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ABSTRACT 

 

 The Pseudomonas aeruginosa genome encodes the negative two-component 

regulatory system rpeB/rpeA that is hypothesized to suppress phenazine production and is 

regulated by quorum sensing controls. In order to confirm that this two-component 

system influences the production of the phenazine derivative, pyocyanin, wild-type P. 

aeruginosa (PAO1 wt) and the rpeB- mutant (PAO1 [13144]) underwent three different 

strategies for complementing in trans the functional rpeB gene. Complementation 

experiments were performed using either conjugation or electroporation methods in 

which either very stable plasmids (KT-2) or counter-selection plasmids (pEX18A) 

containing the functional rpeB gene were used. Complementing the functional gene into 

the negative mutant is hypothesized to restore wild-type phenotype. This is measured 

visually based on the amount of blue-green pigment (pyocyanin) produced and via 

extraction and quantification of pyocyanin using UV-visible light spectroscopy. The 

results of this study are preliminary and require further trials for an accurate analysis of 

the restoration of wild-type phenotype in negative rpeB mutants. 
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INTRODUCTION 

 There are numerous physical, chemical and nutritional obstacles that must be 

faced by pathogenic and commensal plant-associated microbes. These include being able 

to colonize and persist on or within the host, to avoid host defense mechanisms, and the 

ability to utilize the resources and nutrients that are specific to their environment. 

Bacteria are able to do this based upon differential gene expression of innate 

characteristics and secondary metabolites. Alterations of gene expression are regulated by 

numerous factors including environmental signals such as temperature, salinity and 

oxygen levels. Bacteria are able to respond to such changes in the environment due to the 

presence of sensory networks that direct changes in global gene expression (L.S. Pierson) 

 One mechanism utilized by Gram-negative bacteria to respond to environmental 

challenges is two-component regulatory systems. An environmental signal binds to a 

membrane associated sensor-kinase (SK) that then undergoes a conformational change 

and phosphorylates a response regulatory protein (RR) in the cytoplasm. This activated 

RR now has increased binding affinity for a specific DNA sequence that is upstream of a 

promoter (L.S. Pierson).  

 Another mechanism utilized by bacteria to respond to environmental changes is 

quorum sensing (QS). QS is the ability of a microorganism to perceive and respond to 

microbial population density, generally based upon the production and response to 

diffusible signal molecules. Gram-negative bacteria mostly produce a signal molecule 

called acyl-homoserine lactones (AHLs) that is produced in more concentrated quantities 

when population density is high (7). QS is interconnected with the use of two-component 

regulatory systems in bacteria for sensing environmental changes. 

 2  



 Pseudomonas aeruginosa is a Gram-negative bacterium that lives in a versatile 

environment that includes soil, coastal marine habitats and on plant and animal tissues. It 

is an opportunistic pathogen of plants and animals and is resistant to a wide range of 

antibiotics (6, 13, 14). In human hosts, infection with P. aeruginosa is a serious 

complication of patients suffering from cystic fibrosis (causing both acute and chronic 

lung disease), burns and cancer (10). Its ability to adapt to varied ecological niches is due 

to its utilization of a wide range of organic compounds for nutrients, and its production of 

a number of toxic secondary metabolites that cause tissue damage and interfere with the 

immune system’s defense mechanisms (18).  

 One such secondary metabolite produced by P. aeruginosa is pyocyanin (PYO). 

PYO is a water-soluble, redox-active (10) blue-green phenazine pigment with antibiotic 

activity against bacteria, fungi and protozoa. However, it can not be used as a therapeutic 

agent in humans because of its high toxicity to eukaryotic cells. Due to its inhibition of 

other microbes, pyocyanin gives P. aeruginosa a selective advantage for growth in 

competitive niches (1). The presence of high concentrations of pyocyanin in the sputum 

of cystic fibrosis patients suggests that it may play a role in pulmonary tissue damage 

(17). Studies have shown that pyocyanin disrupts regulation of ion transport, ciliary 

beating, mucous secretions in airway epithelial cells (3) and possibly exacerbates the 

inflammatory response (2). All of these functions compound the virulence of P. 

aeruginosa infections in humans.  

 The proposed mechanism for the biosynthetic pathway for the production of 

pyocyanin involves several modifying enzymes (see Figure 1); all of these enzymes are 

points at which regulation can occur to either repress or promote pyocyanin production. 

