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Characterization of Quorum-Sensing Diversity in Environmental 

 Pseudomonas aeruginosa Populations 

 

INTRODUCTION 

 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a ubiquitous, gram-negative bacterium that is the fourth 

leading cause of noscomial infections.  As a major human opportunistic pathogen, P. 

aeruginosa’s large genome size of 6.3 million base pairs (Mbp) confers genetic 

complexity, antibiotic resistance and ecological versatility [1].  P. aeruginosa infections 

are notorious in pneumonia, wound, burn, urinary tract infections, cystic fibrosis and 

AIDS patients.  P. aeruginosa also colonizes mechanically invasive devices such as 

catheters and ventilators [2].  

 

Antibiotic Resistance 

Part of the danger of P. aeruginosa infections is their antibiotic resistance.  P. aeruginosa 

contains several different multidrug resistance (MDR) efflux pumps creating problems in 

effective treatment of infections. A recent surge in phenotypic antibiotic resistance to 

common antibiotics used in combinational therapy for P. aeruginosa infections (-

lactams, amingolycosides, fluoroquinolone) has caused great concern in the medical 

community and increased research for potential Pseudomonas antibiotics [2]. 
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Biofilm Formation 

Another cause of P. aeruginosa’s antibiotic resistance is its ability to form biofilms.  P. 

aeruginosa populations secrete an extracellular polymeric substance (EPS) creating a 

matrix that allows for attachment, cell-to-cell interconnection, interactions between 

subpopulations, and exchange of genetic material [3]. Biofilm formation is associated 

with chronic and acute infections leading to decreased immune phagocytosis and 

increased antibiotic resistance [3].  One mechanism of resistance is that the 

polysaccharide matrix slows diffusion of some antibiotics thereby protecting the bacteria 

[4].   

 

Quorum Sensing 

Quorum sensing (QS) plays a large role in virulence and biofilm formation in gram-

negative and gram-positive bacteria.   QS was first discovered in the marine 

bioluminescent bacterium Vibrio fischeri which inhabits several species of fish and squid 

[5].  Housed in a nutrient rich environment known as the light organ, a sufficient bacterial 

population density causes the bacteria to collectively emit a bluish-green light [5].  This 

symbiotic relationship allows the host to hunt and protect itself more efficiently.  In QS, 

small autoinducer molecules are released into the bacteria’s surroundings as a means to 

measure population density.  Once a threshold population is reached, the increased 

autoinducer concentration triggers the transcription of specific genes leading to biofilm 

formation, exotoxin production, virulence, conjugation, nutrient acquisition and pigment 

production among others [6].  QS enables bacteria to coordinate responses, an important 

aspect not only in biofilm formation but also in virulence and infection establishment [6].  



3 

It is assumed that by using QS, bacteria “wait” to release toxins until there are sufficient 

numbers to overwhelm the host immune system establishing chronic and acute infections 

[6,7].   

 

QS Genes 

Quorum sensing systems in Gram negative bacteria consist of a LuxI autoinducer 

synthase and a LuxR transcriptional activator.  The LuxI autoinducer synthase 

synthesizes the acyl-homoserine lactone autoinducer molecule (AI) which diffuses out of 

the cell [6].  Once the AI reaches a threshold level, it binds to the LuxR transcriptional 

activator protein [6].  The AI/LuxR complex then binds to and activates specific target 

genes [6].  The LuxI promoter has an increased affinity for the AI/LuxR complex 

resulting in a positive feedback loop for the autoinducer synthase gene [6]. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Representation of P. aeruginosa’s QS gene hierarchy 
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In P. aeruginosa, QS is mediated by two acyl-HSL systems, the las and rhl system [6]. 

The las system produces a LasI autoinducer synthase responsible for the production of 

the autoinducer molecule N-[3-oxododecanoyl]-L-homoserine lactone (3-oxo-C12-HSL).  

