 68% 66.49 0 JAFVLM010000004.1 
  Providencia sp. M-27 72% 66.49 0 JAALBT010000005.1 
  Providencia sp. PROV032 68% 66.4 0 JAMPSX010000021.1 
  Providencia rettgeri AHM9C234BI 62% 66.36 0 JANGWI010000020.1 
  Providencia rettgeri 2021GN-00003 62% 66.32 0 ABANRQ020000008.1 
  Providencia rettgeri 2022EP-00143 62% 66.29 0 ABKGCK020000010.1 
  Providencia stuartii undefined 2 62% 66.19 0 ABDUAW020000008.1 
  Providencia rettgeri Res13-Sevr-LER2-36 69% 66.47 0 JADACH010000164.1 
  Providencia rettgeri Res13-Sevr-LER2-33 69% 66.47 0 JADACG010000043.1 
  Providencia rettgeri Res13-Sevr-LER2-34 69% 66.47 0 JADACF010000022.1 
  Enterobacter asburiae TZW07 80% 70.17 0 JAENNA010000008.1 
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  Enterobacter asburiae TZW10 80% 70.17 0 JAENMX010000008.1 
  Enterobacter asburiae TZW02 80% 70.1 0 JAENNF010000019.1 
  Enterobacter asburiae TZW06 80% 70.07 0 JAENNB010000028.1 
  Enterobacter asburiae TZW08 80% 70.07 0 JAENMZ010000020.1 
  Enterobacter asburiae TZW01 80% 70.07 0 JAEEAT010000021.1 
  Enterobacter cloacae ECC445 80% 69.34 0 JAKLRZ010000007.1 

  Enterobacter 
chengduensis C2-143-1 80% 69.32 0 SWHP01000001.1 

  Enterobacter 
chengduensis WCHECh090071 80% 69.32 0 RWHT01000001.1 

  Enterobacter kobei EkBL-II-14(1) 80% 69.32 0 NEWG01000136.1 

  Enterobacter 
chengduensis CIDEIMsCOL9 80% 69.32 0 JZKT01000013.1 

  Enterobacter cloacae BWH 43 80% 69.32 0 JMUR01000003.1 

  Enterobacter 
chengduensis 

CAL4_1 80% 69.32 0 JASDEE010000001.1 

  Enterobacter 
chengduensis C210031 80% 69.32 0 JAMGOE010000037.1 

  Enterobacter 
chengduensis C210198 80% 69.32 0 JAMGLI010000001.1 

  Enterobacter 
chengduensis 

C210236 80% 69.32 0 JAMGJY010000001.1 

  Enterobacter 
chengduensis 

HD5030 80% 69.32 0 JAMFWT010000002.1 

  Enterobacter 
chengduensis 

HD7411 80% 69.32 0 JAMFVX010000003.1 

  Enterobacter 
chengduensis HD7423 80% 69.32 0 JAMFVV010000002.1 

  Enterobacter 
chengduensis HD7427 80% 69.32 0 JAMFVU010000002.1 
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  Enterobacter 
chengduensis CCBH27266  80% 69.32 0 JALLDI010000001.1 

