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ABSTRACT 

The rise of multi-drug resistant isolates of several pathogens, including Gram-negative 

members of the Enterobacteriaceae, requires the identification of new antimicrobials that 

can target them. Members of the genus Pantoea, a Gram-negative bacterial group, 

produce natural products with antimicrobial properties. A survey of a Pantoea collection 

against clinically relevant pathogens, including VRE, Enterobacter, Klebsiella, 

Citrobacter and Kosakonia, revealed 25 strains that produce at least one antibiotic against 

one or more of these pathogens. Of these strains, Pantoea agglomerans B025670 

produces at least one antibiotic (denoted PNP-4) that has activity against strains of 

Enterobacter and Kosakonia. The conventional genetic approach was used to identify the 

antibiotic-producing biosynthetic gene cluster. This involved transposon mutagenesis of 

wild type B025670 (B025670-WT) followed by genetic screens on the mutants to 

identify candidates that no longer produced the antibiotic. The antibiotic production in 

B025670-WT was disrupted by mutations in several amino acid biosynthetic pathways, 

including mutations in histidine, leucine, arginine, isoleucine, cysteine and tryptophan 

operons. However, this was reversed upon supplementation with the corresponding 

amino acids in the growth medium. Furthermore, none of the candidate mutants appeared 

to have disruptions in the cluster responsible for PNP-4 production. Comparative 

genomics was then used to identify the mystery cluster. A comparison of B025670-WT 

draft genome with closely related non-producers of the antibiotic revealed two clusters 

that are unique to B025670-WT. Mutations in one of these clusters, potentially involved 

in fatty acid biosynthesis, results in a disruption of antibiotic production. Furthermore, 

the distribution of this cluster across Pantoea strains is limited. 
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INTRODUCTION 

1.1 Antimicrobial resistance in human pathogens  

The increase in the antimicrobial resistance (AMR) poses a serious threat to human 

health. The ESKAPE (Enterococcus, Staphylococcus, Klebsiella, Acinetobacter, 

Pseudomonas and Enterobacter) group has emerged as a class of bacterial pathogens that 

contribute to multi-drug resistant nosocomial infections1,2. These opportunistic pathogens 

inhabit hospital settings and cause infections in both immuno-compromised and healthy 

individuals3. The World Health Organization (WHO) has classified these pathogens as 

critical (including carbapenem-resistance Acinetobacter, Pseudomonas and 

Enterobacteriaceae) and high-risk (including vancomycin-resistant Enterococcus and 

methicillin-resistant Staphylococcus) based on the magnitude of risk their drug resistance 

poses to human health4,5.  

Researchers have identified the mechanism of resistance to major classes of available 

antibiotics. For instance, Gram-negative members of the Enterobacteriaceae, including 

Enterobacter and Klebsiella, exhibit AMR to beta-lactams, which constitute a broad class 

of antimicrobials6. These include penicillin derivatives, cephalosporins, monobactams 

and carbapenems, which are characterized by the presence of a beta-lactam ring in their 

structure. Penicillin and its derivatives are antibiotics used in first line of defense whereas 

carbapenems and cephalosporins are drugs of last resort used against multi-drug resistant 

pathogens. Beta-lactams have been used to treat bacterial infections ever since the 

discovery of penicillin in 19287. However, the rise of carbapenemases8,9 and extended 

spectrum beta-lactamases (ESBLs)10,11, a group of complex and rapidly evolving 

enzymes that have the ability to hydrolyze beta-lactam antibiotics, including 
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carbapenems, penicillin and cephalosporins, has been a major concern for public health. 

Several Gram-negative pathogens including members of the Enterobacteriaceae, such as 

Enterobacter, Klebsiella and E. coli, that possess either the ESBL or carbapenemase gene 

exhibit resistance to beta-lactam antibiotics6,9. Furthermore, these pathogens exhibit co-

resistance to other classes of antibiotics as well. ESBL producing pathogens can cause a 

wide spectrum of infections, ranging from minor urinary tract infections12 to life-

threatening sepsis13. Additionally, the genes conferring resistance on these pathogens are 

present on extracellular plasmids, which can be acquired by other pathogens. Therefore, 

AMR isolates of numerous other pathogens, including fluoroquinolone-resistant 

Salmonellae, Campylobacter sp.14 and cephalosporin-resistant Neisseria gonorrhoeae15, 

have been identified in recent years.  

The fatalities associated with drug-resistant infections demonstrate why AMR is a 

significant and imminent threat to public health. The Centre for Disease Control and 

Prevention (CDC) reported approximately 2 million individuals who were infected by 

AMR pathogens in the United States in 201716. Of these, approximately 23,000 patients 

died16,17, resulting in a mortality rate of 1.15%. This means that nearly 1 in 100 patients 

died as a direct consequence of the infection. Furthermore, the fatalities associated with 

AMR infections are significant in other parts of the world. An estimated 8,000 Canadians 

die as a direct result of nosocomial infections each year18 and nearly 25,000 patients 

succumb to infections caused by AMR pathogens every year in the European Union19. 

AMR pathogens result in higher mortality:  nearly 65% more patients die due to an 

MRSA infection when compared to the patients infected by a non-resistant strain20. 

Multi-drug resistant tuberculosis (MDR-TB) and rifampicin-resistant tuberculosis (RR-
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TB) infections have also resulted in numerous deaths, both in developing and developed 

countries. An estimated 250,000 individuals died from a total of 580,000 worldwide 

infections caused by both MDR-TB and RR-TB (2015)21.   

Overuse and misuse of antibiotics appear to be contributing factors leading to an increase 

in the numbers of AMR bacterial pathogens22,23. Researchers have found that pathogens 

exposed to a certain antibiotic can develop tolerance or resistance to other antibiotics 

with a similar mode of action24. Additionally, pathogens evolve and develop other 

mechanisms, including chromosomal mutations and changes in the cell wall permeability, 

to acquire resistance to the antibiotics25. The Public Health Agency of Canada reported an 

estimated 23 million antibiotic prescriptions that were given out in 201626. Additionally, 

a CDC (2017) report estimated that approximately 47 million yearly antibiotic 

prescriptions given out in the United States are unnecessary27. When the available 

antibiotics are being overused in quantities of millions, the scale of AMR intensifies. 

European Commission reported a yearly expenditure of 1.5 billion Euros in healthcare 

costs pertaining to AMR infections (2015)19. The high mortality rates and enormous 

monetary value associated with the treatment of infections caused by AMR bacterial 

pathogens makes the development of new antibiotics essential; however, drug 

development has been relatively slow. The 2014 report from the WHO stated that no 

novel class of antibiotics has been developed in the last three decades, while numerous 

AMR superbugs have been identified in the same time28. Therefore, additional efforts 

must be made to increase the discovery of new antimicrobials.   
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1.2 Pantoea: a promising source for novel antibiotics  

The genus Pantoea are a Gram-negative bacterial group in the Erwiniaceae family. Its 

members include both plant epiphytes and plant pathogens29,30 that cause a wide variety 

of plant infections31,32. Additionally, they can be opportunistic human pathogens, causing 

a range of infections in infants and immuno-compromised individuals33,34. Several 

Pantoea species exhibit distinctive metabolic properties such as antimicrobial 

biosynthesis, including herbicolins, pantocins, andrimid, agglomerins, microcins, and 

phenazines35. These antimicrobials exhibit inhibitory effects on both plant and human 

pathogens. For instance, herbicolin A and B, produced by Pantoea agglomerans A111, 

are lipopeptide antibiotics with inhibitory effects on sterol-containing fungi36. Pantoea 

vagans C9-1 produces herbicolin I among other antibiotics, with antimicrobial properties 

against Erwinia amylovora, a plant pathogen responsible for fire blight disease in apples 

and pears. Additionally, strain C9-1 produces pantocin A (formerly herbicolin O)37,38 

which is effective against members of the Erwiniaceae, including E. amylovora39. P. 

vagans C9-1 has been commercialized as a biocontrol agent (referred to as BlightBan C9-

1® in Canada and United States) for managing fire blight. P. agglomerans E325 and 

P10c are also used as biocontrol agents registered as Bloomtime FD® (Canada and 

United Sates) and BlossomBless® (New Zealand) respectively, due to their activity 

against E. amylovora40. P. agglomerans Eh318 produces pantocin A and B, which have 

inhibitory effects against closely related Pantoea, Enterobacter, Erwinia and Serratia 

species41. Both of these compounds exhibit a different mechanism of action, with 

pantocin A disrupting the histidine biosynthetic pathway and pantocin B disrupting the 

arginine biosynthetic pathway in the target organism. Andrimids constitute a novel class 
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of antibiotic produced by P. agglomerans strains with activity against both Gram-positive 

and Gram-negative pathogens, including MRSA, VRE and Klebsiella. Additionally, they 

demonstrate anti-proliferative properties against mammalian tumor cells to a limited 

extent. Andrimids have been identified in other terrestrial Enterobacter, Vibrio and 

Pseudomonas fluorescens strains and they interfere with the first step of fatty acid 

biosynthesis by disrupting beta subunit of acetyl-CoA carboxylase in the target 

organism42. Agglomerins A, B, C and D are acidic antibiotics with weak inhibitory 

effects against aerobic Gram-positive bacteria, including Streptococcus pneumoniae and 

S. pyogenes, and mild activity against a wide spectrum of anaerobic bacteria, including 

Clostridium perfringens, C. difficile and Propionibacterium acnes43 . Microcins are small 

bacteriocins composed of a small chain of amino acids. P. agglomerans Eh252 produces 

a microcin MccEh252, which inhibits the growth of E. amylovora44. A phenazine isolated 

from P. agglomerans R190 demonstrated inhibitory activity against bacteria that cause 

food spoilage, including Burkholderia andropogonis, Clavibacter michiganensis, 

Pectobacterium carotovorum subsp. carotovorum, Chryseobacterium balustinum, 

Dickeya zeae and Pseudomonas putida, along with food borne pathogens, E. coli 

O157:H7 and Salmonella enterica. Furthermore, R190 treatment controlled the growth of 

K. pneumoniae and Yersinia enterocolitica45. P. agglomerans Eh1087 produces at least 

three phenazine compounds, including D-alanylgriseoluteic acid (AGA), phenazine-1,6-

dicarboxylic acid and griseoluteic acid. Of these, AGA has broad spectrum activity 

against both Gram-positive and negative bacteria, including Haemophilus influenzae, N. 

gonorrhoeae, S. pneumoniae, S. pyogenes and E. amylovora and several others46,47. 

Additionally, its application does not affect the growth of higher organisms, including 
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filamentous fungi and yeast, therefore making it a potential biocontrol agent against fire 

blight48. Likewise, P. agglomerans Pa48b produces 2‐amino‐3‐(oxirane‐2,3‐

dicarboxamido)‐propanoyl‐valine (APV), a broad spectrum peptide antibiotic with 

inhibitory effects against plant pathogens, including E. amylovora, Pseudomonas 

syringae pv. glycinea and Agrobacterium tumefaciens. It also affects the growth of the 

yeast Yarrowia lipolytica and Candida albicans, which is a human pathogen49.   

Most recently, Pantoea Natural Products (PNP)-1 and 2 produced by P. ananatis BRT175 

and P. agglomerans TX10, respectively, were discovered. The gene cluster responsible 

for the production of PNP-1 comprises nine genes. The antibiotic exhibits a narrow 

spectrum of activity against E. amylovora and other Pantoea, including strains from the 

P. ananatis, P. calida, P. anthophila, P. brenneri, P. stewartii and P. conspicua lineages. 

Amongst the other Pantoea strains tested, members of the P. agglomerans and P. 

eucalypti lineages appear to be resistant to the effects of the antibiotic35. The biosynthetic 

gene cluster responsible for the production of PNP-2 comprises six genes. This antibiotic 

exhibits a broad spectrum of activity against both Gram-positive and Gram-negative 

pathogens, including Staphylococcus aureus, Streptococcus mutans, Staphylococcus 

haemolyticus, Staphylococcus. epidermis, Enterobacter sp., Citrobacter sp. and several 

others. Additionally, P. agglomerans TX10 produces a second antibiotic, pantocin A, 

which is inhibitory to E. amylovora50. The genus Pantoea produces a diversity of natural 

products, which makes it a promising and untapped source for the discovery of novel 

antibiotics effective against clinically relevant pathogens, including members of the 

Enterobacteriaceae.  
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Thesis objective  

The objective of this thesis was to identify the gene cluster responsible for the 

biosynthesis of an antibiotic produced by Pantoea agglomerans B025670 (called PNP-4). 