The lasR gene encodes the transcriptional activator protein LasR which forms a LasR/3-

oxo-C12-HSL complex that controls the production of LasA protease, alkaline protease 

and exotoxin A among others [6].  The rhl system falls under the hierarchical control of 

the las system.  In the rhl system, RhlI acts as the autoinducer synthase to synthesize N-

butanoyl-L-homoserine lactone (C4-HSL) which complexes with RhlR, the 

transcriptional activator protein [7].  RhlR/C4-HSL activates genes that, for example, 

produce rhamnolipid, elastase, hydrogen cyanide, pyocyanin, siderophores and the 

cytotoxic lectins PA-I and PA-II [7].  Taken together, the las and rhl systems control 

transcription of more than 300 genes [8]. 

 As part of its hierarchical quorum sensing system, P. aeruginosa produces not 

only N-acylhomoserine lactones (AHLs) as seen in the las and rhl systems, but also 2-

alkyl-4-quinolones (AQs) [10,11]. The pqsABCDE operon produces over fifty known 

AQs, with 2-heptyl-3-hydroxy-4-quinolone (PQS) and 2-heptyl-4-quinolone (HHQ) as 

the main AQ quorum sensing molecules [11].  PqsR acts as a transcriptional regulator 

and is positively controlled by LasR/3-oxo-C12-HSL [11]. PqsR binds to the pqsABCDE 

promoter to synthesize HHQ [11].  HHQ is converted to PQS by the product of another 

gene, pqsH [11].  The PQS system is positioned in between the las and the rhl system 

with a functional las system required for PQS production [11].  The PQS system in turn 

positively regulates rhlI expression.  While 3-oxo-C12-HSL has a positive effect on pqs, 
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C4-HSL has a negative effect making the rhl system a repressor of pqsR and 

consequently pqsABCDE expression [10,11].  The PQS system activates more than 150 

genes, many of which are co-regulated by the rhl system [12].  Many of these genes are 

activated indirectly via PqsE.  The intricate QS regulatory hierarchy may permit 

successive expression of distinct sets of virulence genes during infection.  

 

Social Cheating 

 

Bacteria communicate and operate as social organisms producing extracellular products 

that are used as public goods.  The term cooperation is used to describe this type of 

behavior that benefits other individuals [13]. Thus QS is important because it allows 

extracellular products to be produced that will benefit the whole bacterial population 

when the cellular density is at an optimum for growth and survival [13].  However, when 

a large number of extracellular public goods such as catabolic enzymes are produced, it 

invites the rise of social cheaters, which exploits the behavior of cooperative cells [13].  

Social cheaters in P. aeruginosa often carry mutations in the central QS gene regulator 

lasR rendering them unresponsive to QS signals [14].  In so doing, social cheaters gain a 

metabolic advantage by not expending metabolic energy in the production or response to 

QS molecules [14]. 

 

 

Introduction to Research 

 

While the population diversity of P .aeruginosa isolates has been well characterized in 

cystic fibrosis lung patients and in vitro, little research has been done on the phenotypic 

diversity of P. aeruginosa in soil and freshwater environments [20].  Therefore, we 
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collected samples from various regional locations including compost, in order to 

characterize the types of QS mutations and to gain a better understanding of P. 

aeruginosa’s phenotypic diversity in natural environments.    
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Table 1: Bacterial strains  

Lab strain Relevant property(ies) Reference 

     PAO1 P. aeruginosa wild-type (Vasil/Ochsner) (31) 

     PfO1 Pseudomonas fluorescens wild-type (28) 

     PAO1 lasR PAO1 derivative; ΔlasR, unmarked in-frame deletion from amino 

acid 102 to 216 

(73) 

     PAO1 rhlR PAO1 derivative; ΔrhlR, unmarked in-frame deletion from amino 

acid 102 to 225 

(73) 

     PAO1 pqsR PAO1 derivative; ΔpqsR, unmarked in-frame deletion from amino 

acid 19 to 252. 

(73) 

 

 

 

MATERIALS AND METHODS 

 

 

 
Isolation Techniques 

 

Samples were taken from a variety of natural locations including soil, water, the 

rhizosphere, plant surfaces and compost as previously described [17].  Samples were 

collected as sets of two approximately 10 cm apart.  Soil type was recorded using the 

USDA Web Soil Survey website and the latitude and longitude from the sample site. 

