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ABSTRACT OF THE THESIS 

 

Genetic Components involved in predator-prey interactions between 

Myxococcus xanthus and Escherichia coli 

 

By 

 

 

Jia Luan 

 

Master of Science in Microbiology, Immunology, and Molecular Genetics 

University of California, Los Angeles, 2014 

Professor Wenyuan Shi, Chair 

The predator-prey interaction between Myxococcus xanthus and Escherichia coli is a well known 

microbial behavior, but has not been systematically investigated at the molecular level. In this 

study, we used the genetic approach to explore the mechanism underlining this interaction.  
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In chapter I of this thesis, we adapted a genetic screening assay originally developed for studying 

phage-bacteria interactions to isolate and analyze M. xanthus mutants that are defective in their 

predatory behavior toward E. coli. Our genome-wide genetic screening in M. xanthus led to the 

discovery of several molecular components that are involved in the predator-prey interaction. 

Characterization of these M. xanthus mutants in chapter II demonstrated that genes involved in 

the biosynthesis of the polyketide antibiotic TA, were transcriptionally up-regulated in the 

presence of E. coli prey cells. Chapter III is focused on screening for E. coli mutants to further 

explore the genetic components of E. coli involved in its interaction with M. xanthus during 

predator-prey interaction. Our study shed light on the mechanism underlying the predator-prey 

interaction between M. xanthus and E. coli by revealing gene functions in both species that could 

potentially be involved in this intriguing process. More importantly, we demonstrated that M. 

xanthus is able to sense the presence of E. coli prey cells through direct cell-cell contact, and 

respond by up-regulating its antibiotic TA production for prey killing, indicating the predator-

prey interaction is a well-regulated biological event. 

  



 iv 

 

 

The thesis of Jia Luan is approved. 

 

Robert P. Gunsalus 

Renate Lux 

Wenyuan Shi, Committee Chair 

 

 

 

 

University of California, Los Angeles 

2014 

  



 v 

TABLE OF CONTENTS 

List of Figures and Tables............................................................................................................ vii 

Acknowledgements......................................................................................................................viii 

Introduction of thesis.......................................................................................................................1 

Reference ........................................................................................................................................3 

Chapter I Development of an inter-species interaction assay for screening M. xanthus 

mutants defective in predatory behavior……………………………...……………..................5 

Abstract ………...............................................................................................................................6 

Introduction .....................................................................................................................................7 

Materials and Methods....................................................................................................................8 

Results............................................................................................................................................11 

Discussion......................................................................................................................................13 

Figures............................................................................................................................................15

References......................................................................................................................................21  

Chapter II Analyze the Expression of Antibiotic TA genes in the presence of E. coli..........23 

Abstract .........................................................................................................................................24 

Introduction ...................................................................................................................................25 

Materials and Methods...................................................................................................................26 

Results............................................................................................................................................29 



 vi 

Discussion .....................................................................................................................................31 

Figures ...........................................................................................................................................32 

References .....................................................................................................................................34 

Chapter III Screening E. coli large-scale chromosome deletion mutant library to discover E. 

coli genetic components involved in predator-prey interaction with M. xanthus..................36 

Abstract..........................................................................................................................................37 

Introduction....................................................................................................................................38 

Materials and Methods...................................................................................................................39 

Results............................................................................................................................................41 

Discussion......................................................................................................................................43

Figures............................................................................................................................................45

References .....................................................................................................................................54 

  



 vii 

LIST OF FIGURES AND TABLES 

Chapter I

Figure 1 

Figure 2  

Figure 3 

Chapter II 

Figure 4 

Figure 5 

Chapter III 

Figure 6  

Figure 7 

Figure 8 

Table 1 

Table 2 

Table 3 

 

 

....................................................................................................15 

....................................................................................................16 

....................................................................................................18 

 

....................................................................................................32 

....................................................................................................33 

 

.....................................................................................................45 

....................................................................................................46 

....................................................................................................47 

....................................................................................................48 

....................................................................................................50 

....................................................................................................52 

 

  



 viii 

ACKNOWLEGEMENTS 

I sincerely acknowledge the following people who have helped me with all of their heart during 

my thesis research. 

First and foremost, I would like to express my sincere gratitude to my advisor and mentor, Dr. 

Wenyuan Shi for the continuous support of my study and research, for his motivation, 

enthusiasm, and immense knowledge. His guidance helped me in all the time of research, and his 

act taught me the true meaning of professionalism and the philosophy of research and life, 

beyond what might be conventional. I could not have imagined having a better advisor and 

mentor for my graduate study. 

I also would like to thank my thesis committee: Prof. Robert P. Gunsalus, Prof. Renate Lux, for 

their encouragement and insightful comments. 

I would like to thank all the members of the Shi lab, past and present, who have helped with my 

studies and provided me an excellent research environment. In particular, I would express my 

deepest appreciation to Dr. Hongwei Pan and Dr. Xuesong He, for research mentoring and 

writing of this thesis. I thank my labmates: Lihong Guo, Aida Kaplan, Bruno Lima, Wei Hu, for 

the stimulating discussion, Winnie Guo and Dongli Wang for supports, and for all the fun we 

have had in the past of years. 

Last but not the least, I would like to thank my family: my parents Shaojun Li and Caifu Luan, 

for their unconditional love, supporting me spiritually throughout my life. 

 



 1 

INTRODUCTION OF THE THESIS 

Predatory bacteria are ubiquitous, they can prey on other prokaryotic microorganisms using a 

number of strategies and play important roles in modulating the dynamics and structures of 

microbial populations (Berleman and Kirby 2009, Clarke and Maddera 2006, Horinouchi 2007, 

Lambert et al 2006). One of the best-known predatory bacterial genera is Myxococcus, which has 

a very complex predatory behavior and is capable of preying on a verity of species, including E. 

coli (Berleman and Kirby 2007, Berleman et al 2008, Berleman and Kirby 2009, Oxford and 

Singh 1946, Reichenbach 1999, Shi and Zusman 1993). As the prey cells in the natural habitats 

of M. xanthus, E.coli is used in the study of predatory-prey interaction model due to its well-

established genetic engineering system. 