The first aim was to identify Pantoea strains in our collection that produce antibiotic 

against clinically relevant pathogens of the ESKAPE group. The second aim was to 

identify the genes responsible for the biosynthesis of PNP-4, using a combination of 

molecular genetics and comparative genomics.  
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MATERIALS AND METHODS 

Bacterial growth 

All bacterial strains were cultured in Lysogeny Broth (LB), except for vancomycin-

resistant Enterococcus (VRE), which was cultured in Brain Heart Infusion Broth. All 

Pantoea strains were incubated at 30℃, and all other species were incubated at 37℃. 

Some of the strains were cultured with antibiotics at the following concentrations: 

rifampicin (50 µg/ml), ampicillin (100 µg/ml), kanamycin (50 µg/ml), chloramphenicol 

(34 µg/ml) and gentamycin (30 µg/ml), unless otherwise indicated (Table 1). 

Assays for antibiotic production  

Pantoea strains were screened for their antibiotic producing ability against five clinically 

relevant pathogens (VRE, Kosakonia, Enterobacter, Citrobacter and Klebsiella) (Table 

1). The screens were performed using the agar-overlay method50, where a thin agar layer 

containing bacteria was made over a base medium, and Pantoea strains were spotted on 

the overlay. Around 20 ml solid E. coli minimal medium – EMM (per liter: 0.25 g yeast 

extract, 1.72 g KH2PO4, 4.0 g K2HPO4, 0.5 g NaCl, 0.2 g sodium citrate, 2 g (NH4)2SO4, 

0.002 g MgSO4.7H2O, 20 mL glycerol) was used as the base medium. The EMM plates 

were dried in the laminar flow hood for 15 minutes prior to pouring the overlay. During 

this time, 1 ml of bacterial culture (2 ml for VRE) was centrifuged at 21000 x g for 1 min 

and the pellet resuspended in equal volumes of 10 mM MgSO4.  For the top layer, 4 ml of 

molten 0.9% agar was aliquoted into a sterile blank test tube and subsequently placed in 

an incubator set at 60℃ (to cool it down). Glucose-asparagine solution (5X GA, per 100 

mL: 1.115 g K2HPO4, 0.45 g KH2PO4, 0.012 g MgSO4, 2 g glucose, 0.03 g L-asparagine, 

0.005 g nicotinic acid) (800 µl) was then added to the tube followed by 300 µl of the 
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pathogen resuspended in 10 mM MgSO4. The tube was swirled in order to mix all the 

components and the mixture was then poured on the EMM base medium. After the top 

layer solidified, single colonies of the different Pantoea strains were streaked on the layer 

using toothpicks. The plates were incubated overnight at 30℃ and colonies scored for 

zones of inhibition the following day. The screen was repeated one time and Escherichia 

coli (E. coli) was used as the negative control.    

The agar overlay method was also used to study the spectrum of activity of the antibiotic 

produced by wild type B025670 (B025670-WT).  It was tested against 26 pathogens, 

including multi-drug resistant strains of Enterobacteriaceae, Klebsiella and E. coli. The 

pathogens used were: strains A5979, A5339, A6151, C31C4, D6052, A5544, 

ATCC700323, A6141, D6437, A6112, C3131, A5937, D6580, ATCC35218, Clinical 

Enterobacter, ATCCBAA1705, D6370, A6152, D6239, A5568, TX1, B011499, 

G4061350, 14VB542597A, TX2 and 10-854 (Table 1). 

To rescue the phenotype of nutritional mutants, they were placed on overlays of EMM 

base medium using 5X GA supplemented with a final concentration of 1% amino acid 

(per 100 mL: 1.115 g K2HPO4, 0.45 g KH2PO4, 0.012 g MgSO4, 2 g glucose, 0.03 g L-

asparagine, 0.005 g nicotinic acid, 0.5 g amino acid). Overlays poured using 5X GA 

served as controls. The amino acids used were L-histidine [Alfa Aesar- 98% weight 

(wt.)], L-arginine (Alfa Aesar- 98% wt.), L-isoleucine (Alfa Aesar- 99% wt.) and L-

cysteine (Alfa Aesar- 99% wt.). Mutants were plated on the overlay and incubated 

overnight at 30℃. Plates were observed for presence or absence of zones of inhibition 

around the spotted mutants.   
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Transposon mutagenesis   

Pantoea agglomerans B025670-WT was selected based on its antimicrobial activity 

against clinically relevant Gram-negative pathogens. For a triparental mating, this strain 

was required to have a selectable marker other than ampicillin and kanamycin. B025670-

WT was streaked on LB supplemented with rifampicin and a rifR mutant of B025670-

WT (B025670r) was isolated after an overnight incubation at 30℃. Glycerol stocks for 

B025670r were made by adding 750 µl of overnight culture (grown with rifampicin, 

incubated at 30℃) to 750 µl of 10% glycerol (10 ml glycerol, 90 ml ddH2O) and the 

resulting glycerol stock stored at -80℃. B025670r was tested for antibiotic production 

against Kosakonia sp. 12202 and Enterobacter TX1 using the overlay assay described. 

The optimal OD600 for the overlay bacteria was selected before screening the mutants. 

B025670r was tested on overlays where 12202 (overlay bacteria) was set at four different 

ODs (0.5, 1.0, 1.5 and 2.0). The zones of inhibition and growth of the overlay bacteria 

were assessed for each OD to identify the concentration that produced both a uniform 

layer and the largest zone.  

A triparental mating35,50,51 was set up between a donor E. coli VPE42 (with pBSL118), 

helper E. coli HB101 (with RK600) and B025670r by pelleting down 1 ml of overnight 

broth cultures of all the three isolates and resuspending the pellet in 100 µl of 10 mM 

MgSO4. All the three suspensions were mixed together (total volume of 300 µl) and three 

100 µl volumes of the mixture were spotted on an LB plate. The plate was incubated 

overnight at 30℃ and all the bacteria in each spot was resuspended in 4 ml of 10 mM 

MgSO4. A small volume of this suspension was then spread on LB plates supplemented 

with kanamycin and rifampicin, and the plates were incubated overnight.  The resulting 
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mutants were then tooth-picked onto overlays of 12202, and mutants with no zones of 

inhibition were re-tested on overlays (5 times) and stocked. Approximately 9000 mutants 

were screened. The genetic screen on LB was performed as above on 12202 overlays 

with LB as the base medium instead of EMM. Approximately 3000 mutants were 

screened. Mutants that had gene disruptions clustered in regions of interest were tested 

against TX1 for their antibiotic producing ability using the agar overlay method.  

Inverse PCR 

Whole genomic DNA was extracted using Geneaid-Presto Mini gDNA bacteria kit as per 

the manufacturer’s instruction. The DNA concentration was determined, and 1 or 1.5 ng 

of genomic DNA was digested in a 20 µl digestion mixture using HincII or PstI (20,000 

units/ml, New England Biolabs) as per manufacturer’s instructions. The digest was 

performed at 37℃ for 2 hours followed by heat inactivation at 65℃ for 20 mins for 

HincII or 80℃ for 20 mins for PstI.  Digested product (10 µl) was then ligated in a 200 

µl volume containing 3 µl T4 DNA ligase (NEB), 20 µl of 10X T4 DNA Ligase Buffer 

(400,000 units/ml NEB) and 167 µl of water. The ligation was carried out at 16℃ for 16 

hours followed by a heat inactivation at 65℃ for 10 mins. The ligated product was then 

purified using Omega EZNA Cycle Pure Kit as per manufacturer’s instructions. Inverse 

PCR reactions were set up using npt+772 and npt-41, both of which bind to the 

kanamycin resistance gene. A 50 µl PCR reaction was set up using the Genedirex Taq 

polymerase according to the manufacturer’s directions, with 5 µl of purified ligated 

product. The reaction conditions used were: initial denaturation at 94℃ (2 mins) 

followed by 40 cycles of – denaturation at 94℃ (30 sec), annealing at 63℃ (30 sec), 

extension at 72℃ (4 mins) and a final extension cycle at 72℃ (5 mins). The PCR 
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products were run on a 1% agarose gel (1 gram agarose in 100 ml of TAE buffer) at 110 

V for 40 minutes and then visualized under ultraviolet light. The PCR products were sent 

for Sanger sequencing at Genome Quebec in Montreal and the sequences were compared 

to the available B025670-WT draft genome with standalone BLAST to identify the point 

of insertion of the transposon35,50,51.  

Site directed mutagenesis  

A central region of genes Zap C (cell division protein) and Glycerol-transferase of 

Cluster 1 (B025670_671), putative lipoprotein (YceB precursor) of Cluster 2 

(B025670_671), and FIGO hypothetical protein and Inner-membrane protein (ytfF) of 

cluster 3 (B025670_707) were amplified using Genedirex Taq Polymerase in 50 µL 

colony PCR reactions according to manufacturer’s directions (Figure 3).  The cycling 

conditions used were: initial denaturation at 94℃ (4 mins) followed by 40 cycles of – 

denaturation at 94℃ (30 sec), annealing (refer Table 2) 1 min, extension at 72℃ (2 mins) 

and a final extension cycle at 72℃ (5 mins). The PCR products were analyzed by gel 

electrophoresis to confirm the size of amplicons, and products were purified using 

Monarch PCR and DNA cleanup kit (NEB) as per manufacturer’s instructions. Purified 

product (1 µg) was then digested using PstI or EcoRI (20,000 units/ml, NEB), based on 

the recognition site on the product, as per the manufacturer’s directions. The digests were 

carried out at 37℃ for 2 hours followed by heat inactivation at 80℃ for PstI or 65℃ for 

EcoRI (20 mins). Multiple digests were combined and purified using Monarch PCR and 

DNA cleanup kit (NEB) as per the manufacturer’s directions. Concentrations for the 

purified digests (insert DNA) were determined and adjusted to >30 ng/µl using 

Nanodrop. 
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For vector plasmid DNA, pKnock-Gm plasmid was isolated from an overnight culture of 

E. coli S17-1 using EZNA plasmid DNA mini Kit I as per manufacturer’s directions. 

Multiple plasmid preps were combined to yield a target concentration of >40 ng/µl. The 

plasmid (2 µg) was then digested using PstI or EcoRI (20,000 units/ml, NEB), to match 

compatible sticky ends as the insert DNA fragments. The digests were carried out at 37℃ 

for 2 hours followed by heat inactivation at 80℃ for PstI or 65℃ for EcoRI (20 mins). 

Calf Intestinal Alkaline Phosphatase (CIP - 10,000 units/ml, NEB) (0.3 µl) was added 

directly to the digest and incubated at 37℃ for 30 mins. The contents of the tube were 

then purified using Monarch PCR and DNA cleanup kit (NEB) as per manufacturer’s 

instructions. Concentrations for the vector DNA were determined and the final 

concentrations were adjusted to >50 ng/ml using a Nanodrop spectrophotometer. 

