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Adaptive resistance of Pseudomonas aeruginosa to polymyxin B, a drug of last resort, is an emerging problem 

worldwide. The purpose of this study was to better understand the mechanism of transcriptional regulation of 

polymyxin B resistance in P. aeruginosa. One proposed regulatory pathway involved RpoS-activated PmrA which 

then activates ArnT, a lipid membrane modifier. We assessed the contribution of this regulatory circuit to 

antibiotic resistance at log phase, early stationary phase and late stationary phase by comparing plating results. 

Here we report that expression of rpoS and pmrA were highly correlated, supporting previous findings by other 

researchers that pmrA is indeed a downstream target of rpoS. Furthermore, upregulation of both rpoS and pmrA 

led to increased growth in the presence of sub-inhibiotry levels of polymyxin B. In contrast, arnT expression 

correlated poorly with expression of rpoS/pmrA suggesting the presence of other regulatory pathways. In addition, 

arnT expression did not lead to increased survival at the level of polymyxin B that was used. Thus, our results 

suggested that RpoS and PmrA induced resistance to polymyxin B occurred independently of ArnT. The direct 

effects of these genes on survival require further investigation.  

Pseudomonas aeruginosa is a prevalent Gram-negative 

opportunistic nosocomial pathogen capable of causing 

chronic urinary tract, gastrointestinal, skin and lung 

diseases (1). P. aeruginosa infections are of particular 

concern because the bacteria are resistant to many different 

classes of antibiotics (2). One effective drug against P. 

aeruginosa is polymyxin B (PmB), a cationic 

antimicrobial peptide (CAP) which binds to and 

permeabilizes the outer membrane, providing access for 

PmB to the cytoplasmic membrane (3). Disruption of the 

cytoplasmic membrane results in leakage and cell death 

(3). The enzyme ArnT has been identified as a potential 

source of resistance due to its ability to modify the lipid A 

component of the outer membrane by adding 4-amino-4-

deoxy-L-arabinose (L-Ara4N) (4). L-Ara4N reduces the 

net negative charge of the lipid A molecule and inhibits the 

ability of the positively charged peptide from binding to 

the outer membrane. (5). ArnT belongs to a group of seven 

enzymes that make up the arn operon (6). Together, these 

enzymes are responsible for taking UDP-Glucose, 

modifying it, and translocating it onto the lipid A (6). 

However, key regulatory mechanisms of this operon are 

still poorly understood.  

In this study, two specific proteins upstream of ArnT 

were examined for their potential roles in the transcription 

regulation of the enzyme in P. aeruginosa, as illustrated in 

Figure 1. One is PmrA, a DNA-binding protein which has 

been shown to control arn operon in Salmonella 

typhimurium (7). Further upstream of arnT is rpoS, a 

sigma factor that is often upregulated in stationary phase 

and plays an important role in activating genes necessary 

for the bacteria to survive a wide range of environmental 

stresses, such as carbon starvation, through recruitment of 

RNA polymerases (1). Despite a previous study done on 

Salmonella which suggested that rpoS was not involved in 

PmB resistance (8), newer evidence suggested that rpoS 

helps control pmrA expression in P. aerugionsa (9). We 

hypothesized that when P. aeruginosa bacteria were 

subjected to stress, such as exposure to a sublethal dose of 

antibiotics (10), the consequent upregulation in rpoS 

would also affect the levels of downstream pmrA and 

arnT. This would ultimately result in the cells becoming 

more resistant to PmB. The results of our study showed 

that PmB resistance might be more complex than 

previously thought. Contrary to expectations, arnT 

upregulation did not lead to increased survivability. 

Furthermore, we found that while rpoS and pmrA 

expression correlated well with each other, arnT 

expression was not solely influenced by those two 

enzymes, suggesting the presence of additional 

transcription regulation mechanisms.  

MATERIALS AND METHODS 

Bacterial strains and growth conditions. The P. aeruginosa 

strains used in this study included the wild type PA14 and a rpoS 

mutant strain obtained from the Harvard PA14 Transposon 

Insertion Mutant Library (11). The transposon mutant 

identification number for rpoS is PA3622 ID 32095. Both wild 

type and mutant strains were grown at 37
o
C on LB broth [1.0% 

(w/v) Bacto-Peptone (Becton, Dickinson and Company) 0.5% 

(w/v) Bacto Yeast Extract, 0.5% (w/v) NaCl (Fisher Scientific)]. 