Predation is a multi-step process that includes prey-search and killing, degradation of 

macromolecules and lastly the assimilation of the released nutrients (Martin 2002). Taking 

advantage of their complex social interactions, bacterial cells of the same Myxococcus species 

including the model strain M. xanthus work together to conduct group predation also known as 

“wolf pack” (Hillesland et al., 2007). M. xanthus can actively search for prey (Berleman and 

Kirby 2009, Pham et al 2005), and once the prey has been detected, it produces bacteriolytic 

enzymes, proteases, and certain antibiotics to kill and lyse the prey cells and assimilate the 

released nutrients(Berleman and Kirby 2009, Goldman et al 2006). 

In this study, we focused on the systematic investigation of the genetic components involved in 

prey killing by using the well-studied M. xanthus DK1622 and E. coli K12 as model organisms. 

The first chapter of this dissertation focuses on the development of a genetic screening system to 
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identify M. xanthus genes involved in E. coli predation on a genome-wide scale. The 

transcriptional regulation of the identified genes by the presence of E. coli prey was further 

analyzed in the second chapter. In the last chapter of this dissertation, similar screening assays 

were also employed to identify E. coli mutants that are resistant to killing by M. xanthus. The 

genetic information obtained from both M. xanthus and E. coli studies provides insightful 

information about the possible mechanism behind this intriguing predator-prey interaction. Our 

data indicated that predator-prey interaction of M. xanthus and E. coli is a well-regulated 

biological event, which may be triggered by a specific molecule in E. coli, recognized by M. 

xanthus through direct cell-cell contact and resulted in antibiotics TA production. 
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Development of an inter-species interaction assay for screening  

M. xanthus mutants defective in predatory behavior 
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ABSTRACT 

The predator-prey interaction between Myxococcus xanthus and Escherichia coli is one of the 

best known cases of inter-species interactions in microbiology. Despite its well-studied 

behavioral features, little is known about the genetic and molecular components involved in this 

intriguing interaction. In this study, we developed a high throughput genetic screening assay to 

isolate mutants of M. xanthus that are defective in predator-prey interaction. Molecular 

characterization of some of these M. xanthus mutations revealed genetic loci encoding antibiotic 

myxovirescin (TA), putative membrane and cytoplasmic proteins that are involved in the 

predation process. 
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INTRODUCTION 

 

Myxococcus xanthus is a common soil bacterium with an complex multicellular lifestyle that 

challenge the way in which we conceptualize the capabilities of prokaryotic organisms 

(Berleman and Kirby 2009). M. xanthus is also a predator that degrade the macromolecules 

released through the lysis of other microbial cells (Martin 2002). Although the physiology and 

ecology features of Myxococcus predatory behaviors have been extensively studied, the 

knowledge regarding the genetic and molecular components involved in the predatory behaviors 

is still very limited. There have been only a few studies reporting the individual genes 

participating in predation and other social behaviors. For example, the null mutant of M. xanthus 

ppk1 (poly p kinase 1) has been shown to be defective in social motility, fruiting body formation 

and form far smaller plaque on the lawn of Klebsiella aerogenes (Zhang et al 2005); while the 

groELs were implicated to participate in cell growth, development and E. coli digestion (Li et al 

2010). Recently, a M. xanthus Δta1 mutant, blocked in antibiotic TA production, was reported to 

be deficient in E. coli killing (Xiao et al 2011). However, these individual studies revealed only 

limited genetic components contributing to the predatory behavior in Myxococcus. 

In this chapter, we aimed to systemically investigate M. xanthus predatory behavior at the 

molecular level, using well-studied M. xanthus DK1622 and E. coli K12 as model organisms. 

We constructed an M.  xanthus transposon mutant library and used a high throughput genetic 

screening assay adapted from classical double layer plaque assay to facilitate the isolation of 

mutants that are defective in predator-prey interaction.  
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MATERIALS AND METHODS 

Bacterial strains and culture condition 

The bacterial strains and plasmids used in this study are listed in Supplementary Table 1. All M. 

xanthus strains were cultured in CYE liquid medium or on CYE plates supplemented with 1.5% 

agar (Difco) (Campos et al 1978). For experiments related to predation under starvation 

conditions, the M. xanthus strains were incubated on MOPS agar plates (10 mM MOPS [pH 7.6], 

8 mM MgSO4) (Yang et al 1998). E. coli cells were cultured in liquid Luria-Bertani (LB) broth 

or on solid LB containing 1.5% agar. E. coli MG1655 was served as the indicator bacterium and 

E. coli DH5α λ pir was used as the recipient of the plasmids. M. xanthus cells were incubated 

aerobically at 32oC, while E. coli cells were grown at 37°C. When needed, kanamycin (Km, 

100µg/ml) or ampicillin (Amp, 100µg/ml) was added to the media.  

 

Transposon mutagenesis 

Electroporation of M. xanthus strain DK1622 with plasmid pMiniHimar1-lacZ was performed as 

previously described (Kashefi and Hartzell 1995, Pan et al 2010). Briefly, the M. xanthus cells 

were grown to the exponential phase in CYE medium, collected by centrifugation at 4,500 × g 

for 15 min, and washed three times in sterile deionized water. The cell pellet was re-suspended in 

sterile deionized water, and cooled on ice. A 100 µl aliquot (1 × 1010 cells/ml) was mixed with 

50−100 ng plasmid DNA and transferred to a 0.1-cm electroporation cuvette (Genesee 

scientific). The electroporation was performed with the BioRad Gene Pulser II at 0.65 kV, 400 Ω 

and 25 µF. Following the electroporation, the cells were immediately transferred to 1.0 ml CYE 
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and incubated 4−6 hrs at 32°C. The electroporation mix was dilute with CYE medium, plated on 

CYE-Km agar and incubated for 5-7 days at 32°C. 