Insert DNA segment and the vector plasmid DNA were then ligated in 3:1 ratio in a 10 µl 

reaction using T4 DNA Ligase (NEB). The quantity of insert DNA required for the 

ligation was calculated for 50 ng of vector plasmid DNA using NEB’s ligation calculator 

tool. T4 DNA ligase buffer (1 µl), T4 DNA ligase (0.5 µl) and ddH2O (up to 10 µl) was 

then added to the mixture followed by incubation at 16℃ for 16 hours and heat 

inactivation at 65℃ for 10 mins. The ligated product (5 µl) was electroporated into 100 

µl of electrocompetent E. coli CC118 cells. To prepare electrocompetent cells50, 150 µl 

of overnight CC118 culture was inoculated into fresh LB tubes and grown up to an OD600 

of 0.6. This culture (2 ml) was pelleted down at 21000 x g (10 seconds), the supernatant 

removed, and the pellet resuspended in 1 ml of ice cold 10% glycerol. This was repeated 

4-5 times to remove salts, and the pellet was finally resuspended in 100 µl of 10% 

glycerol. Cold conditions were maintained by placing the tubes in ice and centrifuging 
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between 4-15℃. Electrocompetent cells were transformed using a Micropulser (Bio-rad) 

at 2.5 kV in 1 mm cuvette (EC-1 program). SOC (pre-incubated at 37℃) was added 

immediately to the cells followed by incubation at 37℃ (1 hour). The transformants were 

then pelleted down (at 21000 x g for 1 min), resuspended in 100 µl of 10 mM MgSO4 and 

plated on LB medium supplemented with gentamycin (incubated at 37℃ overnight). The 

transformants were confirmed using a colony PCR on the Multiple Cloning Site (MCS) 

of pKnock-Gm using primers Gent+391 and Gent-57. GeneDirex Taq Polymerase was 

used to set up 50 µl reactions as per the manufacturer’s directions and the conditions used 

were: initial denaturation at 94℃ (4 mins) followed by 40 cycles of - denaturation at 

94℃ (30 sec), annealing at 56℃ (1 min), extension at 72℃ (2 mins) and a final 

extension cycle at 72℃ (5 mins). The transformants with a DNA insert in the MCS gave 

a band size greater than control (parent) plasmid. Transformants were also confirmed by 

PCR specific to the insert DNA fragment. A transformant with the insert would give a 

band while a control would not have one. The cycling conditions were the same as used 

above with the difference in annealing temperatures (refer Table 2). Glycerol stocks of 

the transformants were made, their plasmids isolated using Monarch plasmid mini-prep 

kit, and 300-500 ng of plasmid was electroporated into electrocompetent B025670-WT. 

The recovered cells were plated on LB supplemented with 15 µg/ml gentamycin. The 

plates were incubated for 24 hours at 30℃. The transformants were confirmed for 

integration of the plasmid using colony PCRs with (Gent+391 and Gent-57) that 

amplified a region from the B025670-WT genome to the plasmid. Overnight culture (5 

ml) of the KO was pelleted down and resuspended in 100 µl of 10 mM MgSO4. The 

resuspension (10 µl aliquots) were tested three times on the 12202 and TX1 overlays for 
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their antibiotic producing ability. For knockouts in clusters B025670_675 and 

B025670_697 (Figure 4), the appropriate primer pairs were used for amplification. 

Digestions were carried out with PstI or XmaI (20,000 units/ml, NEB) with incubation at 

37℃ (2 hours) followed by heat inactivation at 80℃ for PstI or 65℃ for XmaI (20 mins).  

Comparative genomic analysis  

Comparative gene content analysis was performed using EDGAR52. The B025670-WT 

draft genome was compared to those of strains DC432, SP04022, 625, 626, B011489, 

B016381, B021323, B024858, 5-F9026, 15320, 17671 and 26SR6 (Table 1) using a 

Venn diagram analysis. Genes that were present in B025670-WT (producer of the 

antibiotic) but not present in other strains (non-producers of the antibiotic) were exported. 

Of the clusters containing groups of 3 (or more) consecutive genes, big clusters (>20 

genes) and clusters with bacteriophage genes (ex. phage integrase, capsid proteins) were 

eliminated. An anti-SMASH analysis53 was done to predict any known or potential 

antibiotic producing segments (fasta sequence for the contigs was used as input and ‘all 

extra prediction features’ were turned on). The contigs (clusters) with no obvious 

functions were then eliminated. Lastly clusters having no common genes with those 

identified in the genetic screens were eliminated. The remaining candidates were 

compared to the databases using nucleotide BLAST (BLASTn) (optimized for highly 

similar sequences) to find those with a limited distribution.   

The candidate clusters were annotated using a combination of PATRIC, NCBI’s 

Conserved Domain Database (CDD) and BLAST tool.  For PATRIC annotations, the 

fasta sequence for the gene cluster was uploaded in the ‘workspaces’ 

(https://www.patricbrc.org/). The ‘annotation’ option was then used under the ‘services’ 
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category and the sequence was annotated using the following parameters: domain= 

bacteria; taxonomy name= Pantoea agglomerans (taxonomy ID- 549); genetic code= 11 

(archaea and most bacteria) and annotation recipe- default. For the CDD analysis, the 

parameters used for the search were: search against database= CDD v3.17-52910 PSSMs; 

expect value threshold= 0.010000; composition-based statistics adjustment= on; and 

maximum number of hits= 500. Nucleotide BLAST (BLASTn) and translated nucleotide 

BLAST (BLASTx) were then performed on the clusters. For BLASTn, the fasta sequence 

for the cluster was used as the query and searched against the ‘nucleotide collection 

(nr/nt)’ database and the ‘program selection’ was optimized for ‘somewhat similar 

sequences’. All the other ‘default’ parameters were used. The first significant hit (with 

the highest query cover and percent identity) was documented. Similarly, in BLASTx, the 

query sequence was searched against the ‘non-redundant protein sequence (nr)’ database, 

using all the default parameters. The first significant hit with the highest percent 

similarity or lowest E value having a functional annotation were documented.  The 

annotated sequences were visualized using SnapGene (https://www.snapgene.com/). 

Swarming Assays  

Overnight broth cultures (1 ml) of B025670-WT, B025670::pKnock(4), BRT175 and E. 

coli (grown with appropriate antibiotics, incubated at 30℃) were pelleted down and 

resuspended in equal volumes of 10 mM MgSO4. The OD600 were adjusted to 0.5 using 

Nanodrop. Aliquots (10 µl) of the resuspension were spotted on LB 0.5% agar and LB 

0.7% agar. The spots were allowed to dry and the plates were incubated at room 

temperature (48 hours)51. For another trial, the plates were incubated at 30℃. Each 

treatment in the assay was performed in replicates of two. 
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Table 1: Strains used in this study 

Species  Source of isolation/ characteristics Reference/ Source 

Aeromonas sp.   

SM02150 Unidentified Regina, SK 

Citrobacter sp.   

B012497 Human, female, urine midstream 

Human abdominal fluid ruptured 

Sask. Disease Control Lab 

 

10-854 Human appendix St. Boniface General Hospital 

E. faecium   

K02G0810 Unidentified 30 

Enterobacter sp.    

D6052  Regina General Hospital 

ATCC700323  Regina General Hospital 

D6437  Regina General Hospital 

D6580  Regina General Hospital 

Clinical Enterobacter  Regina General Hospital 

D6370  Regina General Hospital 

D6239  Regina General Hospital 

TX1 Human cystic fibrosis sputum  Texas Children`s Hospital 

TX2 Human cystic fibrosis sputum Texas Children`s Hospital 

E. coli   

VPE42 (pBSL118)  Mini-Tn5 transposon- ampR and kanR Dr. David Guttman, U of Toronto 

HB101 (RK600) Conjugative plasmid- chlR Dr. David Guttman, U of Toronto 

S17-1 (pKnock Gm) Suicide vector for gene knockouts- 

gentR 

Dr. Ivan Oresnick, U of 

Manitoba 

A6151  Regina General Hospital 

C31C4  Regina General Hospital 

A6141  Regina General Hospital 

A6112  Regina General Hospital 

ATCC35218  Regina General Hospital 

A6152  Regina General Hospital 

Klebsiella sp.    

A5979  Regina General Hospital 

A5339  Regina General Hospital 

A5544  Regina General Hospital 

C3131  Regina General Hospital 

A5937  Regina General Hospital 

ATCCBAA1705  Regina General Hospital 

A5568  Regina General Hospital 

B011499 Human, female, cloudy urine Sask. Disease Control Lab 

G4061350 Clinical Regina General Hospital 

14VB542579A Human, catheter urine St. Boniface General Hospital 

Kosakonia sp.   
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12202 Musk melon ICMP 

Pantoea agglomerans    

DC432 Maize Dr. David Coplin, Ohio State 

DC556 Gypsophila (Baby's Breath) Dr. David Coplin, Ohio State 

308R Pear flower  Dr. Steven Lindow, UC Berkeley 

 240R Pear flower  Dr. Steven Lindow, UC Berkeley 

1574 Unidentified  ICMP 

12531 Gypsophila (Baby's Breath) ICMP 

17124 Olive  ICMP 

83 Wheat ICMP 

12534 Human, knee laceration ICMP 

788 Green bean  ICMP 

7373 Onion  ICMP 

5565 Soy bean  ICMP 

1512 Green bean  ICMP 

3581 Oat seed ICMP 

7612 Grass grub  ICMP 

13301 Golden delicious apple  ICMP 

B025670-WT human, female, superficial wound Sask. Disease Control Lab 

B025670r Rif resistant strain (rifR) Dr. John Stavrinides, U of 

Regina 

B026440 Human, male, superficial wound Sask. Disease Control Lab 

G4032547 Human, ear Regina General Hospital 

B015092 Human, female, urine midstream  Sask. Disease Control Lab 

B016395 Human, female, superficial wound Sask. Disease Control Lab 

G0063668 Unidentified  Unidentified  

Eh318 Apple leaf CUCPB 2140; Dr. Brion Duffy 

TX10 Human, cf sputum Texas Children`s Hospital 

4-H42501 Human, male, blood Sunnybrook Hospital 

3-770398 Human, female, blood Sunnybrook Hospital 

DB522094 Human, elbow sore St. Boniface General Hospital 

BB834250 Human, female, sputum, aortic 

aneurysm 

St. Boniface General Hospital 

SN01170 Caterpillar 30 

SN01080 Slug  30 

SP01202 Strawberry leaf and stem 30 

SN01122 Bee 30 

SS02010 Soil - ground squirrel burrow 30 

SP02243 Unidentified tree 30 

SP02230 Diseased tree leaf 30 

SP02022 Thistle  30 

SP04011 Tomato leaf 30 

SP03310 Diseased tree leaf 30 

SP03383 Diseased maize leaf 30 

SP05120 Diseased maize leaf 30 
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SP05130 Diseased maize stamen 30 

SP05051 Tomato leaf 30 

SP05052 Tomato leaf 30 

SP04022 Tomato leaf 30 

SP05092 Tomato leaf 30 

SP03412 Diseased bean leaf 30 

SP04021 Tomato leaf 30 

Pantoea ananatis    

15320 Rice ICMP 

17671 Rice ICMP 

26SR6 Maize leaf Dr. Steven Lindow, UC Berkeley 

BRT175 Strawberry Dr. Gwyn Beattie, Iowa State 

BRT98 Strawberry Dr. Steven Lindow, UC Berkeley 

Cit30-11 Naval orange leaf Dr. Steven Lindow, UC Berkeley 

M232A Maize Dr. Steven Lindow, UC Berkeley 

DC434 Maize Dr. David Coplin, Ohio State 

LMG5342 Human wound Teresa Coutinho54 

LMG20103 Diseases Eucalyptus Teresa Coutinho55 

Pantoea anthophila    

1373 Balsam ICMP 

Pantoea brenneri    

B016381 Human, female, groin Sask. Disease Control Lab 

B011483 Human, female, superficial 

wound 

Sask. Disease Control Lab 

B024858 Human, female, breast abscess Sask. Disease Control Lab 

B014130 Human, male, superficial wound Sask. Disease Control Lab 

09-1151 Human St. Boniface General Hospital 

Pantoea calida    

B021323 Human, female, urine midstream Sask. Disease Control Lab 

BB957621-B2 Human, male, capd dialysate, peritonitis St. Boniface General Hospital 

BB957621-C1 Human, male, capd dialysate, peritonitis St. Boniface General Hospital 

BB957621-C2 Human, male, capd dialysate, peritonitis St. Boniface General Hospital 

BB957621-A2 Human, male, capd dialysate, peritonitis St. Boniface General Hospital 

BB957621-B1 Human, male, capd dialysate, peritonitis St. Boniface General Hospital 

BB957621-A1 Human, male, capd dialysate, peritonitis St. Boniface General Hospital 