In all experiments, overnight cultures were grown with agitation 

(200 rpm) in LB broth. When required for transposon 

maintenance, LB broths were supplemented with gentamicin to a 

final concentration of 15 μg/ml. 

Growth curves. P. aeruginosa strains were grown overnight in 

LB broths. These cultures were added to 50 ml of fresh LB media 

every time to start the growth curves. The growth of these 

cultures at 37˚C under shaking conditions was monitored with a 

Spectronic 20 D Plus spectrophotomer by determining the 

turbidity at 600 nm every 10 min for 3 h. The empirically derived 

values for log phase, early stationary phase, and stationary phase 

growth were 0.73, 2.25 and 2.6 respectively. These values 

represent the points at which the antibiotic resistance assay was 

conducted and the cells were harvested for gene expression assay. 

Antibiotics. Polymyxin B (Sigma, UK) was used for antibiotic 

sensitivity assays. Antibiotics were dissolved in dH2O to prepare 

a stock solution of 3.0 mg/ml. The stock solution was then diluted 

accordingly and kept at room temperature. Gentamicin (Bayer, 
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TABLE 1 Sequences of forward and reverse primers used for qPCR experiments. 

Gene Forward Primer (5’→3’) Reverse Primer (5’→3’) 

rpoS CGATCATCCGCTTCCGACCAG CTCCCCGGGCAACTCCAAAAG 

pmrA TCCAGTATGGGCTTTTCCAG CCAATCCAAAGAGGAAACGA 
arnT GCTGGTCACCGACGAGTTC CGAAGGGCTTGGTCAGGTAG 

16sRNA CAAAACTACTGAGCTAGAGTACG GCCACTGGTGTTCCTTCCTA 

USA) was used to prepare 15 μg/ml solutions for transposon 

maintenance. The original polymyxin B and gentamicin solutions 

were kept at -20˚C until used. 

Growth-dependent resistance assay. Bacteria were inoculated 

in LB broth and incubated at 37
o
C with agitation (at 200 rpm) 

overnight. The bacteria were re-inoculated in 30 ml of fresh LB 

broths in 125 ml Erlenmeyer flasks at an OD600 of 0.30. Once the 

OD600 readings reached 0.73, 2.25 and 2.6, indicative of log 

phase, early stationary phase and late stationary phase 

respectively, 1.0 μg/ml of PmB, previously determined to be 

sublethal (1), was added for 60 minutes. One negative control 

without antibiotics was included with each condition for a total of 

12 different conditions. Cell viability was determined by plating 

serial dilution of each condition on LB plates. The plates were 

incubated at 37
o
C overnight and counted after 20 hrs. This assay 

was conducted twice in biologically independent trials. 

RNA extraction and cDNA synthesis. For each condition in 

the antibiotic resistance assay, 1 ml of bacterial culture was taken 

for gene transcription detection via qPCR. Cellular lysates were 

prepared by spinning down the cells at 5000 rpm for 5 min in a 

microfuge. The harvested pellets of cells were then resuspended 

in a TE buffer and lysozyme concentration of 500ug/ml for 5 

mins. Total RNA was then extracted from these lysates using the 

RNeasy kit (Qiagen, Cat No. 74104). For each sample, 500ng of 

RNA was then transcribed into cDNA using Transcriptor First 

Strand cDNA Synthesis Kit (Roche Diagnostics, Cat No. 

04379012001). 

Gene expression analysis using qPCR. Transcription analysis 

of 4 genes, 16sRNA, rpos, pmrA and arnT, was conducted upon 

the cDNA for each sample using Sso Advanced SYBR Green 

Supermix (BioRad, Cat No. 172-5260). Instructions were 

modified from the protocol; each reaction was set up in 5ul 

volumes with final concentration of reverse and forward primers 

at 100nM, and 2.5ng of cDNA. Parameters for qPCR were set up 

as per the instruction manual, and the optimized temperature for 

annealing/extension was set at 57
o
C. A melt curve step was 

added, as per the manual, at the end of the qPCR to check for 

specificity of primers and purity of our amplified product. This 

entire gene expression analysis was performed 3 separate times. 