 

Screen of the mutant library 

The double-layered plaque assay (Moce-Llivina et al 2004) was employed to screen the M. 

xanthus mutant library. A 200 µl aliquot (OD 600 of 4) of overnight cultured E. coli cells were 

mixed with 3 ml CYE soft agar and poured onto the DK mutants that had been grown on the 

CYE-Km agar. The plaque production ability of the mutants was monitored after overnight 

incubation at 32°C. Mutants that had deficiency in plaque production were selected and the 

double-layered plaque assay was repeated to further verify the phenotype. The wild type strain 

M. xanthus DK1622 was used as the positive control. 

 

Determination of the insertion site in M. xanthus mutants 

The insertion site in the mutants genomic DNA was determined as reported 26. Briefly, the 

genomic DNA of the mutants was extracted using the MasterPure™ DNA Purification Kit 

(Epicentre®) and digested with the restriction enzyme SacII (NEB) for overnight. After 

purification by alcohol precipitation, the digested DNA was self-ligated using T4 DNA ligase 

(NEB). The ligation product was transformed into E. coli DH5α λ pir strain, and the kanamycin-

resistant (Kmr) transformants were selected. Plasmid DNA was extracted from the resistant 

transformants. The sequencing was carried out using the primer Himar1F (Table 3) that anneals 

to the transposon sequence in pMiniHimar1-lacZ. 
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Killing assay on CYE agar 

M. xanthus mutants were grown to exponential phase in CYE medium, collected by 

centrifugation and re-suspended in liquid CYE to a final cell concentration of 5 ×109 cell/ml 

(OD600 of 10). A 5 µl aliquot was inoculated onto the CYE plate, and after 24 hrs incubation, 5µl 

of (OD 600 of 4, 4×109 cell/ml) E. coli cells were inoculate next to the M. xanthus colonies. 

Pictures were taken to record the survival ability of E. coli colonies after the overnight 

incubation. The wild type strain M. xanthus DK1622 was used as the positive control during the 

killing assay. 
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RESULTS 

Development of an inter-species interaction assay for screening M. xanthus mutants 

defective in predatory behavior 

To identify M. xanthus involved in predation, we developed a mariner-based transposon 

mutagenesis coupled with an inter-species interaction screening method. Over 10,000 

independent transposon mutants were generated by electroporating the plasmid pMiniHimar1-

lacZ into WT M. xanthus (DK1622). Double-layered assay, which was originally developed for 

determining the concentration of bacterial phages was modified and adapted to identify 

transposantes that were defective in killing E. coli (Fig 1A and Materials and Methods). The 

results showed that WT M. xanthus displayed normal killing ability against E. coli, as 

demonstrated by the clear zone around the M. xanthus colonies after overnight incubation (Fig. 

1A). In contrast, mutants with decreased prey-killing ability exhibited much reduced inhibition 

zones as shown in Fig. 1B. These mutants were subjected to another round of double-layered 

plaque assay for phenotype confirmation before being chosen for further analysis. Meanwhile, 

conventional killing assay on CYE plates was applied to validate the double-layer assay and 

confirm the predation defect of the mutants (data not shown). Thirty mutants displayed 

consistent prey killing deficient phenotype (Table 2 and Fig. 2A). Among these mutants, 24 

carried transposon insertions within genetic locus that is involved in antibiotic TA synthesis (Fig 

3A, Table 2,); while the rest of the mutants had transponson disruption in genes related to 

lipopolysaccharides (LPS), exopolysaccharides (EPS) biosynthesis and S motility (Table 2). A 

total of 14 genes were identified to be involved in the predation phenotype. 
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Analysis of genetic locus with antibiotic TA biosynthesis genes  

Sequences analysis revealed that 10 out of the 14 genes identified were located within a 20-gene 

region previously implicated in the synthesis of the antibiotic TA (Fig 3A). To determine if this 

20-gene region constitute an operon we extracted genomic RNA from WT M. xanthus and 

performed detailed PCR analysis using primer pairs (Table 3) that would amplify the intergenic 

region of the adjacent gene pair. By this approach, genes that are co-transcribed yield PCR 

product, whereas if the genes are in a different mRNA, there should be no PCR product. As 

shown in supplementary Fig. 3B, the PCR products with the expected sizes were obtained for all 

intergenic regions, suggesting that these TA biosynthesis related genes constitute an operon, a 

79KB region flanked by genes MXAN_3950 and MXAN_3931. 
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DISCUSSION 

Myxococcus has been well known for their ability to prey upon other species (Bull et al 2002, 

Varon et al 1984). However, little information on the genetic components involved in this 

intriguing behavior is available (Bull et al 2002, Hillesland et al 2007, Li et al 2010, Morgan et al 

2010, Pham et al 2005, Xiao et al 2011, Zhang et al 2005). In this study, we have developed a 

high-throughput genetic screen to systematically identify M. xanthus genes involved in E. coli 

predation. The data presented here provide insightful information, key to the understanding of 

this classical predator-prey interaction. 

Unlike traditional myxobacterial predation assays(Berleman and Kirby 2007; Oxford and Singh, 

1946; Moce-Llivina et al 2004) where the dead prey cells were used , the newly developed 

double-layer assay  allows prey cells to proliferate and stay alive when the predator cells were 

introduced, which more accurately mimics the real situation in natural environment. This unique 

adaptation allows for high-throughput screening of M. xanthus transposon library for predation 

related mutants at the genomic scale. We believe that such an assay could potentially be adapted 

for many other inter-species interaction studies. 

More than ten thousands of M. xanthus transposants were screened, and the majority (80%) of 

the insertional mutations which led to prey-killing defects occurred on genes involved in the 

production of TA, one of the bactericidal agents produced by M. xanthus which is able to kill 

many Gram-negative and some Gram-positive bacteria (Xiao 2011), including E. coli (Table 2). 

Our data suggested that TA could be the main killing factor used by M. xanthus in predation of 

E. coli. Meanwhile, several genes encoding membrane associated proteins as well as functions 

related to social motility have been identified during the screening, suggesting that the social 
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motility and sensor that could potentially regulate signal transduction in M. xanthus may also be 

involved in this well-regulated predatory behavior. 
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Fig 1: Screening of the mutant library by double-layered assay. A: Verification of the 

applicability of the double-layered assay to M. xanthus; B: Phenotype confirmation of the 

selected M. xanthus mutants. 