   Known quantities of each sample were added to 25 ml of washing buffer (0.1 M 

phosphate buffer at pH 7.0, 0.1% (w/v) Bacto-peptone (Difco Laboratories, Detroit, MI)) 

and shaken (250 rpm) at room temperature for 1 hour. Subsequently, 100 l of washing 

buffer was either diluted 10 or 100 fold, concentrated or plated directly onto X107 

medium that consisted of Pseudomonas Isolation agar (PIA) supplemented with nalidixic 

acid (15g/mL) and cetrimide (200g/mL) [17].  Plates were then incubated at 37C for 

24 hrs.   
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Sample Identification 

We identified Pseudomonas aeruginosa using 16S rRNA specific polymerase chain 

reaction (PCR).  For DNA preparation, 20 L of overnight cultures of each strain was 

mixed with 20 L of Lysis Buffer (0.25% SDS and 0.05 M NaOH) and incubated at 95C 

for 15 min. Samples were subsequently mixed with 120 L of elution buffer (90 L 

molecular grade H2O + 90 L elution buffer).  A pair of species-specific P. aeruginosa 

primers (PA-SS-F and PA-SS-R) were then used to amplify a conserved region of its 16S 

rDNA along with an oprL primer set PAL1 and PAL2 [16, 17]. The conserved orpL gene 

is constitutively expressed as a peptidoglycan associated outer-membrane lipoprotein 

[18]. Specifically, 2 L of lysed sample cells were added to a mixture of 2 mM MgCl2, 

50 mM Tris at pH 8.3, 250 M (each) deoxynucleoside triphosphates, 0.4 M (each) 

primer, 1U Taq polymerase, 2 L whole cell bacterial lysate and adjusted to a 25 L 

reaction with molecular grade H2O [17].  DNA was amplified using a PCR program 

consisting of an initial denaturization at 95C for 2 min, then 25 cycles of 20 s at 94C, 

20 s at 58C, 40 s at 72C followed with a final extension of 72C for 1 min. 

After completion of the PCR reaction, each reaction mixture was analyzed on a 

1% agarose gel, which separates PCR fragments based on their size.  The amplicon was 

approximately 900 bp.     

 

QS Phenotypic Assays 

Skim milk, rhamnolipid and adenosine plates were used to test the functionality of the P. 

aeruginosa las and rhl systems [20] .  P. aeruginosa uses QS to control the production of 

proteases required to break down casein within the skim milk agar plates, thus forming a 
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zone of lysis around the colony.  This is indicative of a functional las system.  

Rhamnolipid detection agar was used to test for the functionality of the rhl system.    

Rhamnolipids are glycolipid biosurfactants that are known to enhance virulence. For 

instance, a dark blue halo on rhamnolipid agar is indicative of a functional rhl system.  

Growth with no halo on skim milk plates meant a possible lasR mutant and no growth or 

halo on rhamnolipid detection plates indicated a rhlR mutant.  Lastly, adenosine plates 

consist of a minimal medium with adenosine as the sole carbon source.  The nuh gene 

encodes a nucleoside hydrolase required to metabolize adenosine.  This particular gene is 

under the control of the las system. Thus a non-functional las system results in no growth 

of the isolate on adenosine agar. 

Overall, each assay was completed in a high-throughput 96-well plate formate.  

Skim milk plates were incubated at room temperature for 24 hrs.  Rhamnolipid plates 

were incubated at 37C for 24 hrs followed by 24 hrs at room temperature.  Adenosine 

plates were incubated at 37C for 72 hrs.   