Pantoea conspicua    

B011017 Human, female, superficial wound Sask. Disease Control Lab 

Pantoea dispersa    

625 Sorghum ICMP 

2-M11657A Human, male, blood Sunnybrook Hospital 

2-M11657B Human, male, blood Sunnybrook Hospital 

Pantoea eucalyptii    

SP03372 Diseased maize leaf 30 

SM03214 Goose feces 30 

5-F9026 Human, male, blood Sunnybrook Hospital 
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B011489 Human, female, superficial 

wound 

Sask. Disease Control Lab 

SP04013 Tomato leaf 30 

SP03391 Diseased bean leaf 30 

Pantoea eucrina    

06-868 Human, headache St. Boniface General Hospital 

TX5 Human, blood Texas Children`s Hospital 

TX6 Human, blood Texas Children`s Hospital 

Pantoea septica    

B016375 Human, female, finger Sask. Disease Control Lab 

G4071105 Human, urine Regina General Hospital 

G2291404 Human Regina General Hospital 

G3271436 Human, urine Regina General Hospital 

10-1150 Human St. Boniface General Hospital 

08-1828 Human, post hemicholectomy St. Boniface General Hospital 

06-2465-a Human, cerebellar cva (stroke) St. Boniface General Hospital 

09-1957-b Human, renal failure St. Boniface General Hospital 

09-1957-a Human, renal failure St. Boniface General Hospital 

06-2465-b Human, cerebellar cva (stroke) St. Boniface General Hospital 

TX3 Human, blood Texas Children`s Hospital 

TX4 Human, blood Texas Children`s Hospital 

VB38951-A Human, female, blood culture, 

sore throat 

St. Boniface General Hospital 

VB38951-B Human, female, blood culture, 

sore throat 

St. Boniface General Hospital 

7-M1517 Human, female, blood Sunnybrook Hospital 

6-M41864 Human, female, blood Sunnybrook Hospital 

1-X44686   

BB350028A Human, female, blood culture, fever St. Boniface General Hospital 

VB38951-B Human, female, blood culture, sore 

throat 

St. Boniface General Hospital 

BB350028B Human, female, blood culture, fever St. Boniface General Hospital 

BE528629 Human, peritoneal dialysis St. Boniface General Hospital 

Pantoea stewartii    

DC283 Maize Dr. David Coplin, Ohio State 

626 Maize ICMP 

Possible Pantoea sp.   

SP03180   

SP03190   

SP03392   

BC594466A   

BC594466B   
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Table 2: Primers used for PCRs 

 

 

 

 

 

 

 

 

 

 

 

Primer name Priming 

direction 

Sequence Annealing 

temp. 

npt+772  Forward TTCGCAGCGCATCGCCTTCTATC 63℃ 

npt-41 Reverse AGCCGAATAGCCTCTCCACCCAAG 

ZapC+92_PstI Forward TTCTGCAGTTCCCGTTATTCCCGCAAGATG 56℃ 

ZapC-449_PstI Reverse TTCTGCAGTTTCCGGCCAGCGTCAATTC 

Glyceroltransferase+285_EcoRI Forward GGGGAATTCGTGGTTGATGGCCTCGTGACTG 57.8℃ 

Glyceroltransferase-645_EcoRI Reverse AAAGAATTCACTGCGGATGCGCTGCTTATAATAG 

Innermembrane+326_EcoRI Forward AATGAATTCCAATCTCTGTTACGGCCATCTTGAAG 56℃ 

Innermembrane-718_EcoRI Reverse ATTGAATTCTCGCCAGCATCAGGGAGATAAAC 

FIGO+509_EcoRI Forward AAAGAATTCGCTGTCGATTGTCGCAGTGACAC 56℃ 

FIGO-888_EcoRI Reverse AAAGAATTCCAGCAATGAAACCGCCATAACATAG 

Dihydrooratase+148_EcoRI Forward ATTGAATTCCCGGGCTGGTTAATGCACACATC 59.9℃ 

Dihydrooratase-503_EcoRI Reverse ATTGAATTCTTCGCCAGCGACTCGCCTTTACTG 

Gent+391  Forward ACCGAAAAGATCAAGAGCAGC 56℃ 

Gent-57 Reverse GACGATCCCGCAGTGGCT 

675_4+385_PstI Forward TTCTGCAGTTTACCCGCCAGCTCAGTGATC 57.3℃ 

675_4-807_PstI Reverse TTCTGCAGGCTGCCATAGCCCAAGAGAGTAAG 

675_7+1297_XmaI Forward TCCCGGGTTGCCTCTGGACTTAGCCATTGTAC 57.3℃ 

675_7-1760_XmaI Reverse TCCCGGGCGTGAACGCTCCTGTGTCAGATAG 

675_9+384_XmaI Forward TCCCGGGTGCACCAGTCAGCCTGTGATATC 56.1℃ 

675_9-790_XmaI Reverse TCCCGGGCCGGTTGGATAGCGTATCAGTC 

697_1.2+118_PstI Forward AACTGCAGAGGTGCCCGTCAGACAGTTGAAG 57.3℃ 

697_1.2-330_PstI Reverse AACTGCAGTACCGCCTTTCTGGAATTTCGC 

697_2+655_PstI Forward TTCTGCAGCACCCAGTCCGCCGTTTATATTG 57.3℃ 

697_2-1149_PstI                                                                                                                       Reverse TTCTGCAGAGGCCGGTTTCACGCTGTTAAG 
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RESULTS 

3.1 Survey for Antibiotic producing Pantoea strains  

A survey was performed on 112 Pantoea strains to identify those strains that have an 

inhibitory effect against five clinically relevant human pathogens, including VRE, 

Enterobacter, Klebsiella, Citrobacter and Kosakonia. These pathogens pose a great risk 

to human health accounting to their antibiotic-resistant nature. The Pantoea collection 

surveyed included strains of P. agglomerans, P. ananatis, P. anthophila, P. brenneri, P. 

calida, P. conspicua, P. dispersa, P. eucalyptii, P. eucrina, P. septica and P. stewartii. 

Strains that had antimicrobial activity produced a zone of inhibition when they were 

spotted on pathogen overlays. Of the 112 strains surveyed, 25 produce at least one 

antibiotic effective against one or more pathogens. Furthermore, there were four Pantoea 

strains (SP03412, SP01202, TX10 and DC434) that produce at least one antibiotic 

effective against four of the pathogens used in the survey (VRE, Enterobacter, 

Citrobacter and Kosakonia). One of these strains, P. agglomerans TX10, is known to 

produce an antibiotic (PNP 2)50 (Robinson, unpublished). There was only one strain, P. 

agglomerans SN01080, that produced at least one antibiotic effective against Klebsiella. 

There were a total of 11 strains that produced at least one antibiotic effective against 

VRE, 14 strains against Enterobacter, 1 strain against Klebsiella, 12 strains against 

Citrobacter and 16 strains effective against Kosakonia (Table 3). 

P. agglomerans B025670 produces an antimicrobial effective against Enterobacter, a 

pathogen that has been deemed a serious threat by the WHO. This antibiotic was 

expressed on pathogen overlays poured over EMM or LB as the base medium. Selection 

of this strain was influenced by the availability of its draft genome in the collection. 
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Table 3: Antibiotic production profile for Pantoea strains producing at least one 

antibiotic 

Strain VRE* Entero* Kleb* Citro* Kosako* 

Pantoea agglomerans 308R S     

Pantoea agglomerans 7373  S   S 

Pantoea agglomerans 3581    S S 

Pantoea agglomerans 7612    S S 

Pantoea agglomerans 13301 S   S  

Pantoea agglomerans B025670  S   S 

Pantoea agglomerans B026440  S  S S 

Pantoea agglomerans G0063668     S 

Pantoea agglomerans Eh318  S  S S 

Pantoea agglomerans TX10 S S  S S 

Pantoea agglomerans 3-770398    S S 

Pantoea agglomerans SN01080  S S   

Pantoea agglomerans SP01202 S S  S S 

Pantoea agglomerans SP05120 S S  S  

Pantoea agglomerans SP03412 S S  S S 

Pantoea agglomerans SP04021  S    

Pantoea ananatis DC434 S S  S S 

Pantoea ananatis BRT175  S   S 

Pantoea anthophila 1373 S     

Pantoea dispersa 625 S     

Pantoea dispersa 2-M11657A  S   S 

Pantoea dispersa 2-M11657B  S  S S 

Pantoea eucalyptii SM03214 S     

Pantoea eucalypti SP03391 S     

Potential Pantoea SP03392     S 

*The pathogens are described as ‘Susceptible’ (S) if a defined zone of inhibition was 

observed around the Pantoea strain spotted on the overlay and ‘Blank’ if no zone was 

observed. Pathogens- VRE (vancomycin-resistant Enterococcus), Entero (Enterobacter 

TX1), Kleb (Klebsiella pneumoniae B011499), Citro (Citrobacter B012497), Kosako 

(Kosakonia sp. 12202). The table contains the strains that had activity against the 

pathogens. All the other Pantoea strains (see Table 1) did not have an activity against any 

of these pathogens. 
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There were other 13 other Pantoea strains that had activity against Enterobacter that 

were not selected for the study because they had either been studied before or their draft 

genomes were not available. To study the spectrum of activity of this antibiotic, wild type 

B025670 (B025670-WT) was tested against 26 strains of multi-drug resistant 

Enterobacter, Klebsiella and E. coli. The antimicrobial was effective against all the 

Enterobacter strains used in the study, with a few exceptions being strains D6437, D6370 

and D6239. The antibiotic was also effective against the multi-drug resistant E. coli strain 

ATCC35218. (Table 4, Figure 1)  

3.2 Candidate clusters identified using transposon mutagenesis 

B025670-WT transposon mutants were screened on 12202 overlays (EMM base medium) 

for loss in antibiotic producing ability, resulting in a total of 34 candidate mutants being 

recovered (Figure 1). Of the 34 candidates, the insertion points for the transposon were 

determined for 30 mutants. Of these, 13 mutants were in essential genes involved in pilus 

/ cell wall organization (M90_B025670r), components of the type VI secretion system 

(T6SS) (M52_B025670r) or substrates essential for pyrimidine biosynthesis 

(M87_B025670r). The other 17 candidates had disruptions in genes that were clustered in 

7 regions. (Table 5). Regions 1, 3, 4, 5 and 6 correspond to amino acid biosynthetic 

operons. Region 1 was homologous to histidine operons in E. coli and S. typhimurium56, 

region 3 to the leucine operon in B. subtilis57, regions 4 and 5 to the arginine58 and 

isoleucine59 operons in E. coli, and region 6 to the cysteine60 operon in Buchnera 

aphidicola. The gene disrupted in M29_B025670r was homologous to a gene found in 

the tryptophan biosynthetic operon in E. coli61 (Figure 2).  
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Table 4: Spectrum of activity of the antibiotic produced by B025670-WT 

Strain B025670-WT* 

Citrobacter 10-854 R 

E. coli A6151 R 

E. coli C31C4 R 

E. coli A6141 R 

E. coli A6112 R 

E. coli type Strain ATCC35218 S 

E. coli A6152 S 

Enterobacter sp. D6052 S 

Enterobacter Type Strain ATCC700323 S 

Enterobacter sp. D6437 R 

Enterobacter sp. D6580 S 

Enterobacter sp.  Clinical Enterobacter S 

Enterobacter sp. D6370 R 

Enterobacter sp. D6239 R 

Enterobacter sp. TX1 S 

Enterobacter sp. TX2 S 

Klebsiella sp. A5979 R 

Klebsiella sp. A5339 R 

Klebsiella sp. A5544 R 

Klebsiella sp. C3131 R 

Klebsiella sp. A5937 R 

Klebsiella Type Strain ATCCBAA1705 R 

Klebsiella sp. A5568 R 

Klebsiella sp. B011499 R 

Klebsiella sp. G4061350 R 

Klebsiella sp.14VB542579A R 

*The mutants are described as ‘Susceptible’ (S) if a defined zone of inhibition was 

observed around the mutant strain spotted on the overlay and ‘Resistant’ (R) if no zone of 

inhibition was observed 
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                   B025670-WT            B025670r          M27_B025670r                                                                                                                                                                                                                                                    

                        A. 

Enterobacter (TX1) 

 

 

                        B. 

 Kosakonia (12202) 

 

 

                       C. 

        E. coli 

 

 

 

Figure 1: Activity of PNP-4 producers (B025670-WT and rifR B025670r) and non-

producer (M27_B025670r) against Enterobacter, Kosakonia and E. coli. A. and B. 