  

A B 
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Fig 2: Phenotype re-confirmation of the identified M. xanthus mutants. A: The mutants 

related to the antibiotic TA production were purified twice before phenotype analysis, while the 

motility and chemotaxis mutants are collected from our strain library. B: E. coli viability was 

photographed after inoculating next to the M. xanthus DK1622 / mutants and cultured on the 

CYE agar for overnight.  
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Fig 3: Physical organization and co-transcriptional analysis of the antibiotic TA operon. A: 

Δ indicating the identified mutated genes located in the antibiotic TA operon. B: M: NEB 1kb 

ladder; --, negative control, 1: co-transcriptional analysis of the ORF MXAN3930 and 

MXAN3931; 2: co-transcriptional analysis of the ORF MXAN3931 and MXAN3932; 3: co-

transcriptional analysis of the ORF MXAN3932 and MXAN3933; 4: co-transcriptional analysis of 

the ORF MXAN3933 and MXAN3934; 5: co-transcriptional analysis of the ORF MXAN3934 and 

MXAN3935; 6: co-transcriptional analysis of the ORF MXAN3935 and MXAN3936; 7: co-

transcriptional analysis of the ORF MXAN3936 and MXAN3937; 8: co-transcriptional analysis of 

the ORF MXAN3937 and MXAN3938; 9: co-transcriptional analysis of the ORF MXAN3938 and 

MXAN3939; 10: co-transcriptional analysis of the ORF MXAN3939 and MXAN3940; 11: co-

transcriptional analysis of the ORF MXAN3940 and MXAN3941; 12: co-transcriptional analysis 

1 2 3 4 5 6 7 8 9 10 11 12 M 

13 14 15 16 17 18 19 20 21 
_ 

M 

B 
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of the ORF MXAN3941 and MXAN3942; 13: co-transcriptional analysis of the ORF MXAN3942 

and MXAN3943; 14: co-transcriptional analysis of the ORF MXAN3943 and MXAN3944; 15: co-

transcriptional analysis of the ORF MXAN3944 and MXAN3945; 16: co-transcriptional analysis 

of the ORF MXAN3945 and MXAN3946; 17: co-transcriptional analysis of the ORF MXAN3946 

and MXAN3947; 18: co-transcriptional analysis of the ORF MXAN3947 and MXAN3948; 19: co-

transcriptional analysis of the ORF MXAN3948 and MXAN3949; 20: co-transcriptional analysis 

of the ORF MXAN3949 and MXAN3950; 21: co-transcriptional analysis of the ORF MXAN3950 

and MXAN3951. 
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ABSTRACT 

Our genome-wide genetic screening in M. xanthus led to the discovery of several molecular 

components that are involved in their predatory-prey interaction. The analysis of genetic locus of 

the selected mutants revealed that antibiotic TA is perhaps the main antibiotic used by M. 

xanthus for killing E. coli prey cells during predation. Transcriptional studies revealed that 

antibiotic TA genes are induced upon cell-cell contact between E. coli and M. xanthus, which 

indicates that the predator-prey interaction between M. xanthus and E. coli occurs through a 

well-regulated, prey-induced pathway.  
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INTRODUCTION 

Myxobacteria are a group of common soil bacteria contain a large reservoir of secondary-

metabolite-biosynthetic gene cluster. Whole-genome sequencing of M. xanthus revealed that ~10% 

of their genome encodes secondary metabolites pathways (Wenzel 2009). In our previous study, 

sequencing analysis of M. xanthus mutants suggested that antibiotic TA plays the major role in 

the predation of E. coli.  

The antibiotic TA (producer strain isolated from Tel Aviv), also known as myxovirescin, is a 

small molecule produced by M. xanthus (Rosenberg 1973, Miyashiro 1988, Gerth 1982). It has a 

novel structure consisting of macrolactam lacton and is a bactericidal agent against many Gram-

negative as well as certain Gram-positive bacteria (Xiao 2012), including E. coli.  Therefore, we 

propose that TA is the killing factor, which is induced in response to the presence of prey E. coli 

cells. 
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MATERIALS AND METHODS 

Construction of the strains for lacZ transcriptional fusion to the identified genes 

Strains for lacZ transcriptional fusion to the identified genes were constructed as described 

previously (Pan et al 2012). Primers used for the amplification of homolog arms were listed in 

Supplementary Table 3. The homolog arms were double digested with KpnI/SpeI and ligated into 

the plasmid pZCY11, producing the desired plasmids (Table 3), which were verified by 

sequencing. The plasmids were transferred by electroporation into different M. xanthus strains 

(Table 3), respectively and individual kanamycin resistant clones were selected, in which the 

lacZ gene was transcriptionally fused to the identified genes. The expression level of these genes 

in different conditions was analyzed by measuring the β-galactosidase activity. 

Total RNA isolation 

The wild type DK1622 strain was grown for 24 hrs, harvested by centrifugation and re-

suspended in CYE medium to adjust the cell concentration to 5 × 108 cells/ml. 10 µl aliquots 

were then spotted on the MOPS agar with high density of E. coli cells or Micrococcus luteus 

cells. Plates were incubated at 32oC until the prey cells were almost completely digested. M. 

xanthus cells were harvested and total RNA was isolated using the Promega SV total RNA 

purification kit according to the manufacturer’s instructions. The RNA concentration, purity and 

integrity were estimated by measuring the absorbance at 260 nm and 260/280 nm, as well as 

evaluation by agarose gel electrophoresis. To eliminate the DNA contamination in the RNA 

samples, the isolated total RNA was treated with DNase I (Ambion) and a control PCR reaction 

using the purified total RNA as template was carried out to ensure that there was no DNA 
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contamination prior to the cDNA synthesis. The purified RNA was used for the following RT-

PCR and qPCR. 

Reverse transcription PCR 

Reverse transcription (RT)-PCR was performed using the Roche Reverse Transcription System. 

Sets of primers flanking the intergenic region of the antibiotic TA related genes were designed to 

carry out the RT-PCR (Table 3). 

Quantitative real-time PCR 

Quantitative real-time PCR was carried out as reported (Pan et al 2012). The following taA 

specific primers: taA-F / taA-R (Table 3) were used in the real-time PCR and 16S rRNA gene 

was used to normalize the amounts of the taA transcript. Calibration curves were generated for 

taA gene and 16S rRNA from 10-fold dilution of genomic DNA, and the expression of taA gene 

in the presence and absence of prey E. coli cells was compared. Micrococcus luteus resistant to 

antibiotic TA was used as negative control for qPCR assay.  