 

Microplate AHQ Bioassay 

In addition to the above phenotypic plating assays, we also screened for the production of 

alkyl-quinolone (AQ) autoinducers.  Generally, P. aeruginosa produces two predominant 

AQs, 2-heptyl-3-hydroxy-4-quinolone (PQS) and 2-heptyl-4-quinolone (HHQ). These  

two molecules are QS molecules that act as diffusible autoinducers that target specific QS 

genes [18]. The biosensor assay quantifies the amount of both HHQ and PQS in the 

supernatant of selected samples, using a P. aeruginosa biosensor strain containing a 

deletion in the pqsA gene and the pqsA promotor fused to a luxCDABE operon inserted 
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into the chromosome [18].  The luxCDABE operon encodes genes needed for light 

production.  When PQS binds to PqsR enhancing binding to the pqsA promoter, the 

luxACDABE operon produces light.  The amount of light produced is proportional to the 

concentration of PQS in the supernatant [18]. 

Samples were prepared in high-throughput, and grown 18 h in LB medium 

supplemented with 50 mM 3-(N-morpholino)propanesulfonic acid, pH 7.0 (MOPS).  The 

OD600 of the cultures was measured using a Tecan plate reader.  Cultures were pelleted 

by centrifugation and sterilized using a MultiScreenHTS plate. The AHQ biosensor strain 

was streaked on LB agar with 125 g/mL of tetracycline and grown overnight at 37C.  

The biosensor was then incubated in 5 mL of LB broth at 37C overnight and diluted to 

an OD600 of 0.02.  Subsequently, the procedure by Fletcher et al, 2007 was followed. 

For negative controls, 100 L of the diluted biosensor was added to 100 L of LB broth.  

For positive controls, 25 M concentration standards of PQS and HHQ were used with 

200 L of LB broth [18].  Bioluminescence and OD were simultaneously measured for 

every well at 30 min for 24 hrs using the Tecan plate reader.    
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RESULTS 

 
Isolation of P. aeruginosa from the environment 

The main objective of the study was to characterize the population diversity of P. 

aeruginosa in soil and freshwater.   P. aeruginosa was originally sampled for in the 

wheat rhizosphere since the rhizosphere naturally forms a nutrient-rich niche for bacteria 

[19].  However, we were unable to culture P. aeruginosa from the rhizosphere so we 

began sampling soil from other locations around Corvallis, OR, and even sampled soil 

and freshwater from other states such as Idaho and Virginia as well as other countries 

such as Germany and the Czech Republic.  Samples included dry or moist soil as well as 

water samples.   Using selective media (X107 agar) and species-specific PCR, we 

discovered viable P. aeruginosa isolates predominantly in compost samples (Table 2). 

Oddly enough, few P. aeruginosa isolates were found outside of the seven compost sites 

sampled which contrasts the previously held belief that P. aeruginosa is a ubiquitous soil 

bacterium.   
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Table 2: Selected examples of sampling locations 

Date 

collected Location Sample type 

 Number of 

colonies isolated 

on X107 

(CFU/unit
a
) 

Number of P. 

aeruginosa 

colonies isolated 

April 2010 

OSU Botony 

Farm, OR 

wheat 

rhizosphere 2500  0 

July 2010 

Willamette 

Park, OR water 0  0 

August 

2010 

Crater Lake, 

OR soil 0 0 

August 

2010 Albany, OR water 4  0 

August 

2010 

Priest Lake, 

ID soil/water 0  0 

August 

2010 Sample 1 compost 26500  29 

August 

2010 Sample 2 compost 90000  16 

August 

2010 Sample 3 compost 7000  5 

August 

2010 Sample 4 compost 62750  6 

August 

2010 Sample 5 compost 5700  1 

August 

2010 Sample 6 compost 2817  10 

August 

2010 Sample 7 compost 8875  0 

Sept. 2010 

Czech 

Republic soil 0  0 

Sept. 2010 Germany soil 0  0 

Sept. 2010 

Springfield, 

VA soil 0  0 
 

a 
Units are grams for soil samples, milliliters for water samples, one root system for 

rhizosphere samples 

 

 

 

Isolates were identified as P. aeruginosa by PCR using species-specific primers (Fig. 2).  