B025670-WT and B025670r produce a zone of inhibition when spotted on TX1 and 

12202 overlays. However, transposon mutant M27_B025670r does not produce a zone on 

either TX1 or 12202 overlays. C. B025670-WT does not produce a zone when spotted on 

E. coli overlay.  
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Table 5: Transposon mutants recovered in genetic screen on EMM base medium 

Region Contig Clustered/ 

Total mutants  

Mutants clustered 

together 

 Genes  Accession 

(CDD) 

1* 691 3/5  M31_B025670r hisB- Histidol Phosphatase PRK05446 

  
 

M35_B025670r hisA- Phosphoribosylformimino-5-aminoimidazole 

carbox 

PRK00748 

   M42_B025670r hisB- Histidol Phosphatase PRK05446 

   M2_B025670r Phosphoribosyl aminoimidazole succinocarboxamide PRK09362 

   M51_B025670r 3-octaprenyl-4-hydroxybenzoate carboxy-lyase PRK06029 

2* 710 2/5 M21_B025670r Aspartate carbomyl-transferase COG0540 

   M27_B025670r Ornithine carbomyl-transferase PRK03515 

3* 710 3/5 M1_B025670r leuC- 3- isopropylmalate dehydratase large subunit PRK05478 

   M84_B025670r leuD- 3-isopropylmalate dehydratase small subunit PRK01641 

   M100_B025670r leuD- 3-isopropylmalate dehydratase small subunit PRK01641 

4* 701 3/4  M20_B025670r argE- Acetylornithine deacetylase PRK05111 

   M101_B025670r argH- Argininosuccinate lyase PRK04833 

   M104_B025670r argH- Argininosuccinate lyase PRK04833 

   M30_B025670r Orotate phosphoribosyl-transferase PRK00455 

5* 680 2/3  M45_B025670r iLvA- Threonine dehydratase PRK09224 

   M66_B025670r iLvD- Dihydroxy-acid dehydratase PRK12448 

   M97_B025670r Acetyltransferase pfam13508 
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6* 682 2/3  M94_B025670r cysD- Sulfate adenylyl-transferase subunit 2 PRK05253 

   M107_B025670r cysI- Sulfite reductase [NADPH] hemoprotein β PRK13504 

   M3_B025670r D-3-phosphoglycerate dehydrogenase PRK11790 

7* 671 2/4  M12_B025670r Membrane protein cd13128 

   M99_B025670r Membrane protein cd13128 

   M67_B025670r Succinate dehydrogenase cytochrome b-556 subunit PRK09487 

   M87_B025670r Dihydroorotase PRK05451 

8 672 1/1 M52_B025670r T6SS, amidase immunity protein cl25048 

9 675 1/1 M22_B025670r Tld-E protein, peptidase PmbA PRK11040 

10 690 1/1 M93_B025670r Gamma-glutamyl phosphate reductase PRK00197 

11 698 1/1 M90_B025670r Fimbrial protein, Putative fimbrial chaperone protein cl01416 

12 708 1/2 M29_B025670r trpA- Tryptophan synthase Alpha chain PRK04346 

   M62_B025670r Indole- 3-glycerol phosphate synthase PRK09427 

*The 7 regions where the transposon disruptions were clustered together
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3.3 Assaying mutants 

Because mutants in regions 1, 4, 5 and 6 had disruptions in genes that appeared to be 

involved in histidine, arginine, isoleucine and cysteine biosynthesis, 12202 and TX1 

overlays supplemented with amino acids were performed to evaluate whether it was 

possible to rescue their phenotype. Mutants in region 1 started producing zones of 

inhibition when the growth medium was supplemented with histidine (final concentration 

1%). The phenotype of these mutants and the size of the zone was similar to B025670-

WT. However, these mutants did not produce a zone upon the addition of 1% arginine, 

isoleucine or cysteine, which suggested that the phenotype rescue was specific to each 

amino acid. Similarly, antibiotic production in mutants in region 4 were rescued by the 

addition of arginine, mutants in region 5 by isoleucine, and mutants in region 6 by 

cysteine (Table 7).  Regions 2 and 3 were within the same contig (710). Mutants in region 

2 had disruptions in genes coding for aspartate carbomyl-transferase and ornithine 

carbomyl-transferase, which did not appear to be a part of an amino acid biosynthetic 

operon. However, antibiotic production was rescued upon the addition of arginine to the 

growth medium (Table 7).  Mutants in region 3 had disruptions in genes coding for the 

small and large subunits of isopropylmalate dehydratase. The genes disrupted in this 

region were homologous to genes in the leucine biosynthetic operon, which suggested 

that these were nutritional mutants that could be rescued. Although these mutants did not 

show a zone of inhibition on 12202 overlays, they had a zone when tested on TX1 

overlays. This was different from all the other mutants recovered from the screen.  Since 

these mutants had antibiotic activity against TX1, region 3 was eliminated as a potential 

candidate involved in PNP-4 production. Antibiotic production in region 7 mutants could 
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not be rescued upon supplementation of either histidine, arginine, isoleucine or cysteine. 

All 34 candidate mutants identified in the first genetic screen were then tested against 

12202 and TX1 using overlays poured on LB base medium.  Antibiotic production was 

restored in 32 mutants. The remaining 2 mutants belonged to region 7. 

3.4 Candidate clusters identified using a rich medium (LB) overlay  

Antibiotic production in mutants of regions 1, 4, 5 and 6 was restored when they were 

grown in the presence of specific amino acids. This suggested that these mutants were 

auxotrophs that had lost their antibiotic producing ability because of a requirement for 

particular amino acids. In order to reduce the recovery of nutritional mutants, a second 

genetic screen was performed on 12202 overlays using LB as the base medium. 

Approximately 3000 mutants were screened, resulting in the identification of 6 mutants 

with disruptions in genes located in five different clusters (Table 8).  Two mutants had 

disruptions in the dihydroorotate dehydrogenase (DHODH) gene in cluster 1 (Figure 3). 

This cluster overlapped with region 7 from the first screen (EMM base medium), where 

the transposon had disrupted the membrane protein gene (Table 5), located adjacent to 

the DHODH gene. The genes coding for cell division protein Zap C and glycerol 

transferase were targeted using site directed knockouts because they were located 

adjacent to the genes disrupted by the transposon. Although the knockouts were not 

successful, a nucleotide BLAST of this cluster against the nr/nt database revealed that it 

is present P. stewartii DC283, although this strain does not have antimicrobial activity 

against either 12202 or TX1 (Table 3). Therefore, it appeared that this cluster was not 

likely involved in the production of the antibiotic.
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Figure 2: Location of transposon mutants across 5 regions predicted to encode amino acid biosynthetic operons.  Homologs are 

shown in the same color. Black stars represent the genes that were disrupted by the transposon and the number of mutants with 

disruption in that gene 
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Table 6: Annotations of genes in amino acid biosynthetic operons 

Region Gene Annotation  Superfamily E value Accession 

(CDD)  

1 hisG ATP phosphoribosyltransferase hisG superfamily 1.45e-157 PRK00489 

 hisD Histidinol dehydrogenase Histidol_dh superfamily 0e+00 PRK00877 

 hisC Histidinol-phosphate aminotransferase Beta-eliminating lyase 0e+00 PRK01688 

 hisB Histidinol phosphatase PRK05446 superfamily 0e+00 PRK05446 

 hisH Imidazole glycerol phosphate synthase 

amidotransferase subunit 

GAT_1 superfamily  1.47e-158 PRK13170 

 hisA Phosphoribosylformimino-5-aminoimidazole 

carbox 

DRE-TIM metallolyase 

superfamily 

2.45e-115 PRK00748 

 hisF Imidazole glycerol phosphate 

 

DRE-TIM metallolyase 

superfamily 

2.38e-172 

 

PRK02083 

 hisI Phosphoribosyl-AMP cyclohydrolase PRK02759 superfamily 2.84e-132 PRK02759 

3 iLvB Acetolactate synthase large subunit PRK07979 super family 0e+00 cl32255 

 iLvH Acetolactate synthase small subunit iLvH superfamily 3.39e-91 PRK11895 

 leuA 2-isopropylmalate synthase PRK00915 superfamily 0e+00 PRK00915 

 leuB 3-isopropylmalate dehydrogenase Iso_dh superfamily 0e+00 PRK00772 

 leuC 3-isopropylmalate dehydratase large subunit Aconitase superfamily 0e+00 PRK05478 

 leuD 3-isopropylmalate dehydratase small subunit Aconitase_swivel 4.04e-141 PRK01641 

4 argE Acetylornithine deacetylase PRK05111 superfamily 0e+00 PRK05111 

 argC N-acetyl-gamma-glutamyl-phosphate reductase argC superfamily 0e+00 PRK00436 

 argB Acetyl glutamate kinase AAK_NAGK-NC  3.19e-140 cd04249 

 argH Argininosuccinate lyase PRK04833 superfamily 0e+00 PRK04833 
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 oxyS Peroxiredoxin family protein Thioredoxin like superfamily 3.09e-95 COG0678 

 oxyR Hydrogen peroxide-inducible genes activator PRK11151 superfamily 0e+00 PRK11151 

 udhA Soluble pyridine nucleotide transhydrogenase PRK06292 superfamily 0e+00 PRK05249 

5 iLvG Acetolactate synthase large subunit PRK08978 superfamily 0e+00 PRK08978 

 iLvM Acetolactate synthase small subunit ACT superfamily 1.34e-41 PRK11152 

 iLvE Branched-chain amino acid aminotransferase PLPDE_IV Superfamily 0e+00 PRK06606 

 iLvD Dihydroxy-acid dehydratase ILVD_EDD superfamily 0e+00 PRK12448 

 iLvA Threonine dehydratase biosynthetic PRK09224 superfamily 0e+00 PRK09224 

6 cysJ Sulfite reductase [NADPH] flavoprotein alpha-

component 

cysJ superfamily 0e+00 PRK10953 

 cysI Sulfite reductase [NADPH] hemoprotein beta-

component 

PRK13504 superfamily 0e+00 PRK13504 

 cysH Phosphoadenylyl-sulfate reductase 

[thioredoxin] 

cysH superfamily 2.61e-139 PRK02090 

 cysG Precorrin-2 oxidase cysG superfamily 0e+00 cl32546 

 cysD Sulfate adenylyltransferase subunit 2 AANH_like Superfamily 0e+00 PRK05253 

 cysN Sulfate adenylyltransferase subunit 1 cysN superfamily 0e+00 PRK05124 

12 trpA Tryptophan synthase alpha chain TIM_phosphate_binding 

superfamily 

4.82e-125 cl28888 
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Table 7: Phenotype rescue assays performed on 12202 and TX1 overlays 

Region Mutants 5X 

GA   

5XGA+ 1% 

Histidine 

5XGA+ 1% 

Arginine 

5XGA+ 1% 

Isoleucine 

5XGA+ 1% 

Cysteine 

1 M31_B025670r NP P NP NP NP 

 M35_B025670r NP P NP NP NP 

 M42_B025670r NP P NP NP NP 

2 M21_B025670r NP NP P NP NP 

 M27_B025670r NP NP P NP NP 

4 M20_B025670r NP NP P NP NP 

 M101_B025670r NP NP P NP NP 

 M104_B025670r NP NP P NP NP 

5 M45_B025670r NP NP NP P NP 

 M66_B025670r NP NP NP P NP 

6 M94_B025670r NP NP NP NP P 

 M107_B025670r NP NP NP NP P 

7 M12_B025670r NP NP NP NP NP 

 M99_B025670r NP NP NP NP NP 

‘Producer’ (P), defined zone of inhibition was observed around the mutant strain, ‘Non-

producer’ (NP) if no zone of inhibition was observed.  
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One mutant had a disruption in the dihydroorotase gene of cluster 2 (Figure 3), which 

was also identified in the first screen (M87_B025670r). The gene coding for putative 

lipoprotein yceB precursor was targeted using site directed knockouts, although targeted 

mutagenesis of this gene was not successful. However, a nucleotide BLAST of this 

cluster against the nr/nt database revealed that it is highly conserved in P. ananatis strains 

LMG20103 and LMG5342, neither of which have antimicrobial activity against either 