β-galactosidase assay 

β-galactosidase assay was performed to analyze the expression of identified Myxococcus genes 

following the method reported previously (Kroos et al 1986, Pan et al 2010) with some 

modifications. The M. xanthus mutants used for β-galactosidase assay were prepared as 

described in total RNA isolation. The β-galactosidase activity was calculated as reported (Kroos 

et al 1986). 
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Contact dependent assay 

E. coli prey cells were spotted on agar plates containing x-gal concentration of 40 ug/ml. After 

overnight incubation at 32C, Myxo cells collected at exponential phase were adjusted to 5 × 108 

cell/ml, 10ul of M. xanthus were spotted either directly on top of the E. coli cells or on a 

membrane (0.45 µm), which physically separated Myxo from E. coli.  

 



 29 

RESULTS 

M. xanthus up-regulates the expression of its TA biosynthesis related genes in the presence 

of E. coli prey cells 

The aforementioned data implicate TA in the killing of E. coli. To determine if the expression of 

TA biosynthesis related genes is modulated by the presence of E. coli, we took advantage of the 

fact that the mariner-based transposon plasmid, pMiniHimar1-lacZ, contains a promoterless lacZ 

gene. Thus, when the plasmid is integrated downstream of a promoter region in the proper 

orientation, lacZ can be used as a transcriptional reporter for that promoter. Therefore, some of 

the transposon mutants listed in Table 2 are also transcriptional fusions. 

Among the TA mutants generated by our transposon mutagenesis approach, mutant SW5011 

was selected for further analysis since the corresponding disrupted gene has the same 

transcriptional direction as the lacZ reporter gene and it was located closest to the promoter 

region. The results showed that the presence of E. coli induce about 3-fold increase in β-

galactosidase activity of SW5011, while no significant change was observed when M. xanthus 

encountered Micrococcus luteus (Fig. 4A). 

Meanwhile, we performed qPCR analysis of the first gene of the TA operon, taA. The qPCR 

results revealed that taA expression increases about 3-fold when M. xanthus preyed on E. coli 

(Fig. 4B), which is consistent with the β-galactosidase data; while no significant change in taA 

expression was detected when M. xanthus encountered Micrococcus luteus, a control bacterium 

which is known to be unrelated to TA-dependent predatory behavior of M. xanthus (Xiao et al 

2011).  
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TA induction requires direct cell-cell contact between M. xanthus and E. coli  

Our data showed that M. xanthus up-regulated its TA gene expression in response to the presence 

of E. coli. We then further investigated if the observed TA induction requires direct physical 

contact between M. xanthus and E. coli, or it can be triggered by E. coli-derived diffusible 

signals. M. xanthus cells were directed spotted on top of E. coli or the predator and prey cells 

were separated by membrane. The membrane has pores large enough to allow the diffusion of 

E.coli-generated molecules, but prevent the direct contact between E. coli and Myxo. As shown 

in Fig. 5, when in direct physical contact with E. coli cells, M. xanthus expressed TA as 

demonstrated by the dark blue color on/around Myxo colonies; while no TA induction was 

observed when Myxo cells was physically separated from E. coli by the membrane. These results 

indicate that the transcriptional regulation of the TA genes require direct contact between Myxo 

and E. coli. 
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DISCUSSION 

Our qPCR and transcriptional lacZ reporter gene analysis demonstrated that TA is up regulated 

when Myxo cells have direct contact with E. coli (Fig. 4 and 5). This induction is likely triggered 

by an E. coli cell membrane component, and in future study, to investigate components in E. coli 

will help us to understand how E. coli induces TA expression in Myxo; it seems like there is a 

sophisticated underlining regulatory mechanism as TA expression was unaffected by the 

presence of Micrococcus luteus, a bacterial species that also, can be preyed upon by M. xanthus 

by TA-independent mechanism (ref). These data imply that different killing factors exist and that 

they might be secreted and responsible for killing different prey. Additionally, it also seems to 

imply that the regulation of these different killing factors may be transcriptionally regulated by 

its intended predation target. Physiologically, this seems like the reasonable strategy. According 

to our data the genome of M. xanthus DK1622 contains at least 18 genes, which seems to be 

clustered in the same operon, involved in generating TA (Wenzel 2009, Goldman 2006).  It 

would be unwise for M. xanthus to express all these genes when E. coli is not in its vicinity. 

Efforts are underway to elucidate how M. xanthus senses and reacts differently to the presence of 

different preys. 
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Fig 4:	  The expression of taC/taA in the presence of E. coli, assayed with β-Galactosidase 

activity and qPCR A: β-Galactosidase activity expressed by the taC-lacZ fusion with and 

without the presence E. coli. The group with the presence of Micrococcus was used as control. 

B: Quantitative PCR analysis of the expression levels of taA genes with and without the presence 

E. coli. The group with the presence of Micrococcus was used as control. 
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Fig 5: Observation of the E. coli contact-dependent induction of antibiotic TA related genes 

expression. One of the E. coli lawns was covered with standard MF-Millipore membranes (0.45 

µm) that is used to physically separate the M. xanthus cells and E. coli, while the other one 

remained uncovered. Expression difference of the taC was compared by different color. 
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Screening E. coli large-scale chromosome deletion mutant library  

to discover E. coli genetic components involved in  

predator-prey interaction with M. xanthus 

 



 37 

ABSTRACT 

 

As one of the best-known case of predator-prey interaction, M. xanthus and E. coli, has been 

well-characterized in behavior features; our previous study revealed the molecular components 

of M. xanthus that involved in the predation. In this study, the double layer assay that we 

developed in the screening of M. xanthus was used to screen E. coli mutant libraries for mutants 

that were defective in this predatory behavior. Two large-scale chromosome deletion E. coli 

mutants (ME5012 and ME5099) displayed increased resistance to M. xanthus predation. We 

demonstrated that these two mutants achieved predation resistance through two different 

mechanisms. Further characterization of insertional mutation of individual genes within deleted 

fragment in ME5012 led to the identification of two genes, dusB and fis, which encode global 

regulators and are responsible for the observed predation resistance phenotype  

Overall, our data indicates that predator-prey interaction of M. xanthus and E. coli is a well-

regulated biological event, which may be triggered by surface molecule(s) in E. coli, recognized 

by M. xanthus through direct cell-cell contact and resulted in antibiotics TA production. 
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INTRODUCTION 

Over the last few decades, the studies of predatory-prey interaction between M. xanthus and E. 