 3  



 

 Figure 1: Proposed mechanism for the production of pyocyanin in P. aeruginosa (10). 

In addition to the regulation of the above modifying enzymes as a mechanism for the 

control of pyocyanin production, there is a putative two-component regulatory system 

that, when functional, represses the production of pyocyanin. This two-component 

regulatory system is the focus of this study.  

 The gene rpeA is believed to encode the sensor kinase, while rpeB encodes the 

response regulator. A mutation within these genes that renders them non-functional 

results in a significant increase in the production of phenazine derivatives, even if the 

environmental conditions are not apt. Normally, when population density reaches a 

certain threshold, quorum sensing signals P. aeruginosa to produce more pyocyanin. 

However, mutations within rpeA have resulted in the bypassing of quorum sensing to 

signal phenazine production; pyocyanin is thus produced at an earlier time and under less 

than ideal nutrient conditions (16, L.S. Pierson). 

 The wild-type strain of P. aeruginosa is commonly abbreviated as PAO1 wt and 

for the purposes of this study has intact and functional rpeB/rpeA genes. The rpeB minus 

mutant with non-functional rpeB is referred to here as PAO1 [13144]; which has a deeper 

 4  



blue phenotype thought to be the result of increased production of pyocyanin. The goal of 

this study is to complement in trans a functional copy of rpeB from PAO1 wt into the 

rpeB negative mutant PAO1 [13144] and to observe any phenotypic changes that result 

and to quantify the amount of pyocyanin produced in all strains, complemented and not 

complemented. If the wild-type phenotype is restored to the negative mutant after 

complementation, this helps support the hypothesis that the two-component regulatory 

system rpeB/rpeA contributes to the suppression of phenazines.  

 

 

MATERIALS AND METHODS 

  

Bacterial strains, plasmids and media.  

 Bacterial strains and plasmids used in this study are listed below in Tables 1 and 

2. E. coli DH5α strains were grown at 37°C in Luria-Bertani (LB) media agar plates or in 

broth shaking at 200rpm. E. coli WM3064 strains were also grown at 37°C and in LB 

media but with the addition of diaminopimelate (DAP) at 180uL/mL. P. aeruginosa 

PA01 and P. aeruginosa 13144 were grown at 30°C or 37°C depending upon the 

experiment in LB media. 

 Several plasmids were used in this study to construct vectors that contained the 

Pseudomonas genes and antibiotic cassettes necessary for each study. Basic 

characteristics of each parent plasmid are listed in Table 2 while manipulations and 

construct formation are described as they pertain to each experiment. 
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TABLE 1: Bacterial strains used in this study 

Strain Description Source Growth 
E. coli DH5α F-, recA1, endA1, hsdR17, 

supE44, thi-1, gyrA96, relA1, 
Δ (argF-lacZYA), I169, 
Ф80lacZΔM15, λ- 

L.S. Pierson 37°C, LB agar or broth 
(~24hrs) 

E. coli WM3064 diaminopimelate (DAP) 
dependent 

W. Metcalf 
University of 
Illinois 

37°C, LB + DAP agar or broth 
(~24hrs) 

P. aeruginosa PA01 wild-type, MPAO1 University of 
Washington 
Genome Center  

30°C or 37°C, LB agar or broth 
(<24hrs) 

P. aeruginosa 13144 rpeB negative mutant University of 
Washington 
Genome Center 

30°C or 37°C, LB agar or broth 
(<24hrs) 

*Wild type strain mPAO1 and mutant PAO1 (13144) were obtained from the University of Washington 
Genome Center (Department of Genome Sciences, 1705 NE Pacific Street, Foege Building, Box 355065, 
Seattle WA 98195). PAO1 13144 was derived via transposon mutagenesis according to the protocol from 
http://genome.washington.edu (9). Located in the reverse direction at position 1951942 in the genome is the 
gene PA1799 - a probable two-component response regulator. The transposon ISlacZ/hah was inserted at 
position 492 of the 708 ORF in forward orientation relative to the genome. 
 