12202 or TX1. This suggested that cluster 2 was not involved in the biosynthesis of PNP-

4. Likewise, there was another mutant with a single disruption in a gene coding for 

transposase enzyme in cluster 3 (Figure 3). The genes coding for FIGO00895657 

hypothetical protein and inner membrane protein YtfF were targeted using site-directed 

knockouts and the latter was successfully mutated to create B025670::pKnock(inner-

membrane). This knockout mutant produced zones of inhibition on 12202 and TX1 

overlays, indicating that it is unlikely that cluster 3 was involved in the production of the 

antibiotic.  
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 Table 8: Transposon mutants recovered in genetic screen on LB base medium 

Cluster Contig Clustered/ 

Total mutants  

Mutants clustered 

together 

 Genes  Accession (CDD) 

1* 671 2/3  M115_B025670r Dihydroorotate dehydrogenase PRK05286 

   M121_B025670r Dihydroorotate dehydrogenase PRK05286 

2 671 1/3 M114_B025670r Dihydroorotase PRK05451 

3 707 1/1 M113_B025670r Transposase IS3/IS911 family pfam01527 

4 708 1/1 M117_B025670r Hypothetical protein No conserved domain 

5 682 1/1 M111_B025670r FIG00634257: hypothetical protein No conserved domain 

*Region where the transposon disruptions were clustered together 
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                Cluster 1 B025670_671 

Flavodoxin              Cell division protein     Dihydrooratate          Membrane protein                 Glycerol                                                                                     

reductases                          ZapC                  dehydrogenase                                                        transferase 

  

  

                Cluster 2 B025670_671                                                                                                                                   

    Glutaredoxin                  Putative lipoprotein                     Dihydrooratase               DNA damage         Hypotheticals                                                                                 

2                               yceB precursor                                                             inducible protein I                                             

  

 

 

               Cluster 3 B025670_707                                                                                                                                    

                   Glycosyl                       FIGO00895657               Transposase             Inner-membrane          Transcriptional                                                                                                                 

transferase                hypothetical protein          IS3/IS911 family            protein YtfF                  regulator 

   

 

Figure 3: Clusters identified by genetic screening on rich medium.  Clusters selected for site directed mutagenesis following the 

second genetic screen. The black stars represent the genes that were disrupted by the transposon, and the number of mutants with 

disruption in that gene. The red stars represent the genes that were targeted for site-specific disruption by homologous recombination. 
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3.5 Clusters identified using genomic analysis and their targeted knockouts  

When genetics failed to identify the antibiotic cluster in B025670-WT, comparative 

genomic approaches were used. Using EDGAR gene content analysis, the draft genome 

of the antibiotic producing B025670-WT was compared to the draft genomes of 12 other 

closely related non-producers. There were 19 gene clusters present in antibiotic 

producing B025670-WT, which were not present in the other strains. A survey of these 

clusters across Pantoea strains showed that two clusters (697 and 675) were unique to 

B025670-WT and their relative distribution in other genera was fairly limited. Cluster 

697 comprises 9 genes, including genes coding for components of the type VI secretion 

system (T6SS) (Figure 4).  Several Gram-negative bacteria use the T6SS molecular 

machinery to export proteins out of their cytosol into an adjacent bacterial cell62. 

Additionally, a nucleotide BLAST on this cluster gave one significant hit, where a small 

portion of the cluster was conserved in P. agglomerans TH81. To determine if a mutation 

in the cluster could result in a loss of antibiotic production, genes 1 and 2, which code for 

predicted PAAR motif (CDD accession: pfam05448) and T6SS PAAR domain (with C-

terminus extension, CDD accession: cd14744) respectively, were targeted using site 

directed knockouts (Figure 4). T6SS PAAR domain was successfully knocked out and 

subsequent phenotypic testing of the mutant [B025670::pKnock(2)] revealed that it 

produced a zone of inhibition on both 12202 and TX1 overlays. Since the knockout 

mutant continued to produce the antibiotic, it was excluded as being involved in the 

production of PNP-4. Cluster 675 comprises 14 genes, including biosynthetic genes 

coding for acyl carrier protein (ACP) and ACP synthase along with transporter genes, 

including an inner membrane transporter RND efflux pump, as expected in an antibiotic 
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biosynthetic cluster. Genes 4, 7 and 9 of this cluster were targeted using site directed 

knockouts (Figure 4). Knockouts were successful for gene 4 [B025670::pKnock(4)] and 

gene 7 [B025670::pKnock(7)] and the corresponding mutants were tested on overlays. 

Phenotypic testing revealed that neither of the mutants produced a zone of inhibition on 

12202 and TX1 overlays.  

Cluster 675 was the leading candidate involved in PNP-4 biosynthesis. The 14 

genes in this cluster were annotated using PATRIC, while the CDD was used to identify 

broad super families to which each gene belonged (Table 9). Many of the genes of 

Cluster 675 code for enzymes that are homologous to those involved in the fatty acid 

biosynthetic pathway. The first gene in the cluster is an oxidoreductase (short-chain 

dehydrogenase/ reductase – SDR family), which is involved in a reduction of NADPH, a 

common cofactor used in anabolic/ biosynthetic pathways. Gene 2 codes for acyl carrier 

protein (ACP) with a phospho-pantetheine (PP) attachment site, used in fatty acid or 

polyketide biosynthesis. Additionally, gene 6 codes for 4'-phosphopantetheinyl 

transferase. This enzyme regulates the transfer of PP group from acetyl-coenzyme A to 

ACP, one of the initial steps in fatty acid synthesis. Alongside this, genes 3 and 4 code 

for enzymes beta-ketoacyl synthase and beta-ketoacyl-ACP synthase respectively, both of 

which also catalyze reactions involved in fatty acid biosynthesis. Gene 5 codes for long 

chain fatty acid-CoA ligase (AMP dependent synthetase), which is involved in 

breakdown of long chain fatty acids to small chain units. Gene 7 codes for an efflux 

transporter subunit (Resistance-Nodulation-Division (RND) family), which could be 

responsible for the efflux of the antibiotic. Genes 9 and 10 code for indoleacetate-lysine 

synthetase and S-adenosyl-methionine (SAM) dependent methyltransferase respectively. 
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Furthermore, gene 11 potentially codes for citrate synthase, an enzyme that catalyzes the 

conversion of oxaloacetate into citrate. Citrate can be converted to acetyl-coenzyme A 

which is the starting point of fatty acid synthesis. Gene 12 codes for beta-hydroxy acyl-

ACP dehydratase, which removes water, and gene 13 codes for trans-retinol 13,14-

reductase which catalyzes a reduction reaction in biosynthetic pathways for fatty acids. 

Gene 14 codes for a transmembrane protein. BLASTx results show that the cluster is not 

widely distributed, with parts of the cluster found in a Pantoea agglomerans and a 

Pantoea deleyi strain (Table 11). A nucleotide BLAST on individual gene sequences 

gives hits in CS03 chromosome of strain Xenorhabdus bovienii. However, the percentage 

identity and query cover for some of the genes is low (Table 10). 

3.6 B025670-WT produces a biosurfactant  

Since cluster 675 appeared to be involved in fatty acid biosynthesis, swarming assays 

were performed to determine if B025670-WT produces a biosurfactant. Swarming 

motility was observed in B025670-WT, BRT175 (positive control) and 

B025670::pKnock(4) (knockout mutant of cluster 675), spotted on LB 0.5% agar 

(incubated at room temperature and 30℃) . Increased swarming motility was observed at 

30℃, when compared to room temperature (Figure 5). None of the strains demonstrated 

swarming motility when spotted on LB 0.7% agar, indicating that the motility was 

specific to agar concentration in the growth medium.   
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Figure 4: Unique candidate clusters present in B025670-WT (producer of the antibiotic) but not present in 12 closely related 

non-producers of the antibiotic. The red stars represent the genes that were disrupted by single-crossover homologous 

recombination.   
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Table 9: PATRIC and CDD annotations for genes in cluster 675 

Gene Position PATRIC annotation Superfamily (CDD) CDD 

Accession  

E value Predicted function 

1 87,585 - 88,358 Hypothetical protein SDR_c Oxidoreductase cd05233 9.12E-31 SDR family oxidoreductase 

2 87,191 - 87,583 Hypothetical protein PP binding site pfam00550 2.10E-04 Acyl carrier protein (ACP) 

3 86,123 - 87,187 Hypothetical protein No conserved domains   Beta-ketoacyl synthase 

4 84,819 - 86,120  Hypothetical protein ACP synthase (KAS)- 

type 1 and 2 

cd00834 3.09E-109 Beta-ketoacyl-(ACP) synthase family 

5 83,416 - 84,822 Hypothetical protein AFD_class_I super 

family 

cl17068 1.67E-16 Long-chain fatty acid--CoA ligase 

6 82,777 - 83,412 Hypothetical protein EntD super family cl28580 1.49E-03 4'-phosphopantetheinyl transferase 

7 79,670 - 82,753 RND efflux system, inner 

membrane transporter 

ACR_tran super family cl26366 0 Efflux RND transporter permease subunit 

8 78,968 - 79,633 Hypothetical protein Methyltransf_11 pfam08241 2.41E-22 Class I SAM-dependent 

methyltransferase 

9 77,772 - 78,968 Hypothetical protein PaaK super family cl28008 1.54E-08 Indoleacetate-lysine synthetase (Ligase) 

10 76,949 - 77,767 Hypothetical protein Pyr_redox_2 super 

family 

cl26177 2.98E-03 Class I SAM-dependent 

methyltransferase 

11 75,898 - 76,959 Hypothetical protein CS_ACL-C_CCL 

super family 

cl00416 4.60E-15 Citrate synthase 

12 75,167 - 75,889 Hypothetical protein No conserved domains   Beta-hydroxyacyl-ACP dehydratase 

13 74,555 - 75,154 Hypothetical protein No conserved domains   All-trans-retinol 13,14-reductase 

14 74,038 - 74,553 Putative transmembrane 

protein 

No conserved domains   Putative transmembrane protein 
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Table 10: Nucleotide BLAST (BLASTn) on genes in cluster 675 

Gene Position Species E value % identity Query cover Accession no. 

1 87,585 - 88,358 Xenorhabdus bovienii str. CS03 chromosome 2.00E-43 69% 64% FO818637.1 

2 87,191 - 87,583 Xenorhabdus bovienii str. CS03 chromosome 3.00E-24 71% 61% FO818637.1 

3 86,123 - 87,187 Xenorhabdus bovienii str. CS03 chromosome 4.00E-28 64% 73% FO818637.1 

4 84,819 - 86,120  Xenorhabdus bovienii str. CS03 chromosome 2.00E-89 67% 88% FO818637.1 

5 83,416 - 84,822 Xenorhabdus bovienii str. CS03 chromosome 4.00E-36 67% 49% FO818637.1 

6 82,777 - 83,412 Oryzias latipes strain HNI chromosome 24  1.00E-01 94% 5% CP020802.1 

7 79,670 - 82,753 Prosthecochloris aestuarii DSM 271  5.00E-08 85% 2% CP001108.1 

8 78,968 - 79,633 Xenorhabdus bovienii str. CS03 chromosome 3.00E-34 68% 70% FO818637.1 

9 77,772 - 78,968 Xenorhabdus bovienii str. CS03 chromosome 5.00E-09 75% 9% FO818637.1 

10 76,949 - 77,767 Xenorhabdus bovienii str. CS03 chromosome 8.00E-11 66% 41% FO818637.1 

11 75,898 - 76,959 Xenorhabdus bovienii str. CS03 chromosome 1e-09 69% 18% FO818637.1 

12 75,167 - 75,889 Myotis brandtii trichohyalin 0.41 83% 6% XM_014535093.1 

13 74,555 - 75,154 Citrobacter freundii sp. CFNIH2 chromosome 5.00E-24 73% 34% CP025757.1 

14 74,038 - 74,553 Photorhabdus laumondii subsp. laumondii  1.00E-17 70% 48% CP024901.1 
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Table 11: Translated nucleotide BLAST (BLASTx) on genes in cluster 675 

Gene Annotation Best hit E value % similarity Query 

cover 

Accession no. 

