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Abstract 

Introduction: Despite antimicrobial resistance topping the list of global health concerns, the development of novel 

antibiotics has been nearly abandoned due to strict regulations and dwindling economic incentives in the pharmaceutical 

industry. There is a critical need for alternative strategies to treat multidrug resistant pathogens like Pseudomonas aeruginosa 

(P. aeruginosa), a pestilent cause of nosocomial infections. Here, we aim to target adaptive resistance in P. aeruginosa 

biofilms by inducing hypersensitivity to existing antibiotics through phage-delivery of a particular gene cassette. Previous 

studies have suggested that the rpoS gene is repressed in P. aeruginosa biofilms and that its deletion is correlated with 

hypervirulence, increased biofilm thickness and antibiotic resistance. 

Methods: In this protocol, we aim to explore the effect of inducing rpoS overexpression in P. aeruginosa colonies as a 

potential method to disrupt biofilm structure and increase sensitivity to tobramycin. Phagemids containing rpoS, an 

accompanying promoter, and a tellurite resistance gene are delivered by P1 bacteriophages to the biofilm to be shared 

through horizontal gene transfer (HGT). Tellurite is then administered to induce selective pressure for HGT, by favouring 

uptake of the phagemids due to the presence of the tellurite resistance gene. Consequently, we can assess the effect of rpoS 

overexpression on biofilm organization and tobramycin sensitivity using measures from confocal laser scanning microscopy 

(CLSM). 

Anticipated Results: Given the hypervirulent effects of rpoS deletion, we expect that forcing rpoS overexpression in P. 

aeruginosa would result in decreased biofilm thickness compared to controls. Furthermore, the colonies are also expected to 

have lower cell viability following tobramycin administration. 

Discussion: Overall, our experiment characterizes the effects of rpoS overexpression on biofilm thickness, cell viability and 

tobramycin resistance. As such, this protocol may have practical implications for re-sensitization of P.aeroginosa to 

antibiotics.  

Conclusion: This would demonstrate a potential for phage-mediated hypersensitization of P. aeruginosa that is adaptable to 

more practical settings, such as in situ on hospital surfaces. 
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Introduction 

Multi drug-resistant pathogens are responsible for an 

estimated 700,000 deaths annually, a number which is 

expected to reach 10 million by 2050 [1]. Among them is P. 

aeruginosa, an opportunistic pathogen known for causing 

nearly 14 percent of all nosocomial infections and even 

more in intensive care units [2]. Along with intrinsic and 

acquired resistance, this bacterium displays adaptive 

resistance in biofilms by modifying gene expression in 

response to environmental stressors such as antibiotics [3,4] 

In a biofilm, bacteria can withstand aggressive antibiotic 

therapy and are more resilient in producing severe 

infections in chronic wounds, implanted biomaterials, and 

urinary catheters [5-7]. While tobramycin is currently used 

as a front-line antibiotic in P. aeruginosa therapy, these 

biofilms have been shown to resist tobramycin levels that 

are 100 times greater than those administered 

therapeutically [8]. Developing a mechanism to disrupt 

biofilm formation would therefore undermine adaptive 

resistance by improving antibiotic permeability and 

impairing intracellular communications. Bacteriophages are 

prime candidates for penetrating biofilms because they are 
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naturally optimized to infect these types of colonies without 

conferring toxicity to humans due to high host specificity 

[9,10]. Previous work has pre-emptively explored the use of 

bacteriophages in restoring antibiotic sensitivity, although 

not specifically through the disruption of biofilm [11,12]. 

It has been shown that the rpoS gene is silenced during 

biofilm formation and that its deletion yields resistance to 

tobramycin in P. aeruginosa [13]. This prompted us to test 

whether overexpression of rpoS would instead act as a 

sensitizing element to disrupt biofilms and thus render them 

more sensitive to tobramycin. Phagemids are useful vectors 

that are transported as linear DNA within bacteriophage 

capsids and recircularized within host bacterial cells. Here, 

we use the P1pBHR-bla phagemid to deliver rpoS along 

with a strong promoter for overexpression, as it is known to 

be compatible with the P1 bacteriophage in both P. 

aeruginosa and Escherichia coli [14]. It also already 

contains an ampicillin-resistance gene for selection and a 

pac sequence that signals for it to be packaged into the P1 

phage. Phagemids are self-replicating units and spread 

efficiently throughout a population by promoting inter-

bacterial interactions, particularly in biofilms, which 

promote stability and foster higher HGT traits [15]. In this 

protocol, we aim to further motivate phagemid uptake 

through HGT by use of tellurite; an oxidized derivative of 

the trace element tellurium which has been used 

experimentally to exert toxicity on P. aeruginosa [16]. It 

mainly does so through generation of superoxide radicals 

that cause bacterial oxidative burst, but has also been found 

to interfere with protein synthesis. Studies have isolated the 

thiopurine-S-methyltranferase (tpm) gene, which, along 

with the strong pX2 promoter, is able to reduce or convert 

tellurite into metallic or volatile forms, therefore conferring 

resistance [17]. Therefore, by including tpm in the 

phagemid and administering tellurite after phage-delivery 

to the biofilm, we should elicit a selective pressure which 

favours phagemid uptake. The goal is to thereby determine 

whether the resultant rpoS overexpression would be 

effective in stimulating the conversion of biofilms to a 

planktonic state. Additionally, we are interested in whether 

this change in colony structure would serve as a method of 

restoring tobramycin sensitivity in P. aeruginosa. 