TABLE 2: Plasmids used in this study 

Plasmid Description Source/Reference 
KT-2PTACLacZGFP KanR, tac promoter, lacZ reporter, GFP, oriSV L.S. Pierson / (11) 
TOPOTArpeB AmpR, KanR, LacZa, M13 R, M13 F, fi origin, MCS E. A. Pierson 
pCW2E4 AmpR, pUC18 backbone, rpeB/rpeA L.S. Pierson 
pKRP13 AmpR, SpR/StrR,  (15) 
pPEX18A AmpR (CbR) oriT+ sacB+ , gene replacement vector with 

MCS from pUC18 
E. A. Pierson / (8) 

pPEX18ArpeB AmpR (CbR) oriT+ sacB+ , gene replacement vector with 
MCS from pUC18 with rpeB (PAO1wt) 

E. A. Pierson 

pHP45Ω SpR/StrR, Hg R (5) 
 

TABLE 3: LB with antibiotics used in this study 

 E. coli strains Pseudomonas strains 
Antibiotic 
Concentrations 

streptomycin sulfate 25 or 50 ug/mL   Str streptomycin sulfate 500ug/mL 
carbenicillin 10ug/mL   Cb carbenicillin 100 ug/mL (liquid) and 200 

ug/mL (solid) 
kanamycin 50 ug/mL   Kn  resistant 
diaminopimelate 6 ug/mL   DAP n/a 

 

 The goal of the following experiments was to complement the PAO1 wt gene 

rpeB into PAO1 wt and PAO1 [13144] [rpeB- mutant]. Three strategies were used to 

accomplish this. The first method (Strategy A) was by means of conjugation using the 
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construct KT-2rpeB. Following the results of this experiment, it was realized that better 

antibiotic selection than just kanamycin was needed to distinguish the complemented 

mutants from the original strains. Thus two additional methods were designed; one was 

geared towards crossing in the rpeB gene into the rpeB - mutant (Strategy B) and the 

other (Strategy C) was designed to complement the gene in trans but with better selection 

markers than those in Strategy A. Strategy B involved the use of the plasmid 

pPEX18ArpeB constructed by E. A. Pierson. This plasmid was introduced to the desired 

strains of P. aeruginosa via electroporation instead of conjugation. Strategy C involved 

the electroporation of plasmids KT-2rpeBStrR and KT-2rpeB/rpeAStrR into PAO1 wt and 

PAO1 [13144]. 

 

Strategy A: Conjugation of PAO1 wt and PAO1 (13144) with KT-2PTACLacZGFP and 

KT-2rpeB 

 

Development of DNA constructs: 

 In order to complement the PAO1 gene rpeB in trans, it was necessary to insert it 

into a very stable plasmid called KT-2. This was accomplished via double enzyme 

digestion of KT-2PTAClacZGFP with the enzymes EcoRI and HindIII. This digestion 

removed the PTAClacZGFP (3.6kb) fragment and enabled the isolation of the KT-2 (12.3 

kb) vector backbone with EcoRI and HindIII ends by means of gel purification according 

to Eppendorf Perfect prep Gel Clean-up procedure. The rpeB (PAO1 wt) gene (1.5kb) 

was also removed with the enzymes EcoRI and HindIII from its TOPTOTA vector 

(3.9kb) and isolated via gel purification. 
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 Subsequently the open KT-2 vector with EcoRI and HindIII ends was ligated 

according to Invitrogen Ligation protocol with the rpeB insert with the same ends. The 

ligations were then transformed into E. coli DH5α, and the plasmids were isolated using 

the Fermentas GeneJet Kit, re-digested with EcoRI and HindIII, and checked for proper 

construction via gel electrophoresis. 

 

Transformation of KT-2PTACLacZGFP and KT-2rpeB into E. coli WM30-64: 

 E. coli WM30-64 is the donor strain used in conjugations involving P. aeruginosa 

as the recipient. Thus it was necessary to transform the constructs KT-2PTACLacZGFP 

and KT-2rpeB into this strain of E. coli, which is DAP dependent. The transformations 

were plated on LB + Kn50 + DAP plates to select for E. coli WM30-64 carrying the 

plasmids.  