1 SDR family oxidoreductase  Pantoea agglomerans 0 99% 99% WP_080707902.1  

2 Acyl carrier protein (ACP) Pantoea agglomerans  1.00E-87 99% 99% WP_080707901.1 

3 Beta-ketoacyl synthase Pseudoalteromonas flavipulchra 3.00E-56 33% 98% WP_010607008.1 

4 Beta-ketoacyl-(ACP) synthase family Pantoea agglomerans 0 100% 99% WP_050491330.1 

5 Long-chain fatty acid--CoA ligase Vibrio spartinae 2.00E-130 44% 99% WP_074373278.1 

6 4'-phosphopantetheinyl transferase Kosakonia oryzae 2.00E-24 34% 99% SFB67672.1 

7 Efflux RND transporter permease subunit Pantoea agglomerans  0 99% 99% WP_031591950.1  

8 Class I SAM-dependent 

methyltransferase Pantoea agglomerans  5.00E-164 100% 99% WP_031591949.1  

9 Indoleacetate-lysine synthetase (Ligase) Kosakonia sacchari 2e-114 45% 97% SEL17214.1  

10 Class I SAM-dependent 

methyltransferase Xenorhabdus bovienii  4.00E-83 46% 99% WP_046337360.1  

11 citrate synthase Kosakonia radicincitans 5.00E-105 44% 99% WP_007373380.1  

12 Beta-hydroxyacyl-ACP dehydratase  Lonsdalea iberica 5.00E-27 36% 97% WP_094101850.1  

13 All-trans-retinol 13,14-reductase  Clostridia bacterium 1.00E-08 32% 71% KUK40704.1 

14 Hypothetical protein  Pantoea sp. PSNIH6  2.00E-68 82% 99% WP_103797506.1  
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A. Room temperature                                  B. 30℃ 

                                                 24 hrs             48 hrs                            24 hrs           48 hrs 

 

B025670-WT 

 

 

 

B025670::pKnock (4) 

 

 

 

        BRT175 

 

 

 

            E. coli 

 

 

Figure 5: Relative swarming motility of B025670-WT, B025670::pKnock(4), 

BRT175 and E. coli at two different temperatures. The strains exhibit an increased 

swarming motility at 30℃ (B), when compared room temperature (A) 
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DISCUSSION 

The rise of multi-drug resistant pathogens, including Gram-negative members of the 

Enterobacteriaceae, requires the development of new antimicrobials. Many Gram-

negatives have been classified as critical pathogens based on the risk they pose to human 

health. They have been known to cause infections in both healthy and 

immunocompromised individuals, and several multi-drug resistant isolates of these 

pathogens have been reported. Bacterial strains from genus Pantoea, a member of the 

Erwiniaceae, produce natural products that have antimicrobial properties. A survey 

performed on the Pantoea collection to identify strains with activity against VRE, 

Enterobacter, Klebsiella, Citrobacter or Kosakonia found that out of 112 strains 

surveyed, 25 inhibited the growth of these pathogens. Of these, eight strains produced at 

least one antimicrobial effective against three or more pathogens used in the study. P. 

agglomerans B026440, Eh318, SP05120 and P. dispersa 2-M11657B each had activity 

against three pathogens, while P. agglomerans TX10, SP01202, SP03412 and P. ananatis 

DC434 each had activity against four pathogens. This activity can be a result of one or 

more antimicrobials that the strain might be producing. For instance, P. ananatis BRT175 

produces pantocin A, an antimicrobial effective against E. amylovora. The cluster 

responsible for pantocin A is present in P. agglomerans TX10. Additionally, TX10 

produces a second antibiotic, PNP-2. As a result, strain TX10 exhibits a wide spectrum of 

activity against both Gram-positive and Gram-negative pathogens, including E. 

amylovora and Enterobacter (from the Enterobacteriaceae family). The wide spectrum 

of activity can potentially be attributed to the combined additive effect of both the 
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antibiotics being produced by the strain. Alternatively, it is possible that the activity is 

due to the independent inhibitory effects of both of the antibiotics.   

P. agglomerans B025670 produces an antibiotic (PNP-4) that has activity against 

multiple Enterobacter strains, including the multi-drug resistant Enterobacter 

ATCC700323 and Kosakonia sp. 12202. Wild type B025670 (B025670-WT) produces a 

clear zone of inhibition against both TX1 and 12202, although the zone appears more 

defined on the 12202 overlays because the uniform and dark background provides a 

contrast. The selection of this strain for the project was ideal given the availability of its 

draft genome. The genetic screen was conducted on a minimal medium (EMM) which 

provides the basic nutrients for survival of the mutants; however, nutrient-limiting 

conditions are known to trigger the production of antimicrobials, making them ideal for 

use in screening63–65.   

In the genetic screen, mutants were selected that either did not produce a zone or 

had a different phenotype than B025670-WT on 12202 overlays. A total of 34 candidate 

mutants were recovered after screening over 9000 mutants (percentage recovery: 0.37%). 

Out of the 34 candidate mutants identified, 14 had disruptions clustered in regions 

involved in the production of amino acids, representing more than one-third of the total 

mutants recovered. The disruptions in most candidate mutants appeared to be clustered in 

7 different regions, 5 of which were amino acid biosynthetic operons. Regions 1, 4, 5 and 

6 appeared to have disruptions in genes involved in histidine, arginine, isoleucine and 

cysteine biosynthesis. Antibiotic production of mutants having transposon disruptions in 

these regions was restored when the corresponding amino acids were added to the growth 

medium. This was characterized by clear and defined zones, comparable to B025670-
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WT. Since the phenotype of the mutants was rescued, these operons could not have been 

directly involved in the production of the antibiotic. However, it was possible that the 

products of these anabolic pathways indirectly fed into the pathway responsible for the 

antimicrobial. For instance, amino acids are the key components in the biosynthesis of 

antimicrobial peptides, which have been studied to have a broad spectrum of activity. For 

instance, antimicrobial peptides gramicidin and tyrocidine, isolated from Bacillus brevis 

inhibit both Gram-positive and Gram-negative pathogens66. Therefore, the amino acids 

could potentially be precursor molecules required to make the antibiotic. Since the 

operons had been disrupted, the mutants could not produce sufficient amino acids, 

resulting in a loss of the antibiotic. For instance, production of the Pantoea derived 

antibiotic, dapdiamide, requires the supplementation of L-asparagine in the growth 

medium (5X GA)67. Alongside this, L-glutamine serves as a precursor in the production 

of carbapenem (beta-lactam antimicrobial) in Pectobacterium carotovorum. The 

availability of the L-glutamine is an important factor driving the synthesis of this 

antimicrobial50. Furthermore, non-proteinogenic amino acid, alpha-aminoadipate, is an 

intermediate in biosynthesis of L-lysine. Alpha-aminoadipate serves as a precursor in the 

pathways involved in the production of penicillin in Aspergillus nidulans68,69.   

The two mutants in region 2 had disruptions in genes coding for ornithine 

carbomyl-transferase (argF) and aspartate carbomyl-transferase (pyrB). This region did 

not appear to be involved in amino acid biosynthesis, since antibiotic production in these 

mutants was restored in the presence of exogenous arginine. This is because the disrupted 

genes, argF and pyrB, are a part of arginine (argCJBDF) and pyrimidine 

(pyrRBCAaAbDFE) biosynthetic operons respectively. These operons are involved in 
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production of arginine and nucleobases using a common intermediate, carbamoyl 

phosphate, in various lactic acid bacteria like Lactobacillus plantarum, L. paraplantarum, 

L. pentosus and L. casei70. The mutants in this region had lost their ability to produce the 

antibiotic because of their inability to synthesize arginine and/or pyrimidines. Therefore, 

the antibiotic production was restored by the addition of arginine to the growth medium. 

Mutants in region 3 appeared to have disruptions in genes involved in leucine 

biosynthesis. These mutants did not produce a zone of inhibition when tested against 

12202 using the agar overlay method. However, they had a zone when they were tested 

against TX1. A disruption in the cluster responsible for antibiotic production should have 

resulted in a phenotype different from B025670-WT, such as a complete loss or a 

reduction in the zone of inhibition. Since the mutants in this region still had activity 

against TX1, the hypothesis was that B025670-WT was producing two antibiotics. 

However, since this region was another amino acid operon, these mutants were also 

auxotrophs, since they could be rescued by addition of leucine. It is possible that TX1 

encodes a transporter that facilitates the export of leucine, which can further be utilized 

by the mutants to balance out their inability to produce leucine.  Amino acid efflux 

proteins have been reported in E. coli71 and genes coding for leucine efflux proteins were 

found in Enterobacter cloacae (Accession no.: WP_014884157.1)72.  

 The mutants of regions 1-6 were auxotrophs and had likely lost their ability to 

produce the antibiotic because of the inability to synthesize particular amino acids. 

Additionally, they could not obtain these amino acids from the growth medium because 

of the nutrient limiting conditions created by the use of EMM. The overlays were poured 

using 5X GA, which had glucose as the carbon source and asparagine as the nitrogen 
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source. Although the mutants had asparagine available to them, it could not substitute for 

either histidine, arginine, leucine, isoleucine or cysteine. Alongside this, asparagine does 

not serve as the substrate for the production of the other amino acids. Therefore, because 

these nutritional mutants could be rescued with the supplementation of amino acids in the 

growth medium, it was unlikely that these gene clusters were involved with the 

production of the antimicrobial.   

The phenotype of the mutants in region 7 could not be rescued upon 

supplementing the growth medium with any amino acid. There were two mutants 

clustered in this region, and both had disruptions in a gene coding for a membrane protein 

involved in the export of O-antigen. Both mutants produced a tiny zone of inhibition 

around them when tested against 12202. O-antigen is a part of lipopolysaccharide (LPS) 

in the outer membrane of the bacteria. The variability in this antigen serves as a marker 

for distinguishing Gram-negative bacteria and it also plays a role in bacterial virulence73. 

The membrane protein gene is adjacent to a putative glycerol-transferase gene. 

Researchers have found that mutations in glycerol-transferases (ssg) in Pseudomonas 

alkylphenolia KL28 resulted in a loss of O-antigen in the LPS of the bacteria, along with 

a change in the outer cell membrane composition74. Both of these genes are involved in 

LPS biosynthesis and play a crucial role in the cell-surface properties. The altered outer 

membrane of these mutants may alter the functioning of transporters involved in the 

efflux of the antibiotic, which could potentially be the reason for the tiny zones of 

inhibition around these mutants when tested against 12202.  

After phenotype rescue experiments excluded nutritional mutants, none of the 

remaining mutants appeared to be lead candidates for the antibiotic producing cluster. In 
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order to identify any other nutritional mutants recovered from the screen, all the mutants 

were tested against 12202 and TX1 using overlays poured on LB base medium. A rich 

medium like LB would supplement all the amino acids that the mutants could not 

synthesize. Of the 34 candidate mutants, 32 started producing zones of inhibition 

comparable to B025670-WT. The remaining two mutants had tiny zones around them, 

and belonged to region 7, which was involved in the biosynthesis of LPS outer 

membrane. The reduction in the size of the zone for these mutants was thought to be 

because of possible altered outer membranes in these mutants. 

The base medium in the genetic screen was switched from EMM to LB to reduce 

the recovery of nutritional mutants.  The genetic screen was repeated on overlays of 

12202 on LB base medium. After screening through 3000 mutants, a total of five 

candidate mutants were recovered, making the percentage recovery 0.17%. This was 

lower than the percentage recovery of the previous screen (0.37%), which meant that 

using rich medium reduced the number of candidates recovered from 3.7 to 1.7 (for every 

1000 mutants screened). None of the five mutants had a complete loss in the zone of 

inhibition on the overlays. However, the mutant colonies and the zones of inhibition were 

smaller when compared to B025670-WT. These candidates had disruptions in three 

different areas. Cluster 1 coincided with region 7, with disruptions in a gene coding 

dihydroorotate dehydrogenase (DHODH). This enzyme catalyzes the reduction of 

dihydroorotate into orotate, which is the fourth reaction in the de-novo biosynthesis of 

pyrimidines. DHODH has roles in both eukaryotic and prokaryotic cells75. Researchers 

have found that the inhibition of DHODH using thiadiazolidinediones, a prototypical 

drug, has a wide spectrum bactericidal effects on both Gram-positive and Gram-negative 
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bacteria76. Another study demonstrated that a mutation in genes encoding DHODH 

enzymes in Trypanosoma brucei, a protozoal pathogen, resulted in a complete non-

viability of the cell77. It is possible that the disrupted pyrimidine biosynthesis due to the 

mutation in DHODH gene resulted in poor growth (tiny colonies) and smaller zones in 

these mutants. All of the other genes in this cluster coded for products with diverse 

functions, including cell division proteins and O-antigen proteins (disrupted in region 7). 