  Enterobacter 
chengduensis AR1284 80% 69.32 0 JAKMNK010000002.1 

  Enterobacter 
chengduensis 141186 80% 69.32 0 JAKMKM010000033.1 

  Enterobacter 
chengduensis 

120076 80% 69.32 0 JAHETZ010000015.1 

  Enterobacter 
chengduensis 

120062 80% 69.32 0 JAHETQ010000017.1 

  Enterobacter 
chengduensis IR5473 80% 69.32 0 JADKYK010000001.1 

  Enterobacter 
chengduensis JBBDAAF-19-0140 80% 69.32 0 DAOZVH010000013.1 

  Enterobacter 
chengduensis JBEHAAB-19-0213 80% 69.32 0 DAOZCO010000003.1 

  Enterobacter 
chengduensis 

JBEHABI-19-0050 80% 69.32 0 DAOWRH010000001.1 

  Enterobacter 
chengduensis 

undefined 5 80% 69.32 0 DALQKU010000001.1 

  Enterobacter 
chengduensis ST-414 80% 69.32 0 DAIHWO010000009.1 

  Enterobacter 
chengduensis M1232 80% 69.32 0 DAHUVW010000026.1 

  Enterobacter 
chengduensis M07468 80% 69.32 0 DAHJSI010000001.1 

  Enterobacter 
chengduensis 

M89665 80% 69.32 0 DAHIGL010000006.1 

  Enterobacter asburiae TUM17577 80% 69.32 0 BQHC01000001.1 

  Enterobacter 
bugandensis 

GN03842 80% 68.93 0 LRCL01000087.1 
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  Enterobacter 
bugandensis e1342 80% 68.93 0 FJYI01000004.1 

 
collection Pantoea agglomerans DC434 100% 99.84 0 

 
  

Pantoea agglomerans SP01220 100% 99.65 0 
 

  
Pantoea agglomerans SP05120 100% 99.36 0 

 

    Pantoea agglomerans SP05061 100% 99.22 0   

PNP-3 nr Pantoea agglomerans 3581 100% 100 0 MN807451.1   
Pantoea agglomerans SS03231 100% 98.95 0 MZ367613.1   
Pantoea agglomerans SN01080 100% 97.91 0 MN807450.1   
Pantoea vagans C9-1 100% 95.68 0 CP001894.1  

wgs Pantoea agglomerans Pa31-3  100% 99.4 0 JACSXF010000018.1   
Pantoea agglomerans VRA_MhP_f  100% 99.38 0 WKLC01000003.1   
Pantoea agglomerans Pa39-3  100% 99.38 0 JACSXB010000018.1   
Pantoea agglomerans Pa39-14  100% 99.28 0 JACSWY010000018.1   
Pantoea agglomerans 553Y  100% 99.31 0 JAIWYZ010000006.1   
Pantoea agglomerans 4 100% 98.83 0 JPOT02000004.1   
Pantoea sp. Ft-CA_14  100% 98.66 0 JALNPM010000001.1   
Pantoea sp. Ft+CA_17 100% 98.66 0 JALNPL010000001.1   
Pantoea agglomerans 540Y 100% 98.31 0 JAIWZA010000005.1   
Pantoea agglomerans Pa39-1  100% 95.39 0 JACSXC010000017.1   
Pantoea agglomerans Pa31-4  100% 95.37 0 JACSXE010000012.1   
Pantoea agglomerans Pa39-7  100% 95.37 0 JACSWZ010000010.1   
Pantoea agglomerans Pa39-21  100% 95.37 0 JACSWX010000006.1   
Pantoea agglomerans Pa39-23  100% 95.36 0 JACSWW010000011.1   
Pantoea sp. M_10  100% 91.85 0 VWUL01000006.1   
Pantoea sp. M_6  100% 91.85 0 VWUH01000008.1   
Pantoea sp. M_8  100% 91.76 0 VWUG01000012.1 
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  Pantoea agglomerans 9Rz4 100% 98.2 0 JANHBZ010000004.1 
  collection N/A           

PNP-4 nr Pantoea agglomerans B025670 100% 100 0 MT711882.1   
Pantoea agglomerans DAPP-PG734 100% 99.51 0 OW970315.1   
Pantoea deleyi LMG24200 100% 99.18 0 CP071405.1  

wgs Pantoea agglomerans CFBP13709  100% 99.6 0 JACYNR010000012.1   
Pantoea agglomerans CFBP8792 100% 99.6 0 JACYMS010000011.1   
Pantoea agglomerans CFBP13616  100% 99.54 0 JACYNT010000003.1   
Pantoea sp. EKM22T  100% 99.54 0 JAALFX010000004.1   
Pantoea sp. EKM21T 100% 99.54 0 JAALFV010000007.1 