 

Conjugation of KT-2PTAClacZGFP and KT-2rpeB into PAO1 wt and PAO1 [13144]: 

 The method for conjugating DNA into strains of P. aeruginosa was derived from 

the protocol explained in reference (12). The conjugation of the vector without the rpeB 

gene (KT-2PTAClacZGFP) and the conjugation of the vector with the gene (KT-2rpeB) 

were done simultaneously so as to limit the numbers of variables that could influence the 

experiment, such as growth rate. The two donors were E. coli WM30-64 (KT-

2PTAClacZGFP) and E. coli WM30-64 (KT-2rpeB). The recipients of both of the vectors 

were PAO1 wt and PAO1 [13144]. Such combinations provided the necessary controls. 

The matings were plated on  LB+Kn50 plates that did not have DAP so as to select for P. 
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aeruginosa colonies with the KT-2 vectors and exclude both P. aeruginosa without the 

vectors and E. coli WM30-64 donors that require DAP to grow. 

 

Results and Conclusions of Conjugation:   

 The results of this experiment were inconclusive in providing information about 

the phenotype of rpeB complemented strains of PAO1 wt and PAO1 [13144] due to the 

fact that the original strains of PAO1 wt and PAO1 [13144] are intrinsically resistant to 

kanamycin and thus the complemented mutants could not be distinguished from the non-

complemented recipients. This fact requires an alteration in the complementation strategy 

towards constructing vectors that contain the rpeB gene and an antibiotic selection 

marker that PAO1 wt is susceptible to. 

 

Antibiotic susceptibility tests of PAO1 wt and PAO1 [13144]: 

 The literature demonstrated that P. aeruginosa was most likely susceptible to the 

antibiotics streptomycin and carbenicillin (6, 13). In order to determine the concentration 

at which inhibition of growth occurred under conjugation conditions, a condensed version 

of the conjugation protocol was performed with strains PAO1 wt and PAO1 [13144]. In 

this, no DNA was introduced but the bacteria were subjected to the same procedures, 

growth times and temperatures as in they would normally have been during conjugation 

and plated on varying concentrations of streptomycin, tetracycline and carbenicillin.  

After 24 hours in the incubator they were checked for growth. The results are in Table 4 

below. 
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Table 4: Antibiotic Susceptibility tests for PAO1 wt and PAO1 (13144) 

Antibiotic/ 
concentration 

ug/mL 
PAO1 wt 

PAO1 
(13144) 

Streptomycin      25 + + 
50 + + 

100 + + 
300 min min 
500 - - 

Carbenicillin     100 - - 
200 - - 

Tetracycline        25 + + 
50 + + 

100 + + 
200 - min 
400 - - 

According to the results of the antibiotic 

susceptibility tests, the best antibiotic 

concentrations to use in growth media to 

inhibit growth of PAO1 and 13144 is 

streptomycin at 500ug/mL, carbenicillin at 

100ug/mL and tetracycline at 400ug/mL. 

+: growth - : no growth min: minimal growth 

 

 

 Strategy B: Complementation of PAO1 wt and PAO1 [13144] with pPEX18A and 

pPEX18ArpeB. 

 

Transformation of pPEX18A and pPEX18ArpeB into PAO1 wt and PAO1 [13144]: 

 Instead of using the more complex process of conjugation to get the desired DNA 

into strains of P. aeruginosa, the method was altered to use an adapted electroporation 

protocol described in Appendix A. The plasmids pPEX18A (control) and pPEX18ArpeB 

were electroporated into PAO1 wt and PAO1 [13144] and plated on selective LB media 

containing carbenicillin at 100ug/mL. These plasmids encode a resistance gene for 

ampicillin which also confers resistance to carbenicillin. The original pPEX18A was also 

designed with the sacB gene to allow for positive selection of true mutants to be 

distinguished from the more frequently occurring merodiploids by plating the mutants on 

medium containing 5% sucrose (8).  
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Electroporation Results and Conclusions: 

 One colony of PAO1 [13144] transformed with pPEX18ArpeB grew on a plate of 

LB+Cb200. This means that this colony is at least a merodiploid mutant with the 

complemented rpeB gene. All other combinations of pPEX18A in to PAO1 wt and PAO1 

[13144] and pPEX18ArpeB into PAO1 wt did not grow on the selective media containing 

carbenicillin; leading to the conclusion that these transformations failed.  

 

Quantification of Pyocyanin production: 

 PAO1 wt grown 24hrs in LB broth is the base line model for normal production 

of pyocyanin in this study. Its production rates were then compared to those of PAO1 

[13144] and PAO1 [13144] (pPEX18ArpeB) via the pyocyanin extraction protocol 

described by Essar (4).  