coli has been largely focused on M. xanthus, with little emphasis on E. coli prey species (Pan 

2012). Our finding that M. xanthus unregulated its TA expression in the presence of E. coli in a 

predator-prey cell-cell contact dependent manner suggested that E. coli component(s) was 

required to trigger the activation (release of killing factor, such as TA) and play important roles 

in predator-prey interaction. To investigate the genetic components in E. coli that are involved in 

the predation event, two E. coli mutant libraries were used in the screening for E. coli mutants 

that were resistant to the predation. The large-scale chromosomal deletion mutant library 

(obtained from NBRP, National Institute of Genetics, Japan), including 160 E. coli mutants, was 

screened to narrow down the genomic location of genes involved in predation resistant 

phenotype; while the insertion disruptant library (obtained from NBRP) was used to further 

identify the specific gene(s) that affected predation.  
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MATERIAL AND METHODS 

Screening for E. coli mutants resistant to killing by M. xanthus  

Using the aforementioned double-layered assay, the Large-scale Chromosome Deletion and E. 

coli Transposon Insertion Mutation Libraries (NBRP, National Institute of Genetics, Japan) were 

screened for E. coli mutants that are resistant to the killing by M. xanthus. Briefly, a 200 µl 

aliquot (OD600 of 4) of overnight cultured E. coli mutant cells were mixed with 3 ml CYE soft 

agar and poured onto the M. xanthus wild type strain that had been grown on the CYE agar. E. 

coli mutants that displayed increased resistance to M. xanthus killing as demonstrated by the 

reduced inhibition zone were selected. The Large-scale Chromosome Deletion Library was 

screened first to narrown dwon the target genes. Then the Insertion Mutation Library was 

selected to pinoint the genes involved in the killing resistant. The wild type strain E. coli 

MG1655 was used as the positive control during the double-layered plaque screen assay. 

In-frame deletion of the dusB and fis genes in E. coli MG1655 

The in-frame deletion of the dusB and fis genes was carried out using the λ-Red recombinant 

system with some modifications (Datsenko 2000). The MG1655 was transformed with Red-

recombineering plasmid PKM208 (Murphy 2002) and kanamycin was selected as the antibiotic 

marker flanked by the upstream and downstream regions of the target genes. The primer pair 

dusB-F and dusB-R was used to generate the recombineering substrate for dusB; while fis-F and 

fis-R were used for fis. The purified recombineering PCR product was electroporated into the 

competent cells of MG1655 with pKM208. The colonies that grown up on LB-Km plates were 

selected for further PCR and sequencing verification of the in-frame deletion of the target genes. 
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Analysis of the E. coli contact-dependent induction of antibiotic TA related genes 

expression  

An overnight culture of E. coli cells were collected and resuspended into OD100 with MOPS 

buffer. 50 µl of E. coli cells was pipetted onto the MOPS agar (supplemented with 40 µg/ml x-

gal) and allowed to dry. Each plate contains two E. coli lawns. To begin the analysis, one of the 

E. coli lawns was covered with standard MF-Millipore membranes (0.45 µm) that is used to 

physically separate the M. xanthus cells and E. coli, while the other one remained uncovered. 

The M. xanthus strain containing taC fused to lacZ reporter gene was grown for 24 h, harvested 

by centrifugation and re-suspended to adjust the cell concentration to 5 × 109 cells/ml. The 

culture was divided into two aliquots, one of which was pipetted onto the E. coli lawn, while the 

other one was inoculated onto the membrane that was used to physically separate the M. xanthus 

cells and E. coli. The E. coli contact-dependent induction of antibiotic TA related genes 

expression was determined by comparing the color change between the two M. xanthus colonies. 
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RESULTS 

Screening E. coli large-scale chromosome deletion mutant library 

Our finding that E. coli induces TA expression and that this induction requires direct cell-cell 

contact lead us to hypothesize that component(s) of E. coli must be required for this activation. 

In an effort to identify these molecular components, the E. coli Large-scale Chromosome 

Deletion Library (NBRP, National Institute of Genetics, Japan) was screened in search of 

chromosomal deletions that affected predation.  

Two E. coli mutants, ME5012 and ME5099, displayed increased resistance to the killing by M. 

xanthus (Fig. 6A). The deletion fragment of ME5012 contains six genes located at 73.39 min of 

the E. coli chromosome; while ME5099 has a deleted DNA fragment containing 65 genes 

spaning the region from 22.42 min to 24.03 min of the E. coli chromosome. 

Two factors could have contributed to the increased predation tolerance in E. coli: (1) the 

mutations resulted in decreased ability of E. coli to induce TA production in M. xanthus; (2) 

alternatively, mutations rendered E. coli cells less sensitive to TA killing. To distinguish these 

two possibilities, we used qPCR to determine TA expression when WT M. xanthus cells were 

mixed with these two E. coli mutants. As shown in Fig. 6B, qPCR analysis revealed that 

MG5012 was defective in inducing taA expression; while ME5099 still triggered similar TA 

prodcution in M. xanthus. The data suggest that one or more of the deleted genes in ME5012 

could be involved in inducing taA expression in M. xanthus, while some deleted gene(s) in 

ME5099 might lead to TA resistance. 
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E. coli dusB and fis mutants are defective in inducing M. xanthus TA production  

E coli mutant ME5012 was more resistance to Myxo predation, likely due to its reduced ability 

to induce the production of TA, which is the main killing molecule produced by Myxo during 

predation process. ME5012 carries a chromosomal deletion including 6 open reading frames. To 

further identify the specific genes responsible for the observed phenotype, we took advantage of 

a collection of nonessential ORF deletions mutants (NBRP, National Institute of Genetics, Japan) 

and screened all six single-gene deletion mutants, each one carrying a mutation in one of the 6 

genes that were missing in ME5012 (Fig 7 A). Our result showed that, among the 6 mutants 

tested, dusB and fis mutants displayed a drastically reduced ability in inducing Myxo TA 

production, suggesting these two genes could be involved in triggering the Myxo response 

during predation-prey interaction. (Fig. 7B)  
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DISCUSSION 

 

Our genetic screen of E. coli revealed that a deletion of a large chromosomal fragment 

containing 6 genes (ME5012), makes E. coli “invisible” to M. xanthus and defective in inducing 

TA expression (Fig. 6B). Further genetic analysis revealed that two global regulators, dusB and 

fis (Bradley 2007), are responsible for this phenotype (Fig. 7B). Both of these genes were 

discovered as regulators of oxidative stress in E. coli, and more studies have shown that they 

were associated with the regulation of stress response (Hodges 2010). The genomic analysis 

indicated that dusB shares the same operon with fis, and each deletion mutant displayed a 

resistant phenotype to M. xanthus predation as ME5012; dusB may required togther with fis to 

regulate the downstream molecules which may act as target of antibiotic TA. Efforts are 

underway to identify the cellular component required for TA up-regulation. Our current tentative 

model (Fig 8) based on the results is that one or multiple cell surface component(s) of E. coli, 

directly or indirectly regulated by DusB and Fis, is recognized by one or multiple cell surface 

component(s) in M. xanthus via a direct cell-cell contact, which eventually leads to the up-

regulation of TA.  