 

Methods 

Phagemid Construction 

rpoS is amplified by PCR using primers that contain 

cut sites for different restriction enzymes. The PCR 

products are digested with these enzymes and ligated 

directionally into the P1pBHR-bla phagemid in place of 

non-essential phage genes. Similarly, a strong promoter 

allowing for overexpression of rpoS, the tellurite resistance 

gene and an enhanced green fluorescent protein (eGFP) 

gene for microscopy are inserted in-line on the same vector. 

 

 
Figure 1. Phagemid element organization (illustrated using Microsoft OneNote). 
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Phage Preparation in E. coli 

The resulting phagemid is transformed into E. coli, 

selected for by ampicillin, and packaged into P1 

bacteriophages. A control phagemid is produced in the 

same manner, except that it does not contain the rpoS gene 

or its respective promoter. Engineered P1 bacteriophages 

are verified by PCR for the presence of the expected DNA 

fragments and then replicated as needed for transduction. 

 

Preparation of Monospecies P. aeruginosa Biofilm 

Fifteen fresh overnight cultures of P. aeruginosa strain 

PA14 are prepared with a starting OD600 of 0.1 and loaded 

into syringes [18]. The Sterile Treatment Imaging Flow 

Cells are inoculated using the syringe containing the PA14 

suspension. PA14 biofilms are then cultivated in 

appropriate growth medium (fastidious anaerobe broth 

(FAB) medium with 0.3 mM citrate) at 37°C [18,19]. 

Following a settling period of 30 minutes, the bacterial cells 

establish a biofilm on the glass coverslip substratum and a 

constant flow rate is initiated (~3.3 ml h -1 per channel) 

using a peristaltic pump positioned upstream of the flow 

cell. Prior to any manipulations, all flow cells are incubated 

for 48 hours and mounted on a stage for fluorescent CLSM 

so that images can be captured at 25-minute intervals 

beginning at flow start. 

 

Biofilm Transduction 

To establish an untreated control, three flow cells (#1, 

2, 3) are not exposed to any treatment to assess the natural 

behaviour and structure of P.aeruginosa biofilms. Flow 

cells #4 through 9 are transduced with the engineered P1 

bacteriophages harboring the control phagemid (which 

contains all elements except the rpoS gene and its 

associated promoter). Then, flow cells #10 through 15 are 

transduced with P1 bacteriophages containing the rpoS 

phagemid (from Figure 1). Tellurite is administered to flow 

cells #7, 8, 9, 13, 14 and 15 to enrich for bacteria 

harbouring the resistance-conferring cassette. For 

comparison, flow cells #4, 5, 6, 10, 11, and 12 do not 

receive tellurite treatment to confirm that tellurite is indeed 

inducing selective pressure for the bacteria to take up the 

resistance-conferring cassette. The control and treatment 

groups are shown in Figure 2 below. 

 

 
 

Figure 2. General overview of flow cell methodology (illustrated using Microsoft OneNote). 
 

Antibiotic Sensitivity Testing 

For each group of three flow cells receiving the same 

treatment, each one is subject to a different length of 

antibiotic exposure: 1 hr, 4 hr, and continuous. The 

antibiotic, tobramycin, is administered at a standard 

therapeutic concentration of 10 µg ml−1, corresponding to 

10 times the minimal inhibitory concentration (MIC) of this 

antibiotic (MIC: 1 µg ml−1) [19]. This is done by pausing 
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the pump, preventing reflow with clamps, and emptying 

then refilling the tubes and bubble traps upstream of the 

clamps with FAB medium containing the antibiotic. 

Clamps are then removed, and flow is resumed. 

 

Image Acquisition and Analysis 

Biofilm formation is monitored by CLSM using an 

inverted Leica TCS SP2 system with argon/krypton lasers 

and detectors [20]. Live cell staining makes use of eGFP 

(excitation, 488 nm; emission, 509 nm) and dead cell 

staining utilizes propidium iodide (excitation, 543 nm; 

emission, 565 nm), allowing for comparisons of cell 

viability. Biofilm images taken at 25-minute intervals are 

analyzed in stacks using COMSTAT. Quantitative 

measurements of mean thickness and thickness distribution, 

biomass, roughness, substratum coverage and surface to 

volume ratio are obtained and assessed for statistically 

significant differences between treatments [21]. 