 

Pyocyanin extraction Results and Conclusions: 

Table 5: OD540 of the extracted pyocyanin  

Strain PAO1 wt PAO1 13144 PAO1 13144 (pPEX18ArpeB) 

OD540 0.317 0.434 0.206 

 

 This shows that the amount of pyocyanin produced by the rpeB - mutant (13144) 

is greater than that produced by the wild type. It also suggests that the rpeB 

complemented strain of 13144 restores the mutant back to the production of less 

pyocyanin.  
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 These are only preliminary results and several more trials should be performed. In 

addition, the extraction of pyocyanin should be performed at different growth phases of 

all three strains to see how they might impact the production of pyocyanin. 

 

Strategy C: Complementing PAO1 wt, PAO1 [1314]), and PA14 wt with KT-

2rpeBStrR, KT-2rpeB/rpeAStrR, and KT-2PTACLacZGFP 

 

Development of DNA constructs: 

 The KT-2rpeBStrR construct was developed from the KT-2rpeB construct made 

for strategy A. Since the rpeB gene was inserted into the vector in the EcoRI to HindIII 

orientation, all that was required was to insert a streptomycin resistance cartridge (StrR) in 

the HindIII site. This was first attempted by digesting the StrR cartridge from the plasmid 

pHP45Ω, gel purifying it via Eppendorf Perfect prep Gel Clean-up procedure, and 

ligating it into the KT2rpeB construct cut with HindIII. This task proved to be extremely 

difficult, so a different StrR cartridge was located in the plasmid pKRP13. 

 The new StrR cartridge was cut from the plasmid pKRP13 with HindIII and 

shotgun ligated (i.e. the insert was not gel purified) with KT-2rpeB also cut with HindIII. 

The ligations were then transformed into E. coli DH5α, plated on LB+Kn50+Str25, then 

isolated via Fermentas GeneJet Kit, re-cut with HindIII and run via gel electrophoresis to 

determine if the correct construct was obtained. After several attempts, the correct 

construct was obtained: KT-2rpeB (~13.9kb) and the StrR insert (2.0kb). 

 The next construct, KT-2rpeB/rpeAStrR, required excising the rpeB/rpeA gene 

from pCW2E4 with EcoRI and HindIII, gel purifying via Eppendorf Perfect prep Gel 
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Clean-up procedure and ligating it into the KT-2 vector also cut with EcoRI and HindIII 

and gel purified. This ligation was then transformed into E. coli DH5α, isolated via 

Fermentas GeneJet Kit, re-cut with EcoRI and HindIII and checked on a gel to show the 

KT-2 vector (12.3) and the rpeB/rpeA insert (6kb).  

 This new construct KT-2rpeB/rpeA was then cut with HindIII and shotgun ligated 

with StrR cartridge cut from pKRP13 with HindIII. The same series of steps described 

above for transformation and isolation were repeated for this construct. It was then re-cut 

with EcoRI and HindIII to check for the KT-2 vector (12.3kb), rpeB/rpeA insert (6kb) 

and the StrR insert (2kb). 

  

Electroporation of PAO1 wt and PAO1 [13144] with KT-2rpeBStrR, KT-2rpeB/rpeAStrR, 

and KT-2PTACLacZGFP: 

  The complementation was performed with three constructs all being transformed 

via electroporation into both PAO1 wt and PAO1 [13144]. The electroporation was 

performed according to the adapted protocol in Appendix A; all attempts were plated on 

LB+Str500. At this concentration of streptomycin, non-complemented strains of PAO1 wt 

and PAO1 [13144] will not grow. 