  Pantoea agglomerans CFBP13566  87% 99.59 0 JACYNI010000031.1   
Pantoea ananatis 99-33 100% 85.55 0 JALKJN010000017.1   
Pantoea ananatis PANS_99_33 100% 85.55 0 JABDZN010000014.1   
Pantoea dispersa JGM112  99% 77.95 0 JAERJL010000061.1   
Pantoea dispersa JGM106  99% 77.95 0 JAERJK010000042.1 

  collection Pantoea dispersa M1657A 99% 77.95 0   

PNP-5 nr Serratia sp. JSRIV006 60% 64.92 3.00E-159 CP074137.1 
  Yersinia ruckeri NVI-10587 57% 64.42 1.00E-113 CP099809.1 
  Yersinia ruckeri NVI-4840 57% 64.42 1.00E-113 CP098703.1 
  Yersinia ruckeri SC09 57% 64.39 1.00E-112 CP025800.1 
  Yersinia ruckeri Barren Creek 57% 64.39 1.00E-112 CP133440.1 
  Yersinia ruckeri NVI-11065 59% 64.39 1.00E-112 CP098723.1 
  Yersinia ruckeri NVI-8270 59% 64.39 1.00E-112 CP098694.1 
  Yersinia ruckeri Big Creek 74 57% 64.39 1.00E-112 CP011078.1 
  Yersinia ruckeri CSF007-82 57% 64.39 1.00E-112 LN681231.1 
  Yersinia ruckeri 17Y0189 57% 64.39 1.00E-112 CP084639.1 
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  Yersinia ruckeri 17Y0163 59% 64.39 1.00E-112 CP084641.1 
  Yersinia ruckeri 17Y0159 57% 64.39 1.00E-112 CP084643.1 
  Yersinia ruckeri 17Y0155 57% 64.39 1.00E-112 CP084648.1 
  Yersinia ruckeri 17Y0153 57% 64.39 1.00E-112 CP084650.1 
  Yersinia ruckeri 16Y0180 57% 64.39 1.00E-112 CP084652.1 
  Yersinia ruckeri KMM821 57% 64.39 1.00E-112 CP071802.1 
  Yersinia ruckeri NVI-11050 57% 64.36 6.00E-111 CP099815.1 
  Yersinia ruckeri NVI-11076 57% 64.36 6.00E-111 CP099808.1 
  Yersinia ruckeri 17Y0161 59% 64.36 6.00E-111 CP084642.1 
  Yersinia ruckeri QMA0440 57% 64.33 8.00E-110 CP017236.1 
  Yersinia ruckeri NVI-11073 59% 64.33 8.00E-110 CP098722.1 
  Yersinia ruckeri 17Y0157 59% 64.33 8.00E-110 CP084647.1 
  Yersinia ruckeri NHV_3758 59% 64.29 3.00E-108 CP023184.1 
  Yersinia ruckeri NVI-492 59% 64.29 3.00E-108 CP099813.1 
  Yersinia ruckeri NVI-10705 59% 64.29 3.00E-108 CP099805.1 
  Yersinia ruckeri NVI-10571 59% 64.29 3.00E-108 CP098724.1 
  Yersinia ruckeri NVI-11267 59% 64.29 3.00E-108 CP098719.1 
  Yersinia ruckeri NVI-11294 59% 64.29 3.00E-108 CP098716.1 
  Yersinia ruckeri NVI-1176 59% 64.29 3.00E-108 CP098714.1 
  Yersinia ruckeri NVI-1292 59% 64.29 3.00E-108 CP098711.1 
  Yersinia ruckeri NVI-4479 59% 64.29 3.00E-108 CP098710.1 
  Yersinia ruckeri NVI-4570 59% 64.29 3.00E-108 CP098706.1 
  Yersinia ruckeri NVI-5089 57% 64.29 3.00E-108 CP098701.1 
  Yersinia ruckeri NVI-6614 59% 64.29 3.00E-108 CP098697.1 
  Yersinia ruckeri NVI-701 59% 64.29 3.00E-108 CP098695.1 
  Yersinia ruckeri NVI-8524 59% 64.29 3.00E-108 CP098691.1 
  Yersinia ruckeri 17Y0414 59% 64.29 3.00E-108 CP084635.1 
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  Yersinia ruckeri 17Y0412 59% 64.29 3.00E-108 CP084637.1 
  Yersinia ruckeri YRB 56% 64.22 5.00E-106 CP009539.1 
 wgs Pantoea sp. 1.19 31% 65.85 2.00E-56 MRBS01000001.1 
  Serratia fonticola undefined 3 66% 65.04 3.00E-167 CAMKUK010000004.1 
  Serratia sp. DD3 59% 65.1 3.00E-167 AYKS02000122.1 
  Serratia sp. Res13-Sevr-LER1-36-b 65% 65.08 3.00E-167 JADACK010000005.1 
  Serratia sp. Res13-Sevr-LER1-36-a 65% 65.08 3.00E-167 JADACJ010000084.1 
  Serratia sp. 14-2641 65% 65 2.00E-164 LXKR01000066.1 
  Serratia fonticola UPMP2124 60% 64.92 7.00E-163 JACNYR010000002.1 
  Serratia fonticola UPMP2116 60% 64.92 7.00E-163 JACBJC010000002.1 
  Serratia fonticola UPMP2127 60% 64.88 4.00E-160 JACNYO010000006.1 
  Serratia fonticola UPMP2128 60% 64.88 4.00E-160 JACBIW010000007.1 
  Serratia fonticola UPMP2129 60% 64.88 4.00E-160 JACBIV010000001.1 