 
FIG 1 Proposed model of rpoS and pmrA mediated arnT expression. 

 

Primer generation: Primers sequences for each gene were 

generated manually using Blast. Primers were then manufactured 

by Integrated DNA technologies and obtained from instructor.  

Please refer to Table 1 in the back for the exact sequences used.  

Statistical analysis. Gene expression of arnT, pmrA and rpoS 

in all the samples was normalized using the 16s rRNA 

housekeeping gene. The data was analyzed using the delta-delta 

Ct method (12). The change in gene expression within samples 

was calculated with reference to the log phase and antibiotic 

incubation condition. A paired t-test was performed between the 

reference and our sample using a p-value threshold of 0.05, for 

each gene, in order to determine whether the gene was being 

upregulated or downregulated. This was done separately for the 

wild type and the mutant strain. Further, a Pearson correlation 

was performed in order to compare cell survivability ratio to gene 

expression ratio. The resulting numbers indicate both the 

magnitude and the direction of the relationships. 

RESULTS 

Resistance to sublethal concentrations of polymyxin B 

in P. aeruginosa was dependent on rpoS expression. We 

determined the changes in resistance of P. aeruginosa to 

sublethal concentrations of PmB at different growth 

phases. We measured changes in the rpoS expression in 

log, early stationary, and late stationary phase by 

subjecting the wild type and the rpoS mutant bacteria to 

growth-dependent resistance assays. Our results, as can be 

seen from Figure 2, showed that there were no significant 

changes in plate count between PmB treated and non-

treated rpoS mutants across all different phases (P = 

0.4631, P = 0.5102, P = 0.5983). In contrast, all changes in 

survivability in wild type cells were significant (P < 

0.0001 for all three comparisons).  This indicated that the 

presence of rpoS had an impact on cell survivability. 

 
FIG 2 RpoS expression plays a role in differential survivability at 

different phases of growth.  Wild-type (■) and rpoS mutant (□). 
Growth phases: log phase (LG), early stationary (ES), late stationary 

(LS).  Error bars represent the SEM. (*) P-value < 0.05 indicates 

significant difference in survivability between the two samples. 
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TABLE 2 PmrA and rpoS expression increased cell survivability 
after antibiotic challenge. Pearsons correlation of the ratio of gene 

expression to the ratio of cell count. A value close to 1 represents a 

strong positive correlation indicating that the gene is possibly a 
candidate for observed resistance. A value close to 0 indicated a lack 

of correlation. A value close to -1 indicated a strong negative 

correlation. 

Gene Expression levels: cell survivability 

pmrA 0.998 

rpoS 0.997 
arnT -0.069 

pmrA and rpoS expressions were correlated with each 

other and with survivability. Using qPCR techniques, the 

levels of gene expression at each stage of growth for 

mutant and wild type cells were also determined. As can 

be seen in Figure 3B, statistical analysis using paired t-test 

with p=0.05 showed that there was no significant change 

in rpoS expression levels between PmB treated and non-

treated mutant cells in all conditions. This is in contrast 

with the expression profile seen in wild type cells. PmB 

treated cells exhibited a 15 fold increase in early stationary 

and a 2 fold decrease in late stationary as compared to non-

PmB treated control cells. A similar expression pattern was 

observed for PmrA, as can be seen in Figure 3A. There 

were no significant changes in PmrA levels across all 

conditions for mutant cells. As for wild type cells, PmB 

treated cells exhibited a 5 fold increase in pmrA expression 

in early stationary phase and a 25% decrease in late 

stationary phase as compared to non-PmB treated control 

cells. A Pearson correlation between the cell survival ratio 

and the gene expression ratio was performed to 

numerically determine the relationship between the two 

measures. As can be seen in Table 2, both RpoS and PmrA 

were highly correlated with survivability.  