 

Pyocyanin Extractions: 

 All complemented mutants were grown in 20mL cultures of LB+Str500, while the 

normal PAO1wt and PAO1 [13144] were grown in 20mL cultures of LB. Pyocyanin was 

then extracted from all cultures according to the protocol by Essar (4). 
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Electroporation / Pyocyanin (PYO) extraction Results and Conclusions: 

Table 6: Electroporation / Pyocyanin extraction results of Strategy C 

Mutant Growth on Str500 (+/-) Extracted PYO OD540
PAO1 wt - n/a 
PAO1 wt electroporated w/o DNA - 0.045 
PAO1 13144 - n/a 
PAO1 13144 electroporated w/o DNA - 0.055 
PAO1 wt (KT-2rpeBStrR) + 0.015 
PAO1 wt (KT-2rpeB/rpeAStrR) + 0.006 
PAO1 13144 (KT-2rpeBStrR) + 0.034 
PAO1 13144 (KT-2rpeB/rpeAStrR) + 0.025 
 

 Although the complementation via electroporation was successful, as seen by the 

growth on LB+Str500, when the complemented forms of PAO1 wt and PAO1 [13144] 

were looked at for phenotypic characterization based on pyocyanin levels, the results 

were inconclusive. When this extraction was done, it did not look like there were high 

levels of pyocyanin being produced by any of the bacteria. It is thus suggested that the 

level of aeration be increased during growth so that the redox reaction that results in 

pyocyanin can progress optimally. Also, this extraction protocol needs to be performed 

repeatedly in order to gather more accurate data from which a conclusion about the 

phenotypic characteristics of normal and rpeB complemented mutants could be better 

drawn. 

 

 

DISCUSSION 

Future avenues of experimentation 

 In addition to several repetitions, it would be beneficial to alter the strategy yet 

again for a complete look at how the two-component regulatory system rpeB/rpeA affects 

pyocyanin production in P. aeruginosa. This alteration should include the use of a better 
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control; instead of using KT-2PTACLacZGFP as the control to show that the vector alone 

does not influence anything, it should be the KT-2 vector with the StrR cartridge to even 

the field with the stress that the organism undergoes while actively resisting such high 

concentrations of streptomycin.  

 In addition to creating a KT-2StrR construct, the construct KT-2rpeAStrR should 

be developed. Then pyocyanin assays can be performed on PAO1 wt, PAO1 [13144] 

(rpeB- mutant) and PAO1 [10580] (rpeA- mutant) complemented with the range of rpeB, 

rpeA, and both rpeB/rpeA. This would give a more comprehensive look at how this two-

component system affects the production of pyocyanin. 

 The goal of this study is to demonstrate whether or not wild-type phenotype is 

restored upon complementing the genes rpeB and rpeA into the PAO1 mutants that lack 

functional copies. Restoration of wild-type phenotype at this point encompasses a return 

to normal levels of pyocyanin production and to phenazine production being once again 

under the control quorum sensing. Ultimately this study is part of a larger one that is 

ongoing in the laboratory of L.S. Pierson III. This larger study is focused on 

understanding the link between two-component regulatory systems and quorum sensing 

and how they influence the ways in which bacteria couple environmental inputs with the 

production of secondary metabolites. The study also hopes to provide insight into how 

these processes are important in the inhibition or promotion of disease. 
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APPENDIX A 
 

Electroporation Protocol for Pseudomonas aeruginosa 
 
 

• Grow the desired cultures in 20mL of LB O/N shaking at 30°C or 37°C 
 
• For each electroporation,  
 - Making cells electrocompetent 
  - transfer 1.5mL of culture to 4 sterile microfuge tubes 
  - centrifuge 2’ 
  - dump supernatant 
  - resuspend each pellet in 1mL of 300mM sucrose (RT°) 
  - centrifuge 2’ 
  - dump supernatant 
  - resuspend each pellet in 1mL of 300mM sucrose (RT°) 
  - centrifuge 2’ 
  - dump supernatant 
  - add 50μL of 300mM sucrose to 2 tubes 
  - resuspend pellets, transfer to other tubes 
  - resuspend pellets; combine in one tube for a total volume of ~100uL 
 - Electroporate 
  - in a new sterile tube add 7μL of plasmid DNA with 100uL of ` 
         electrocompetent  cells 
  - transfer mixture to electrocuvette (2mm gap) 
  - Pulse 25 μF, 200Ω , 2.5 kV   (Ec2) 
  - transfer electroporation to 10mL test tube containing 1.5mL RT° LB 
  - incubate shaking at 37°C for 2 hours 
  - transfer to sterile microfuge tube 
  - centrifuge 2 min 
  - discard 900μL of supernatant 
  - resuspend cells in residual liquid 
  - plate all cells on selective media 
 
 
* Note: in order to reduce the probability that a lawn of bacteria will form, make 
dilutions of the cells before plating. 
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