  Photobacterium 
galatheae 

S2753 31% 67.43 5.00E-72 JMIB01000043.1 

  Photobacterium 
galatheae 

DSM 100496 31% 67.43 5.00E-72 JAGSGC010000018.1 

  Photobacterium 
salinisoli LAM9072 20% 66.08 2.00E-51 QZMS01000011.1 

  Photobacterium sp. WH24 25% 66.03 7.00E-45 JAGSOZ010000013.1 

  Photobacterium 
halotolerans 

P45_P2S44P127 18% 65.99 8.00E-44 WXWV01000336.1 

  Photobacterium sp. WH80 25% 65.75 1.00E-42 JAKLTF010000014.1 
  Photobacterium sp. WH77 25% 65.75 1.00E-42 JAKLTE010000014.1 

  Photobacterium 
halotolerans 

DSM 18316 30% 65.87 1.00E-42 AULG01000013.1 

  Photobacterium 
halotolerans 

P46_P4S1P180 18% 65.75 4.00E-41 WXWW01000156.1 

  Photobacterium sp. E2M18 25% 65.62 4.00E-41 JAUOQQ010000038.1 



  

158 

  Photobacterium 
halotolerans MELD1 18% 65.25 6.00E-39 JWYV01000015.1 

  Photobacterium 
arenosum CAU 1568 28% 64.34 6.00E-39 JACYTP010000020.1 

  Photobacterium 
halotolerans P44_P4S2P179 18% 65.5 2.00E-38 WXWU01000048.1 

  Yersinia ruckeri NVI-5983 57% 64.42 5.00E-117 JANATL010000002.1 
  Yersinia ruckeri NCTC12269 59% 64.42 5.00E-117 JAJIBT010000001.1 
  Yersinia ruckeri OTH-20-OH-WA-0013 59% 64.42 5.00E-117 ABKTET010000001.1 
  Yersinia ruckeri FMV-22 57% 64.39 6.00E-116 VDHI01000001.1 
  Yersinia ruckeri NCTC10476 57% 64.39 6.00E-116 UHJG01000001.1 
  Yersinia ruckeri NCTC12986 57% 64.39 6.00E-116 UHJF01000001.1 
  Yersinia ruckeri SCPM-O-B-8085 57% 64.39 6.00E-116 PEHK01000002.1 
  Yersinia ruckeri 150 57% 64.39 6.00E-116 MKFJ01000012.1 
  Yersinia ruckeri ATCC 29473 (1) 57% 64.39 6.00E-116 JPPT01000001.1 
  Yersinia ruckeri SCPM-O-B-8298 57% 64.39 6.00E-116 JAQISB010000019.1 
  Yersinia ruckeri 11-1 57% 64.39 6.00E-116 JANAUW010000002.1 
  Yersinia ruckeri 11-34 57% 64.39 6.00E-116 JANAUU010000013.1 
  Yersinia ruckeri 11-5 57% 64.39 6.00E-116 JANAUT010000026.1 
  Yersinia ruckeri 11-54 57% 64.39 6.00E-116 JANAUS010000011.1 
  Yersinia ruckeri 11-57 57% 64.39 6.00E-116 JANAUR010000020.1 
  Yersinia ruckeri 11-73 57% 64.39 6.00E-116 JANAUO010000020.1 
  Yersinia ruckeri 4025 57% 64.39 6.00E-116 JANAUM010000013.1 
  Yersinia ruckeri 84015 57% 64.39 6.00E-116 JANAUL010000010.1 
  Yersinia ruckeri 86020 57% 64.39 6.00E-116 JANAUK010000002.1 
  Yersinia ruckeri 93010 57% 64.39 6.00E-116 JANAUJ010000002.1 
  Yersinia ruckeri 99086 57% 64.39 6.00E-116 JANAUI010000008.1 
  Yersinia ruckeri NVI-10589 59% 64.39 6.00E-116 JANAUH010000010.1 
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  Yersinia ruckeri NVI-11401 59% 64.39 6.00E-116 JANAUF010000011.1 
  Yersinia ruckeri NVI-1365 59% 64.39 6.00E-116 JANAUD010000007.1 