Five control strains were used as indicated to determine appropriate amplification of 

possible P. aeruginosa isolates.  Amplification of isolates at 900 kB indicated presence of 

P. aeruginosa (Fig. 2).      
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Figure 2: PCR of selected P. aeruginosa samples using species-specific primers.  The 

arrow indicates amplification of a 900 kB DNA fragment demonstrating presence of  

P. aeruginosa.  Lane designations are as follows: 1, DNA ladder; 2, P. aeruginosa 

PAO1; 3, P. fluorescens PfO1; 4, P. aeruginosa lasR  mutant; 5, P. aeruginosa rhlR 

mutant; 6, P. aeruginosa pqsR mutant; 7-9. Negative PCR amplification of compost 

samples; 10-12, Positive PCR amplification of compost samples 

 

 

QS Mutants from Compost Samples were Predominately QS-Proficient 

Our collection of P. aeruginosa isolates from compost were screened for various QS-

deficient phenotypes [19].  Skim milk and adenosine plates measure the functionality of 

the las gene while the rhamnolipid plates measures the functionality of the rhl gene.  For 

comparison, five control strains were used: P. aeruginosa PAO1 (positive control), P. 

fluorescens, PfO1 (negative control), P. aeruginosa lasR mutant, P. aeruginosa rhlR 

mutant, P. aeruginosa pqsR mutant. 

 

 

 

1 2 3 4 5 6 7 8 9 10 11 12 
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Table 3: Representation of the phenotypes of QS mutants on skim milk, 

rhamnolipid and adenosine agar.   

 

 

 

Mutant Skim Milk Rhamnolipid Adenosine 

P. aeruginosa 

PAO1 
++ 

 

 
 

++ 

 
 

 

 

++ 

 
 

P. fluorescens 

PfO1 

 

- 

 
 

 

 

- 

 
 

 

 

- 

 
 

 

 

 

P. aeruginosa 

lasR mutant 
+ 

 
 

++ 

 
 

 

 

 

- 

 
 

P. aeruginosa 

rhlr mutant 
++ 

 
 

 

 

 

(-) 

 
 

 

 

++ 

 

 

P. aeruginosa 

pqsR mutant 

++ 

 
 

 

 

 

 

++ 

 
 

 

 

 

++ 

    

 

 
  

 

 
++ indicates positive growth on skim milk, rhamnolipid and adenosine 

+   indicates small halo on skim milk 

-    indicates no halo on skim milk or rhamnolipid 

(-) indicates growth on rhamnolipid but no halo 
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Table 4: QS phenotypes of P. aeruginosa compost isolates   

P. aeruginosa Only 
Skim Milk 

proteolysis 

Rhamnolipid 

production 

Growth on 

adenosine 

AQ production 

(Percent of PAO1) 

A1 PAO1 + + + + ++ 10012 

A2 PfO1 - - - 0 

A3 lasR + + + - 2815 

A4 rhlR ++ (-) ++ 14029 

A5 pqsR ++ ++ ++ 1.31.4 

Sample 1         

A6 ++ ++ ++ 11332 

A7 ++ ++ ++ 17440 

A8 ++ ++ ++ 12729 

A9 ++ ++ ++ 13633 

A10 ++ ++ ++ 10914 

A11 ++ ++ ++ 936.8 

A12 ++ ++ ++ 7211 

B1
a ++ (-) ++ 18937 

B2 ++ ++ ++ 10326 

B3 ++ ++ ++ 14224 

B4 ++ ++ ++ 14130 

B5 ++ ++ ++ 23652 

B6
a ++ (-) ++ 30343 

B7 ++ ++ ++ 14252 

B8 ++ ++ ++ 14340 

B9
a ++ (-) ++ 23018 

B10 ++ (-) ++ 76 45 

B11 ++ ++ ++ 9216 

B12 ++ ++ ++ 7920 

C1 ++ ++ ++ 15022 

C2 ++ ++ ++ 10231 

C3 ++ ++ ++ 12915 

C4 ++ ++ ++ 16937 

C5 ++ ++ ++ 21032 

Sample 2         

C6 ++ ++ ++ 16131 

C7
 

- ++ ++ 0.560.97 

C8 ++ ++ ++ 18470 

C9 ++ ++ ++ 8317 

C10 ++ ++ ++ 11436 

C11 - ++ ++ 0.00 

C12 - ++ ++ 407 

D1 ++ ++ ++ 8114 

D2 ++ ++ ++ 10726 

D3
 ++ ++ ++ 3358 

D4 ++ ++ ++ 11616 
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Table 4: QS phenotypes of P. aeruginosa compost isolates (continued) 