This made it difficult to establish any connections between the genes present in the 

cluster. Also, there were no biosynthetic genes or transporters. All previous antibiotic 

clusters characterized in Pantoea, including PNP-1 and PNP-2, had a combination of 

regulatory, biosynthetic, and transporter genes. A nucleotide BLAST of the cluster 

against the nucleotide collection (nr/nt database) revealed that it was well distributed in 

other Pantoea strains. Therefore, it was unlikely that this cluster was involved in the 

production of the antibiotic. The mutant in cluster 2 had disruption in the gene coding for 

dihydroorotase, which is reduced by DHODH into orotate. Therefore, this cluster had a 

disruption in another component of the pyrimidine biosynthetic pathway, resulting in 

smaller colonies of the mutants producing tiny zone of inhibition. This cluster was also 

well distributed and highly conserved in P. ananatis strains LMG 20103 and LMG 5342, 

which do not produce the antibiotic (they do not inhibit 12202 or TX1). Therefore, it did 

not appear that this cluster was involved in antibiotic production either.  Likewise, the 

mutant in cluster 3 had disruption in a gene coding for a transposase, an enzyme that 

catalyzes the mobilization of a transposon in the bacterial genome. One of the flanking 

genes (inner-membrane protein, YtfF) in this cluster was mutated using site directed 
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mutagenesis and this knock-out continued to have activity against 12202 and TX1. This 

suggested that cluster 3 could not have been involved in the production of the antibiotic.    

There was enough evidence that none of these clusters were directly involved 

with the production of the antibiotic. It appears that the production of this antibiotic can 

be disrupted in B025670-WT by disrupting numerous pathways. This means that the 

probability of recovering a mutant with a disruption in the actual antibiotic producing 

cluster was relatively low and it would require an exhaustive screen. Although 

approximately 12,000 mutants were screened on two different media, additional mutants 

would have had to be screened in order to identify the antibiotic cluster. Instead, 

comparative genomics was used to identify the cluster responsible for PNP-4 production. 

The fundamental idea behind the use of comparative genomics was that B025670-WT 

produces the antibiotic (and possesses a cluster responsible for it), while several other 

closely related Pantoea strains do not produce it and do not have the cluster. Therefore, 

the B025670-WT draft genome was compared to the draft genomes of 12 closely related 

non-producers of the antibiotic. The selection of the strains used for comparison was 

based on their antibiotic production profile and the availability of their genomes. There 

was a diversity in the strains used for the study, with one strain each of P. dispersa (625), 

P. stewartii (626) and P. calida (B021323); two strains each of P. agglomerans (DC432 

and SP04022), P. brenneri (B016381 and B024858) and P. eucalypti (B011489 and 5-

F9026); and three P. ananatis strains (15320, 17671 and 26SR6). EDGAR gene content 

analysis was used to compare the draft genomes of these strains, using the Venn Diagram 

tool. One of the drawbacks of using this tool was that allowed the comparison of only 

five strains at a given time. Therefore, the query was compared to the draft genomes of 
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four other strains in three sets.  A list of all the genes unique to the query were exported 

for all the three runs. The number of genes unique to the query increased when it was 

compared to a distantly related species (like P. ananatis), as opposed to a close relative 

(like P. agglomerans). This is because closely related strains had more genes in common, 

therefore the number of genes unique to the query strain were low. On the other hand, 

distantly related strains had much less genes in common, making the number of genes 

unique to the query relatively higher. The number of genes unique to the query strain was 

directly proportional to its relative distance to the species it was being compared to. This 

also suggests that the inclusion of distant Pantoea species in the comparison increased 

the numbers of gene clusters unique to the query, which further made looking for leads 

challenging. If the genomes of more P. agglomerans strains (that do not produce the 

antibiotic) were included, the number of genes unique to B025670-WT would be lower, 

therefore resulting in a more refined data set and making identification of leads relatively 

simpler.  

There were two clusters (697 and 675) which were unique to B025670-WT and 

narrowly distributed when compared to other Pantoea strains. Site directed knock-outs 

targeting genes in both of these clusters revealed that mutations in 697 did not have any 

effect on the production of the antibiotic. On the other hand, mutations in 675 result in a 

loss of antibiotic production. Genes in cluster 675 were annotated using PATRIC, 

NCBI’s CDD and BLAST. However, each tool had its limitations. PATRIC annotated 

most of the genes as hypotheticals whereas CDD annotations were limited to the broad 

super-families that each gene belonged to. Furthermore, no conserved domains were 

identified for some of the genes in the CDD search. A nucleotide BLAST (BLASTn) 
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showed the distribution of individual genes in other organisms, but it did not help with 

the identity of the genes. However, a translated nucleotide BLAST (BLASTx) gave the 

annotations for genes and their relative distribution in other organisms as well. This was 

particularly helpful as the hits had a high percentage similarity, which indicated the 

tentative function of the gene. Furthermore, the annotations for individual genes provided 

by BLASTx coincided with the super-families predicted in the CDD analysis.  

Gene cluster 675 may be involved in fatty acid biosynthesis. Studies have shown 

that saturated fatty acids have inhibitory activity against organisms78. Researchers have 

also shown that free fatty acid (FFA) antimicrobials have the ability to inhibit bacterial 

growth and also kill bacteria. FFAs have diverse mechanism of actions, which primarily 

include disruption of the cell membrane, targeting the electron transport chain and 

oxidative phosphorylation in other organisms78. Additionally, FFA action can also be 

accompanied by inhibition of enzyme activity and inability of the organisms to uptake 

nutrients from the growth medium79. B025670-WT exhibits swarming motility indicating 

that it produces at least one biosurfactant. Additionally, the knockout mutant of cluster 

675 [B025670::pKnock(4)] also exhibits swarming motility, which means that B025670-

WT could potentially be producing more than one biosurfactant. However, since 

B025670-WT produces a biosurfactant, it is possible that PNP-4 is a lipoprotein. P. 

agglomerans A111 (formerly Erwinia herbicola) produces lipoproteins herbicolin A and 

B, with inhibitory effects on sterol containing fungi36. Likewise, lipoproteins synthesized 

by Bacillus, including surfactins, fengycins and iturin, have demonstrated antagonistic 

properties against a wide spectrum of phytopathogens, including bacterial and fungal 

pathogens. For instance, Bacillus subtilis 6051 and Bacillus amyloliquefaciens KPS46 
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produce lipopeptide surfactin, with inhibitory effects on Pseudomonas syringae (which 

causes Arabidopsis root infection) and Xanthomonas axonopodis pv. glycinea (pathogen 

responsible for root and foliar disease in soybeans) respectively80. Fengycins produced by 

B. subtilis M4 and B. amyloliquefaciens are effective against Botrytis cinerea (causes 

grey mold disease of apple) and Sclerotinia sclerotiorum (causes sclerotinia stem rot 

disease) respectively. Additionally, B. subtilis M4 produces iturin, effective against 

Pythium ultimum (causes damping off of bean) and Pseudomonas fluorescens 96.578 

produces tensin, which has inhibitory properties against Rhizoctonia solani that infects 

sugar beet seeds80. 

Researchers have demonstrated the diverse medical implication of lipopeptides 

produced by numerous Bacillus strains. Surfactins produced by B. subtilis MZ-7 and B. 

amyloliquefaciens ES-2 have antifungal and antimicrobial properties, along with 

antitumor and antiviral effect against HIV-1. Additionally, iturins synthesized by B. 

amyloliquefaciens strains B128 and PPCB004 exhibit antimicrobial and antifungal 

properties against extreme mycosis80. Furthermore, cyclic lipopeptides polymyxin B and 

polymyxin E (colistin), isolated from B. polymyxa and B. colistinus respectively, exhibit 

antimicrobial effects against several clinically relevant Gram-negative pathogens, 

including Enterobacter, Acinetobacter and Pseudomonads. They also have limited 

inhibitory activity against Gram-positive pathogens. The mechanism of action of 

polymyxins involve destabilization of the outer cell membrane in Gram-negative 

bacteria, which disturbs the integrity of the bacterial cell. This is followed by leakage of 

small protein molecules and ions, which ultimately results in cell death81. Daptomycin, 

synthesized by Streptomyces reseosporus, has inhibitory effects on Gram-positive 
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pathogens, including MRSA, VRE and vancomycin-resistant Staphylococcus aureus 

(VRSA). Furthermore, it remains one of the very few drugs approved recently for the 

treatment of complicated skin infections82. Daptomycin induces a loss in the membrane 

potential of the cell by disturbing the integrity of their outer membrane, followed by a 

leak of the essential potassium ions that results in cell death83 .  

Lipopeptides possess a protein moiety constituted of amino acids. It is possible 

that the disruptions in the amino acid biosynthetic pathways (in the genetic screens) is 

linked to the synthesis of PNP-4. The amino acids are potentially a part of the antibiotic, 

therefore disrupting the production of any one amino acid, results in a loss of antibiotic 

production. Therefore, PNP-4 is potentially a fatty-acid based antimicrobial.  
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CONCLUSION 

Strains of Pantoea produce a range of antimicrobials effective against a broad spectrum 

of clinically relevant bacterial pathogens, including VRE, Enterobacter, Klebsiella, 

Citrobacter and Kosakonia. The antibiotic production survey helped in the identification 

of 25 Pantoea strains that produce at least one antibiotic against one or more pathogens. 

Of these, 14 strains produced an antimicrobial effective against Enterobacter, a high-risk 

Gram-negative pathogen that has been deemed a serious health threat. P. agglomerans 

B025670-WT is an antibiotic producing isolate that produces at least one antibiotic, PNP-

4, that inhibits the growth of multi-drug resistant Enterobacter strains, and multi-drug 

resistant E. coli. Antibiotic production in B025670-WT can be disrupted by mutations in 

the histidine, leucine, arginine, isoleucine, cysteine and tryptophan biosynthetic 

pathways. However, this is reversible as the antibiotic production is restored when the 

corresponding amino acids are added to the growth medium. Strain B025670-WT 

possesses a biosynthetic cluster tentatively involved in the biosynthesis of fatty acids. 

Furthermore, this cluster is unique to B025670-WT and it is not present in closely related 

non-producers of PNP-4. It is not conserved in any other Pantoea strains and its 

distribution is fairly narrow. The gene cluster contains predicted genes coding for 

essential enzymes, substrates and transporters, as observed in other antibiotic producing 

Pantoea clusters, like PNP-1 and PNP-2. Mutations in this cluster result in a loss in the 

antibiotic producing ability. Therefore, PNP-4 is potentially a fatty acid-based antibiotic 

with possible applications as a therapeutic.  
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Future directions 

The development of an antibiotic requires understanding the biosynthetic pathway(s) 

involved in the production of the compound. PNP-4 is potentially an antibiotic produced 

by the combination of products from several biosynthetic pathways, including those 

involved in amino acid and fatty acid biosynthesis. The involvement of multiple clusters 

poses a challenge in studying the regulation of PNP-4. Furthermore, it is difficult to 

explore if the antibiotic can be produced and expressed in other bacterial systems, such as 

E. coli, through recombinant DNA techniques. Therefore, the project should focus on 

optimizing the growth conditions for B025670-WT, aimed at an overall increase in the 

antibiotic production and expression. This can be done by substituting the carbon and 

nitrogen source and supplementing different amino acids to the growth media. 

Additionally, the focus should also be on extraction PNP-4. An extract can be analyzed 

for its active compounds, which can provide information on the mode of action of this 

antibiotic. Competition assays can be also be performed on B025670-WT, to understand 

the correlation between antibiotic production and the fitness or competitiveness of 

B025670-WT against other bacterial pathogens.    
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