  Yersinia ruckeri NVI-2275 59% 64.39 6.00E-116 JANATY010000025.1 
  Yersinia ruckeri NVI-2909 59% 64.39 6.00E-116 JANATW010000001.1 
  Yersinia ruckeri NVI-2966 59% 64.39 6.00E-116 JANATV010000017.1 
  Yersinia ruckeri NVI-2970 59% 64.39 6.00E-116 JANATU010000019.1 
  Yersinia ruckeri NVI-5635 59% 64.39 6.00E-116 JANATM010000001.1 
  Yersinia ruckeri NCTC12266 57% 64.39 6.00E-116 JAJIBR010000001.1 
  Yersinia ruckeri NVI-11000 57% 64.39 6.00E-116 JAJIBO010000002.1 
  Yersinia ruckeri RS41 41% 64.39 6.00E-116 CQBN01000003.1 
  Yersinia ruckeri RuckeriXTk35 57% 64.39 6.00E-116 CCYO01000024.1 
  Yersinia ruckeri ATCC 29473 (2) 57% 64.39 6.00E-116 ACCC01000028.1 

  Yersinia ruckeri 
OTH-19-VL-OH-WA-
0055 57% 64.39 6.00E-116 ABKTJC010000001.1 

  Yersinia ruckeri 
OTH-19-VL-OH-WA-
0062 59% 64.39 6.00E-116 ABKTJB010000032.1 

  Yersinia ruckeri 
OTH-19-VL-OH-WA-
0054 59% 64.39 6.00E-116 ABKTJA010000010.1 

  Yersinia ruckeri 11/4175-3k 57% 64.36 2.00E-114 MECC01000054.1 
  Yersinia ruckeri 11/4666-4k 57% 64.36 2.00E-114 MECB01000033.1 
  Yersinia ruckeri 12/3871-3K 57% 64.36 2.00E-114 MECA01000033.1 
  Yersinia ruckeri AHL2 59% 64.36 2.00E-114 MEBX01000044.1 
  Yersinia ruckeri AHL4 59% 64.36 2.00E-114 MEBV01000050.1 
  Yersinia ruckeri AHL5 57% 64.36 2.00E-114 MEBU01000055.1 
  Yersinia ruckeri AHL6 57% 64.36 2.00E-114 MEBT01000044.1 
  Yersinia ruckeri AHL7 57% 64.36 2.00E-114 MEBS01000020.1 
  Yersinia ruckeri Feb-00 57% 64.36 2.00E-114 MEAK01000046.1 
  Yersinia ruckeri 00/1445 57% 64.36 2.00E-114 MEAC01000055.1 
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  Yersinia ruckeri 89/3717-10 57% 64.36 2.00E-114 MDZN01000011.1 
  Yersinia ruckeri 2081 StPb PI 57% 64.36 2.00E-114 JAUEHV010000008.1 
  Yersinia ruckeri 11-31 59% 64.36 2.00E-114 JANAUV010000021.1 
  Yersinia ruckeri 11-66 41% 64.36 2.00E-114 JANAUP010000049.1 
  Yersinia ruckeri 11-50 62% 64.36 2.00E-114 JANAUN010000015.1 
  Yersinia ruckeri NVI-11046 57% 64.36 2.00E-114 JANAUG010000001.1 
  Yersinia ruckeri NVI-4098 57% 64.36 2.00E-114 JANATR010000001.1 
  Yersinia ruckeri NVI-4987 59% 64.36 2.00E-114 JANATN010000003.1 
  Yersinia ruckeri NVI-6390 57% 64.36 2.00E-114 JANATK010000001.1 
  Yersinia ruckeri NVI-7989 57% 64.36 2.00E-114 JANATJ010000001.1 
  Yersinia ruckeri NCTC12270 59% 64.36 2.00E-114 JAJIBU010000002.1 
  Yersinia ruckeri NCTC12268 59% 64.36 2.00E-114 JAJIBS010000001.1 
  Yersinia ruckeri OMBL4 59% 64.36 2.00E-114 CPUZ01000014.1 
  Yersinia ruckeri undefined 4 59% 64.36 2.00E-114 CAMTGJ010000032.1 
  Yersinia ruckeri IP27752 59% 64.36 2.00E-114 CABIHR010000025.1 