 

D5 ++ ++ ++ 15417 

D6 ++ ++ ++ 13144 

D7 ++ ++ ++ 1563.5 

D8 ++ ++ ++ 1563.4 

D9 ++ ++ ++ 15735 

D10 ++ ++ ++ 8623 

Sample 3         

E1 ++ ++ ++ 9644 

E2 ++ ++ - 0.240.20 

E3
 ++ (-) ++ 9.31.8 

E4
 ++ (-) ++ 103.6 

E5
 ++ (-) ++ 14 4.4 

Sample 4         

E6 ++ ++ ++ 19912 

E7 ++ ++ ++ 23532 

E8 ++ ++ ++ 11424 

E9 ++ ++ ++ 18440 

E10 - ++ ++ 532.1 

E11 ++ ++ ++ 237.8 

Sample 5         

E12 ++ ++ ++ 9611 

Sample 6         

F1 - ++ ++ 5.77.3 

F2 ++ ++ ++ 5325 

F3 ++ ++ ++ 10227 

F4 ++ ++ ++ 17147 

F5 ++ ++ ++ 11028 

F6 ++ ++ ++ 6719 

F7 + ++ ++ 7827 

F8 + ++ ++ 6610 

F9 - ++ ++ 610.68 

F10
 

+ (-) ++ 7428 

++ indicates positive growth on skim milk, rhamnolipid and adenosine  

+   indicates a small halo on skim milk 

-    indicates no halo on skim milk or rhamnolipid 

(-) indicates growth on rhamnolipid but no halo 
a
 possible rhl mutant 

b 
possible pqs mutant   
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Overall, the population diversity of the six compost samples remained predominately QS-

proficient.  Sample 1 contained possible QS-deficient isolates had mutations in a lower 

QS hierarchy gene, such as rhl, rather than a higher QS hierarchy gene such as las.  

Sample 1 contained three possible rhl mutants with sample B10 demonstrating possible 

rhl deficiency.  Isolate B6 had more than twice the AQ production expected for a rhl 

mutant and isolate B9 also exhibited higher AQ production than demonstrated by the 

control rhl mutant.  However, isolate B10 had lower AQ production than expected for a 

pqs mutant.  Likewise, Sample 3 contained three possible rhl mutants, E3, E4, and E5 

that exhibited rhl phenotypic deficiency, however, the AQ production for all three was 

close to 20-times smaller than expected for a rhl mutant.  These isolates along with B10 

exhibit possible rhl mutations as well as pqs mutations due to their low AQ production.  

However, since they did not follow the expected phenotype for either a rhl or pqs mutant, 

we decided not to identify them as either mutant type. 

Sample 2, Sample 4 and Sample 6 exhibited novel phenotypes in their P. 

aeruginosa populations.  Three isolates from Sample 2 (C7, C11, C12), one isolate from 

Sample 4 (E10) and two isolates from Sample 6 (F1, F9) exhibited no growth on skim 

milk, growth on adenosine and lower AQ production.  Negative growth on skim milk 

while having positive growth on adenosine indicates a functional las system.  Therefore, 

these isolates may contain mutations in their protease genes for casein while still 

maintaining a functional las system. The low AQ production for C7, C11, and F1 also 

indicates a possible pqs mutation, however these isolates do not follow the specific 

phenotype of a pqs mutant and therefore I did not consider them as such.  Likewise, C12 

and E10 produced lower amounts of AQ than expected from a rhl mutant but exceeded 
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the amount produced by a pqs mutant and therefore, we did not consider them rhl 

mutants. Isolate E2 also exhibited low AQ production, however, it had positive growth on 

skim milk and negative growth on adenosine, again indicating a possible mutation in 

genes that code for adenosine proteases. 