arnT expression correlated poorly with rpoS/pmrA 

and survivability. As can be seen in Figure 3C, changes 

in arnT expression in mutant cells were significant in log 

phase when treated with PmB and in late stationary 

without PmB. These changes appeared to be independent 

of rpoS and pmrA. Figure 3C also shows that the wild type 

bacteria exhibited a similar upregulation of arnT in log 

phase with PmB. This change in expression level also 

appeared to be independent of rpoS and pmrA as both were 

minimally expressed in log phase, as seen in Figures 3A 

and 3B. Furthermore, Figure 3C also shows that PmB 

treated wild type bacteria increased arnT expression in 

early stationary phase whereas mutants under the same 

condition did not. This indicated an rpoS dependent 

regulation of arnT. Taken together, these results suggested 

that arnT may be subject to several transcription regulation 

mechanisms, depending on whether or not rpoS is present. 

Finally, changes in arnT expression correlated poorly with 

survivability, as shown in Table 2.  

DISCUSSION 

In order to determine the validity of our hypothesized 

model, we first examined the role of rpoS in P. aeruginosa 

response to sublethal PmB concentrations. As can be seen 

in Figure3, wild type bacteria consistently showed 

significantly higher rates of upregulation of pmrA and 

arnT than the mutants. Most notably, this effect was 

observed even in log phase, when there was no 

upregulation of rpoS in the presence of PmB. This was 

likely due to the fact that rpoS is a broad-acting 

transcription regulator (13). RpoS is known to transcribe a 

wide variety of genes under stress to combat the effects of 

the current stressor as well as confer protection against any 

subsequent stressors that the bacteria may face (13). 

Therefore, even if rpoS was not directly responsible for the 

upregulation in wild type cells, it might be indirectly 

responsible via the expression of other, intermediate genes 

that it controls.  

In our model, we predicted that pmrA is one of the genes 

that RpoS regulates. Our results provided strong support 

for this prediction. There was a significant correlation 

between the expression patterns of the two enzymes seen 

in the clustergram (data not shown). This is in accordance 

with results obtained by Hovel-Miner et al. in Legionella 

bacteria (14). As a DNA-binding transcription regulator, 

PmrA has been shown to control the expression of the arn 

operon, thereby mediating resistance to PmB (15). 

However, our results suggested that this process may not 

be as direct as previously thought. Contrary to our 

hypothesis, pmrA expression did not correlate well with 

that of arnT. A possible explanation of this observation is 

that arnT may be subject to multiple mechanisms of gene 

regulation. In a previous study done on Salmonella 

resistance to PmB, arnT was determined to possess 

multiple promoters that are subject to different forms of 

activation (8). PmB resistance seen in early stationary 

phase was due to the activation of two arnT promoters. 

One promoter was activated via a PmrA dependent 

mechanism while the other was activated due to low Mg
2+

 

concentrations in the media. Furthermore, two other two-

component systems, ParRS and CprRS, have recently been 

implied in the expression of the arn operon (16). By 

examining the data presented in Figure 3, we can see 

evidence of two arnT activation mechanisms that are 

dependent on the growth phase of the bacteria. arnT 

activation in log phase, in the presence of PmB was 

independent of pmrA and rpoS and was evident in both the 

wild type and the mutant. This data could be supporting 

the role of either CprRS or ParRS in arnT activation. 

However, activation in the early stationary phase was only 

seen in wild type bacteria. Upregulation of rpoS and pmrA 

were seen at this same stage. This latter form of activation 

appears to be more consistent with our model. 

Furthermore, contrary to our hypothesis, arnT was not 

correlated with survivability as seen in Table 2. One 

possible explanation is that ArnT usually confers 

resistance to PmB by changing the composition of the lipid 

A component of the LPS (17). The addition of L-Ara4N 

changes the target that PmB binds to, limiting its 

effectiveness. Although this limits the potential damage 

caused by the antibiotic, it is also, conceivably, an 

energetically expensive process. In order for P. aeruginosa 

to add L-Ara4N to lipid A, it has to first convert UDP-

Glucuronic acid to L-Ara4N (17). This conversion is 
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FIG 3 Gene expression is regulated by sublethal concentrations of PmB and may be RpoS-dependent. Expression of pmrA (A), rpoS (B) and 

arnT (C) in each condition for wild type (■) and PA14 (□) in the absence (left) and presence (right) of PmB. Growth phases: log phase (LG), 
early stationary phase (ES), and late stationary (LS). Data are presented as mean +/- SEM. * P< 0.05, suggesting the sample is either upregulated 

or downregulated. 