  Yersinia ruckeri 
OTH-19-VL-OH-WA-
0034 59% 64.36 2.00E-114 ABKTJD010000003.1 

  Yersinia ruckeri 
OTH-19-VL-OH-WA-
0039 57% 64.36 2.00E-114 ABKTIZ010000035.1 

  Yersinia ruckeri 
OTH-19-VL-OH-WA-
0037 59% 64.36 2.00E-114 ABKTIX010000035.1 

  Yersinia ruckeri OTH-20-OH-WA-0016 59% 64.36 2.00E-114 ABKTEY010000049.1 
  Yersinia ruckeri OTH-20-OH-WA-0036 59% 64.36 2.00E-114 ABKTEX010000001.1 
  Yersinia ruckeri OTH-20-OH-WA-0017 59% 64.36 2.00E-114 ABKTEW010000002.1 
  Yersinia ruckeri OTH-20-OH-WA-0052 59% 64.36 2.00E-114 ABKTEV010000001.1 

  Yersinia ruckeri 
AQ-22-VL-OH-WA-
0002 59% 64.36 2.00E-114 ABKSWW010000066.1 
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  Yersinia ruckeri 
AQ-22-VL-OH-WA-
0001 59% 64.36 2.00E-114 ABKSWU010000002.1 

  Yersinia ruckeri 05/0297-5eye 57% 64.33 3.00E-113 MECI01000079.1 
  Yersinia ruckeri 07/3342-1k 57% 64.33 3.00E-113 MECH01000001.1 
  Yersinia ruckeri 07/3642-5K-b 57% 64.33 3.00E-113 MECG01000001.1 
  Yersinia ruckeri 07/3828-6E 57% 64.33 3.00E-113 MECF01000077.1 
  Yersinia ruckeri 08/0188-3K 57% 64.33 3.00E-113 MECE01000004.1 
  Yersinia ruckeri 09/0217-5k 57% 64.33 3.00E-113 MECD01000087.1 
  Yersinia ruckeri 14/0125-1k 57% 64.33 3.00E-113 MEBZ01000079.1 
  Yersinia ruckeri AHL1 57% 64.33 3.00E-113 MEBY01000065.1 
  Yersinia ruckeri AHL3 57% 64.33 3.00E-113 MEBW01000064.1 
  Yersinia ruckeri 05/0285-1K 57% 64.33 3.00E-113 MEAP01000076.1 
  Yersinia ruckeri 04/2640-8k 57% 64.33 3.00E-113 MEAO01000076.1 
  Yersinia ruckeri 04/1779 57% 64.33 3.00E-113 MEAN01000083.1 
  Yersinia ruckeri 04/1749 57% 64.33 3.00E-113 MEAM01000077.1 
  Yersinia ruckeri Mar-05 57% 64.33 3.00E-113 MEAL01000013.1 
  Yersinia ruckeri Feb-68 57% 64.33 3.00E-113 MEAJ01000082.1 
  Yersinia ruckeri 02/0981-4br 57% 64.33 3.00E-113 MEAI01000085.1 
  Yersinia ruckeri 02/0972-2br 57% 64.33 3.00E-113 MEAH01000001.1 
  Yersinia ruckeri 01/0298 57% 64.33 3.00E-113 MEAG01000084.1 
  Yersinia ruckeri 01/0230-7 57% 64.33 3.00E-113 MEAF01000001.1 
  Yersinia ruckeri 00/2994 57% 64.33 3.00E-113 MEAE01000103.1 
  Yersinia ruckeri 00/1793-k2 57% 64.33 3.00E-113 MEAD01000002.1 