Overall, our data suggest that complex genetic components are involved in the predator-prey 

interaction between M. xanthus and E. coli. Based on the genetic information we obtained from 

both M. xanthus and E. coli, M. xanthus detects the presence of E. coli prey cells by recognizing 

their specific cell surface/membrane components. This direct cell-cell contact will trigger the 

respond in Myxo through unknown pathway, which will eventually results in upregulation of 

production of killing factor, such as TA. We also hope to get more insight into the action 
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mechanism of TA, by studying the mutants that confer resistance without affecting TA 

expression levels. Further studies are needed to identify all the components within the pathway 

and to better understand the molecular mechanism involved in predator-prey interaction of M. 

xanthus and E. coli. 
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Fig 6: Phenotype confirmation of the selected E. coli mutants (A) and the expression folds changes 

of taA in the presence of different E. coli strains, assayed with qPCR. Negative control, the M. 

xanthus DK1622 without the presence of E. coli was used for RNA isolation; Positive control, the M. 

xanthus DK1622 with the presence of WT E. coli MG1655 was used for RNA isolation.  
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Fig 7: Phenotype analysis of the dusB and fis gene mutants. A: the deleted fragment of 

ME5012; B: killing resistance ability analysis of the ΔdusB, Δfis, MG1655 and ME5012 E. coli 

strains. 
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Fig 8: Tentative model of predation between M. xanthus and E. coli. The cell surface 

component(s) of E. coli is recognized by one or multiple cell surface component(s) in M. xanthus 

via a direct cell-cell contact, which eventually leads to the up-regulation of TA. 
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Table1. Bacterial strains and plasmids 

Designation Genotype or description Source 

Strains  

M. xanthus strains 

DK1622       Wild type strain   (Kaiser 1979) 

SW504   DK1622, ΔdifA (Yang et al 1998) 

DK10410   DK1622, ΔpilA (Wu and Kaiser 1996) 

SW810   DK1622, ΔepsA (Lu et al 2005) 

ΔMXAN4619   DK1622, ΔMXAN4619 This study 

ΔMXAN4616   DK1622, ΔMXAN4616 This study 

MXH2265       DK1622, ΔaglZ (Yang et al 2004) 

DK11135       DK1622, ΔpilG (Wu et al 1998) 

DK8615       DK1622, ΔpilQ (Wall et al 1999) 

SW5017 DK1622 : : pZCYtaC (lacZ fused to taC) This study 

SW5018 SW504 : : pZCYtaC (lacZ fused to taC)	   This study 

SW5019 SW810 : : pZCYtaC (lacZ fused to taC)	   This study 

SW5020 DK10410 : : pZCYtaC (lacZ fused to taC)	   This study 

SW5021 ΔMXAN4619: : pZCYtaC (lacZ fused to taC)	   This study 

E. coli strains 

E. coli DH 5α λ pir Ф80 lacZbM15 blacU169 recA1 
endA1hsdR17 supE44 thi-1 gyrA relA1 λpir 

 

E. coli MG1655 Wild type E. coli NBRP, National 
Institute of Genetics 
Japan 

Micrococcus luteus   Collection from ATCC ATCC272 

Plasmids 

pZCY11 Plasmid used for lacZ transcriptional fusion (Li et al 2010) 

pKM208 Red-recombineering plasmid; Ampr  
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pMiniHimar1-lacZ Gene replacement vector with KG cassette; 
Kmr 

 

pZCY-taC Plasmid with taC homologous arm for lacZ 
transcriptional fusion 

This study 
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Table 2. Transposon insertional mutant stains  

 Mutant strains    ORF        Predicted gene product Insertion times 

SW5003  MXAN3931 conserved domain protein      2 

SW5004  MXAN3932 polyketide synthase      3 

SW5005 MXAN3933 mixed type I polyketide synthase - peptide synthetase      4 

SW5006  MXAN3935 non-ribosomal peptide synthase/polyketide synthase 
Ta1 

     5 

SW5007  MXAN3938 polyketide synthase       2 

SW5008  MXAN3939 enoyl-CoA hydratase/isomerase family protein
  

     1 

SW5009  MXAN3940 enoyl-CoA hydratase/isomerase family protein      1 

SW5010  MXAN3945 polyketide TA biosynthesis protein TaF      1 

SW5011  MXAN3947 conserved hypothetical protein      1 

SW5012  MXAN3948 polyketide TA biosynthesis protein TaC      4 

SW5013 MXAN4616 Glycosyl transferase family protein  (LPS related)      1 

SW5014 MXAN4619 Glycosyl transferase, group 2 family protein (LPS 
related) 

     1 

SW5015 MXAN5782 Putative efflux ABC transporter accessory factor 
PilG 

     2 

SW5016 MXAN6693 Fibril biogenesis regulator DifD      2 
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Table 3. Plasmids and primers used in this study 