performed by enzymes present in the arn operon, namely 

ArnA. Thus, if the bacterium activates the arn operon, it is 

sacrificing potential sources of carbon and ATP (6). In our 

experiment, a sublethal dose of antibiotic was used in 

order to detect gene expression responses to PmB without 

killing the majority of bacteria used. It has been shown that 

cationic antimicrobial peptides, like PmB, are found in low 

concentrations in the natural environment of P. aeruginosa 

(18). This could help explain our results. If the bacteria are 

able to recognize that the concentration of PmB in its 

environment is not inhibitory, it would not activate the arn 

operon in order to maintain energetic efficiency. It is 

possible that there exists a mechanism through which the 

bacteria are able to detect the concentration of PmB and 

suppress the arn operon even when its primary regulator, 

pmrA, is present. 

In conclusion, this study has shown that rpoS, although 

not well correlated with the presence of arnT, is important 

in the expression of pmrA, thereby. The exact mechanism 

by which RpoS and PmrA affected the cells’ abilities to 

resist PmB remains unclear. Furthermore, we identified 

potentially separate systems for arnT regulation. Our data 

suggested that there could be multiple systems regulating 

arnT expression and hence conferring resistance as well. 

Results obtained in this paper helped gain greater insight 

into the regulation of genes involved in PmB resistance. It 

is clear that additional experiments are needed to improve 

our original model. Understanding the expression of rpoS, 

pmrA and arnT is important and may have profound 

implications in terms of designing therapeutic drugs to 

help prevent the emerging issue of PmB resistance. 

FUTURE DIRECTIONS 

Although the use of qPCR provided us with important 

information regarding transcriptional regulation, future 

studies should also consider the potential effects of post-

transcriptional controls as well. It is predicted that the final 

protein production profile will be different from the gene 

transcription profile. One possible way to accomplish this 

is to use Western Blots to detect final expression of the 

enzymes involved and compare that to qPCR data. 

Unfortunately, monoclonal RpoS antibodies for P. 

aeruginosa are not readily available. Nevertheless, this 

data is important in assessing the actual impact of 

transcriptional upregulation. 
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Our results partially implicated that arnT can be 

regulated through multiple different mechanisms, some of 

which have not been studied in much detail. Our study has 

identified several alternative regulating factors of the arn 

operon. These include the concentration of Mg
2+

 in the 

media and the two component systems CprRS and ParRS. 

A possible follow up to our experiment would be to 

perform a similar qPCR analysis to detect the expression 

profiles of cprRS/parRS and relate that to the antibiotic 

sensitivity results. It is likely that one of the factors 

identified would be involved in arnT expression in the 

absence of RpoS.  

Hormesis is a term used for biologically favourable 

response to low amounts of toxins. The role of cationic 

antimicrobial peptides is significantly different at 

subinhibitory concentrations than at lethal doses (18). 

Subinhibitory levels of antibiotics were used because we 

wanted to ensure that we had enough RNA to determine 

the relative gene expressions. It would be interesting to see 

whether or not the roles of the rpoS, pmrA, and arnT at 

higher PmB concentrations would change, provided that 

enough RNA can be extracted to perform a quantitative 

gene analysis. It is predicted that ArnT expression would 

be better correlated with survival in this follow-up 

experiment.  

Finally, future studies should consider using knockout 

mutants for any interested genes rather than mutants 

generated using transposons in order to eliminate some of 

the partial expression observed in this study. Knockout 

rpoS P. aeruginosa strains are available from such 

research teams as Sun et al. (19). However, it is predicted 

that results obtained using this strain would not differ 

significantly from those reported in this study since we did 

not observe any change in relative rpoS expression 

between different conditions for mutant bacteria.  
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