  Yersinia ruckeri 00/0652-K3 57% 64.33 3.00E-113 MEAB01000078.1 
  Yersinia ruckeri 97/0226-1 57% 64.33 3.00E-113 MEAA01000072.1 
  Yersinia ruckeri 97/1152-1 57% 64.33 3.00E-113 MDZZ01000079.1 
  Yersinia ruckeri 96/5134-k 57% 64.33 3.00E-113 MDZY01000078.1 
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  Yersinia ruckeri 95/6654-1 57% 64.33 3.00E-113 MDZX01000076.1 
  Yersinia ruckeri 95/4881-1 57% 64.33 3.00E-113 MDZW01000079.1 
  Yersinia ruckeri 93/5839-1 57% 64.33 3.00E-113 MDZV01000050.1 
  Yersinia ruckeri 93/1038-1 57% 64.33 3.00E-113 MDZU01000103.1 
  Yersinia ruckeri 92/5354-1 57% 64.33 3.00E-113 MDZT01000076.1 
  Yersinia ruckeri 91/4316 57% 64.33 3.00E-113 MDZS01000039.1 
  Yersinia ruckeri 91/4311 A1 57% 64.33 3.00E-113 MDZR01000080.1 
  Yersinia ruckeri 90/4316 57% 64.33 3.00E-113 MDZQ01000082.1 
  Yersinia ruckeri 90/0961-C9 57% 64.33 3.00E-113 MDZP01000085.1 
  Yersinia ruckeri 89/4243 57% 64.33 3.00E-113 MDZO01000086.1 
  Yersinia ruckeri 88/4281-4 57% 64.33 3.00E-113 MDZM01000083.1 
  Yersinia ruckeri 88/3873 57% 64.33 3.00E-113 MDZL01000085.1 
  Yersinia ruckeri 88/3837 57% 64.33 3.00E-113 MDZK01000081.1 
  Yersinia ruckeri 87/3421-SP 57% 64.33 3.00E-113 MDZJ01000001.1 
  Yersinia ruckeri 37551 57% 64.33 3.00E-113 JPFO01000016.1 
  Yersinia ruckeri NVI-1389 59% 64.33 3.00E-113 JANAUC010000003.1 
  Yersinia ruckeri NVI-1660 59% 64.33 3.00E-113 JANAUB010000005.1 
  Yersinia ruckeri NVI-2205 59% 64.33 3.00E-113 JANAUA010000018.1 
  Yersinia ruckeri NVI-2274 59% 64.33 3.00E-113 JANATZ010000029.1 
  Yersinia ruckeri NVI-2775 59% 64.33 3.00E-113 JANATX010000014.1 
  Yersinia ruckeri NVI-3779 59% 64.33 3.00E-113 JANATS010000001.1 
  Yersinia ruckeri NVI-4507 59% 64.33 3.00E-113 JANATP010000003.1 
  Yersinia ruckeri NVI-495 59% 64.33 3.00E-113 JANATO010000010.1 
  Yersinia ruckeri NVI-8331 59% 64.33 3.00E-113 JANATI010000007.1 
  Yersinia ruckeri NVI-1347 59% 64.33 3.00E-113 JAJIBG010000003.1 
  Yersinia ruckeri IP27754 59% 64.33 3.00E-113 CABIHT010000069.1 
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  Yersinia ruckeri 
OTH-19-VL-OH-WA-
0038 59% 64.33 3.00E-113 ABKTIY010000001.1 