Primers sequences (5’-3’) Use 

Himar1F  GAACTATGTTGAATAATAAAAACGA Insertional site 
determination 

taAF GCTCAGTTGGGGAAACACGGCTACG qPCR analysis of 
the TA operon 
expression taAR GAGCGGCTGGTAACGACAGAAAAGG 

taC-lacZF GGGGTACCTATGAGGACCCTGTCACCTAC lacZ transcription 
fusion to taC 

taC-lacZR GGACTAGTCTAGGAAATCCATTGGTAGTCG 

dusB-F ATGCGTAATATACGCCGCCTTGCAGTCACAGTATGGTC 

ATTTCTTAACTCGTGCTGACCCCGGGTGAATGTCAG 

In-frame deletion of 
the dusB gene in E. 
coli MG1655 

dusB-R CAGAATTTACGCGTTGTTCGAACATAGTTCTGTCAGCT 

CTTTATTTCTGTATCGAGCCCGGGGTGGGCGAAGAA 

fis-F GGCATACTTCGAAAATTTTGCGTAAACAGAAATAAAG 

AGCTGACAGAACTGTGCTGACCCCGGGTGAATGTCAG 

In-frame deletion of 
the fis  gene in E. 
coli MG1655 

fis-R TTCCCCATGCCGAGTAGCGCCTTTTTAATCAAGCATTTA 

GCTAACCTGAAATCGAGCCCGGGGTGGGCGAAGAA 

dusB-V-F ATGCGTAATATACGCCGCCTTGCAGTCACAGTATGGTC 

ATTTCTTAACTC 

Verify the in-frame 
deletion of the dusB 
gene in E. coli 
MG1655 dusB-V-R CAGAATTTACGCGTTGTTCGAACATAGTTCTGTCAGCT 

CTTTATTTCTGT 

fis-V-F GGCATACTTCGAAAATTTTGCGTAAACAGAAATAAAG 

AGCTGACAGAACT 

Verify the in-frame 
deletion of the fis 
gene in E. coli 
MG1655 fis-V-R TTCCCCATGCCGAGTAGCGCCTTTTTAATCAAGCATTTA 

GCTAACCTGAA 

30/31-F GTCGTCGCTGACTTCGGGTTCTGGC Verify the 
cotranscription of 
MXAN3930 and 
MXAN3931 

30/31-R GAGTCGCCGAACAAGAAGGGCAACA 

31/32-F CCATGTCCGCGTAGCCACAGTTGAT Verify the 
cotranscription of 
MXAN3931 and 
MXAN3932	  31/32-R GGAGGAGGTGGCGGTGTTCTATCTG 
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32/33-F ACCGGGTGTACGTCTTTCCATCG Verify the 
cotranscription of 
MXAN3932 and 
MXAN3933	  32/33-R GGACCGTTGACTGGACACAGCTCTA 

33/34-F GCGACCACCAGTCCGAAGTCCTCCG Verify the 
cotranscription of 
MXAN3933 and 
MXAN3934	  33/34-R CAAGGCAGAGGCCCATCCCAAGCAG 

34/35-F TGGCACCCGAGACATAGGAATAGGC Verify the 
cotranscription of 
MXAN3934 and 
MXAN3935	  34/35-R CGTCAACAAGAGCTACGGCATCAAC 

35/36-F AGCAGCGGATACCGTTCGAGCAGTC Verify the 
cotranscription of 
MXAN3935 and 
MXAN3936	  35/36-R  ACGTGCGGCTCCGTGACCTGGTTGA 

36/37-F CACCCCATCGGCTGTGGCTCTTGCT Verify the 
cotranscription of 
MXAN3936 and 
MXAN3937	  36/37-R CGGGGAAGGTGAGCCTGAAGGAGAT 

37/38-F ATGGAGCCGAACTCACTGAAATGCC Verify the 
cotranscription of 
MXAN3937 and 
MXAN3938	  37/38-R ATGCCCATCCTGCCTCGGTGGTT 

38/39-F GGACCACGGGCGTGACCACATAACC Verify the 
cotranscription of 
MXAN3938 and 
MXAN3939	  38/39-R TCTTGCCCCACGCCTACGAGATTGC 

39/40-F AGGAGCCGATGCCGTCGCAGATGGA Verify the 
cotranscription of 
MXAN3939 and 
MXAN3940	  39/40-R GCCAATGAGGCGATGTTCTCCGACC 

40/41-F CGTGGTGGCGTGCTCCTCACATAAC Verify the 
cotranscription of 
MXAN3940 and 
MXAN3941	  40/41-R TCCTTGAACCTGGTGGACCCGATTG 

41/42-F GTGACCCCGAACCCCGAGACAACCA Verify the 
cotranscription of 
MXAN3941 and 
MXAN3942	  41/42-R TCTCCAACGTCACGGGCCGACCTTA 

42/43-F AGATGGCGGGAAAGGACACCAGGAC Verify the 
cotranscription of 
MXAN3942 and 
MXAN3943	  42/43-R TGTCGCCCAACATCTACGGCACGCA 

43/44-F ACAGGCGGTGGTTTTGACAAGGCGT Verify the 
cotranscription of 
MXAN3943 and 
MXAN3944	  43/44-R GCGGACACAGCGGTAGTCGTAG 
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44/45-F TGACTTGATCGGCCGCGAACCATGC Verify the 
cotranscription of 
MXAN3944 and 
MXAN3945	  44/45-R TCTCCTATGGGTCGGGTTGCTCGTC 

45/46-F TCAGGTTGGAGAATCGCTCGGGGTC Verify the 
cotranscription of 
MXAN3945 and 
MXAN3946	  45/46-R GACTCCGTGGACCGGGTCGAGAT 

46/47-F CGGAGGTTCAAGTGGCCCGCAATCT Verify the 
cotranscription of 
MXAN3946 and 
MXAN3947	  46/47-R CGTCAATGGGGTGGGGCTCATCTAC 

47/48-F ACAAGGACGTCTGGCCGCACATGCT Verify the 
cotranscription of 
MXAN3947 and 
MXAN3948	  47/48-R TCTTCAGCGGCGTGGTGACGGAGGA 

48/49-F TCATAGGGGAGCGGGACGGTCTTCT Verify the 
cotranscription of 
MXAN3948 and 
MXAN3949	  48/49-R GCCGAAATCGTCAACCTCACGCTGG 

49/50-F GGGTACCACCTCCCGAACACTGCTG Verify the 
cotranscription of 
MXAN3949 and 
MXAN3950	  49/50-R TCGGGTGTCTCTTCCAATCCCTGTG 

50/51-F TGAGCGGCTGGTAACGACAGAAAAG Verify the 
cotranscription of 
MXAN3950 and 
MXAN3951	  50/51-R GCCATGAAACCGGACTTCCATCGTA 
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