  

Results 

We would expect the P. aeruginosa culture 

overexpressing rpoS (Treatment 3b in Figure 2) to 

demonstrate reduced biofilm formation, compared to the 

other treatment groups and controls. This would be 

observed quantitatively as a decrease in mean thickness and 

substratum coverage. We would also expect this culture to 

have a lower cell viability compared to controls when 

exposed to the same concentration and length of treatment 

with the tobramycin antibiotic. 

 

Discussion 

Here, we present a novel approach to combat multi 

drug-resistant pathogens residing on hospital surfaces. The 

expected decrease in both biofilm thickness and antibiotic-

surviving cells would establish this method as a promising 

therapy for reversing resistance. These results would also 

indicate that rpoS overexpression produces an opposite 

effect to underexpression, which would be a valuable 

discovery in P. aeruginosa research. Our protocol would 

thereby serve as a proof of concept for restoring tobramycin 

sensitivity in this bacterial species by delivery of sensitizing 

genetic material to biofilms in exchange for tellurite 

resistance. Unlike conventional phage therapy, this 

approach does not use phages to directly kill pathogens, and 

rather uses them as delivery vehicles for the phagemid of 

interest. This method is therefore superior as it does not 

promote selection against the phages because the 

transduction step is not itself hostile to the bacterium, and 

the plasmid instead confers an initial reproductive 

advantage when cells are exposed to tellurite. Furthermore, 

rather than being administered to patients, we intend for 

these phages to be utilized solely for dispersal on hospital 

surfaces. By avoiding the use of phages in a clinical 

context, our approach overcomes toxicity issues associated 

with internal use of tellurite and evades other potential 

drawbacks including phage neutralization by the host.  

CLSM is the preferred microscopy technique for 

biofilms because it captures high-resolution images at 

various depths which can then be compiled into a 3D 

reconstruction for quantification and analysis by 

COMSTAT software [22]. The program’s image processing 

and analysis algorithms provide an efficient way to output 

quantitative data from these images, by calculating several 

parameters related to biofilm structure and function. Thus, 

the different samples can be easily compared without 

having to rely on qualitative observations of volume, 

surface area coverage, thickness, distribution, and 

roughness, among other characteristics. Our experimental 

setup is also particularly beneficial as it allows for the 

biofilm to be quantified directly in the vessel in which it is 

being treated, allowing us to avoid any additional 

manipulations that could interfere with the integrity of the 

structure.  

Future experiments can be further modified to diminish 

the possibility of the tellurite resistance gene being 

horizontally transferred without overexpression of the rpoS 

sensitizing gene. For instance, the rpoS cassette can be 

strategically placed preceding a promoterless tellurite 

resistant gene within the phagemid so that acquiring 

tellurite resistance would be conditional upon 

overexpression of rpoS. In future experiments, the 

phagemid could also be equipped with a diverse array of 

antibiotic-sensitizing genes rather than just rpoS in order to 

reduce the possibility of spontaneously regaining resistance 

against all these antibiotics at once. 

 

Conclusions 

This protocol presents a novel method for targeting P. 

aeruginosa biofilms via phage-mediated delivery of 

sensitizing genetic material. Previous studies have 

established precedent for phage-delivery of sensitizing 

genes in other bacteria but restoring sensitivity by genetic 

manipulation of biofilms has not been previously explored 

with this pathogen. Therefore, the purpose of this 

experiment is to promote understanding of specific P. 

aeruginosa genes, their correlation with biofilm formation, 

and resistance to existing antibiotics. Additionally, we are 

testing the protocol of phage-mediated delivery of 

sensitizing genetic material, particularly in terms of the 

efficacy of the tellurite selection mechanism. Although the 

toxic nature of tellurite poses limitations to clinical 

applications, this experiment may allow for significant 

advancements in other areas of the field. Given the 

anticipated effects of rpoS overexpression, we hope to 

inspire techniques for targeting resistant P. aeruginosa 

biofilms on hospital surfaces, which is particularly relevant 

for preventing drug resistant P. aeruginosa from 

establishing chronic nosocomial infections. This 

experiment also elicits further questions regarding the 

methods used. Perhaps this experiment may be adapted to 

establish sensitivity in and target other relevant P. 

aeruginosa genes as well as other bacterial species. 
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Additionally, further research to discover alternative 

selection mechanisms that do not involve toxins can 

provide many beneficial clinical applications. Regardless of 

the outcome, the results of this study would inform future 

experiments on the role of rpoS in biofilm formation and 

tobramycin resistance, as well as clarify the effect of rpoS 

overexpression. Given these directions, we are hopeful that 

this experiment would act as a major step in combatting 

antimicrobial resistance in P. aeruginosa and beyond. 
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CLSM: confocal laser scanning microscopy 
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