  Yersinia ruckeri 11-65 57% 64.29 1.00E-111 JANAUQ010000062.1 
  Yersinia ruckeri NVI-1290 59% 64.29 1.00E-111 JANAUE010000001.1 
  Yersinia ruckeri NVI-4493 59% 64.29 1.00E-111 JANATQ010000001.1 
  Yersinia ruckeri NVI-344 59% 64.29 1.00E-111 JAJIBV010000001.1 
  Yersinia ruckeri NVI-10990 59% 64.29 1.00E-111 JAJIBN010000001.1 
  Yersinia ruckeri NVI-10974 59% 64.29 1.00E-111 JAJIBM010000001.1 
  Yersinia ruckeri NVI-9967 59% 64.29 1.00E-111 JAJIBK010000001.1 
  Yersinia ruckeri NVI-3629 59% 64.29 1.00E-111 JAJIBH010000002.1 
  Yersinia ruckeri NVI-494 59% 64.29 1.00E-111 JAJIBF010000002.1 
  Yersinia ruckeri NVI-3736 56% 64.22 2.00E-109 JANATT010000008.1 

  collection Pantoea agglomerans 20KB447973 100% 100 0  
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Supplementary Table B.5. Strains with open reading frames identical to those indicated 
in Figure 3.11.  
 

Reference Strain Species Strain 
Y. ruckeri 00/0652-K3 * Y. ruckeri 

Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 

00/1793-k2 
01/0230-7 
02/0972-2br 
00/2994 
00/1445 
01/0298 
04/1779 
02/0981-4br 
04/1749 
04/2640-8k 
05/0297-5eye 
07/3342-1k 
05/0285-1K 
07/3642-5K-b 
07/3828-6E 
11-5 
09/0217-5k 
08/0188-3K 
11-1 
11-34 
11-50 
11-54 
11-57 
11-73 
11/4175-3k 
11/4666-4k 
12/3871-3K 
14/0125-1k 
17Y0153 
17Y0155 
90/4316 
89/4243 
88/4281-4 
95/4881-1 
88/3837 
97/1152-1 
91/4316 
91/4311 A1 
150 
93/1038-1 
97/0226-1  
2081 StPb PI 
95/6654-1 
92/5354-1 
89/3717-10 
87/3421-SP 
90/0961-C9 
99086 
93/5839-1 
84015 
86020 
37551 
AHL5 
93010 
AHL6 
AHL4 
Feb-68 
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Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 

96/5134-k 
Feb-00 
4025 
Barren Creek 
88/3873 
Big Creek 74 
NCTC12266 
NVI-495 
NVI-344 
NCTC10476 
CSF007-82 
NCTC12269 
Mar-05 
KMM821 
NCTC12268 
NVI-1347 
NVI-1389 
NVI-1660 
NVI-2205 
NCTC12986 
NVI-2274 
NVI-2775 
NVI-3779 
NVI-4098 
NVI-4507 
NVI-6390 
NVI-7989 
NVI-8331 
NVI-11000 
NVI-11046 
NVI-492 
NVI-4479 
NVI-4840 
NVI-5089 
NVI-10587 
NVI-11050 
NVI-11073 
NVI-11076 
OTH-20-OH-WA-0052 
NVI-5983 
SC09 
OTH-19-VL-OH-WA-0037 
OTH-19-VL-OH-WA-0039 
OTH-20-OH-WA-0036 
SCPM-O-B-8298 
SCPM-O-B-8085 
OTH-19-VL-OH-WA-0038 
OTH-20-OH-WA-0013 
ATCC 29473 (1) 
ATCC 29473 (2) 
RuckeriXTk35 
OTH-20-OH-WA-0017 

Y. ruckeri AQ-22-VL-OH-WA-0001** Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 

NCTC12270 
AQ-22-VL-OH-WA-0002 
NVI-494 
17Y0163 
17Y0412 
17Y0414 
NVI-1290 
NVI-2275 
NVI-2909 
NVI-3629 
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Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
Y. ruckeri 
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Supplementary Figure B.1. Gene map and predicted protein products of the pantocin B 
cluster. 
 
 