 In Sample 6, isolates F7 and F8 may harbor a las mutation due to their poor 

growth on skim milk, however, they had positive growth on adenosine and high AQ 

production contrary to a typical las mutant.  Due to their uncharacteristic phenotype, we 

decided to not include them as a las mutant.  Similar to B10 from Sample 1, F10 showed 

rhl deficiency but had too low of an AQ production to be categorized as a rhl mutant.      

Of the 6 samples, only Sample 1 contained definitive phenotypic evidence for 

possible QS-deficient isolates.  While the other five samples contained isolates that 

appeared to have some type of QS-deficiency, none of them embodied the same 

characteristics as seen by the controls and therefore, remain unclassified.  
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DISCUSSION 

 
Population diversity of P. aeruginosa isolates obtained from compost samples was 

assessed using phenotypic assays such as skim milk proteolysis, rhamnolipid production, 

growth on adenosine and AQ production.  The data were collectively examined and 

possible QS mutants highlighted.  From the seven composts sampled, seventy isolates 

were analyzed for QS deficiency with only three appearing as possible QS mutants. 

Interestingly, few QS mutants were found in the compost samples in comparison to 

previous studies on QS mutants in cystic fibrosis Pseudomonas (CF) lung infections and 

in vitro experiments.  Furthermore, the QS-deficient isolates appeared only within certain 

populations contrasting previous P. aeruginosa population diversity research done in CF 

lung infections [19].  Researchers found that under culture conditions that favor QS and 

in CF lung infections, lasR was the predominant mutation [14,24].  Indeed, for social 

cheaters, a more advantageous mutation is in the las system.  At the top of the QS 

hierarchy, a mutation in the las system would render all other QS systems useless 

resulting in a strong push towards a social cheating phenotype.  Mutations in the rhl and 

pqs system render QS mutants somewhat responsive to QS molecules and are, therefore, 

less favorable mutations for social cheaters who gain an advantage over wildtype by not 

expending the metabolic energy required to produce QS controlled products [22].   

 In the compost isolates analyzed, few QS mutants were found and the majority of 

the mutations were in the lower hierarchical QS system, rhl.  While the CF lung and in 

vitro environment may cause selective pressures towards QS mutations in the las system, 

it appears that the evolutionary pressures that predominant in compost select for 

functional or semi-functional QS systems. For example, the three rhl mutants 
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characterized were within the same sample. Due to the low numbers of QS mutants and 

their minimal mutations, it appears that the compost environment does not provide the 

same evolutionary pressures seen in vitro or CF lung infections. 

 While P. aeruginosa proved abundant in compost, few isolates were found in 

other soil samples collected.  We theorize that the high nutrient content and warm 

temperature of compost provides ideal growth conditions for P. aeruginosa. However, as 

a ubiquitous bacterium, our inability to culture it from other soil samples stands in stark 

contrast to the popular opinion of P. aeruginosa’s environmental prevalence [8]. One 

explanation for our inability to culture P. aeruginosa is that the cells remain in a viable 

but nonculturable state (VBNC).  In the VBNC state, environmental stresses can induce 

cells to remain viable but no longer culturable by laboratory standards [22].  However, 

once the stress is removed, cells become viable and consequently culturable again.  Our 

isolation procedures required a high nutrient medium and incubation at 37°C to promote 

ideal growth conditions, indicating that an unknown environmental stress that perhaps 

cannot be reversed in standard laboratory procedures causes P. aeruginosa to enter the 

VBNC state.  Alternatively, some environmental P. aeruginosa cells may not express the 

antibiotic resistance determinants that permit growth on our selective medium, although 

intrinsic antibiotic resistance is generally considered a hallmark of this bacterial species.  

A next step to determine the presence of P. aeruginosa in soil would be to 

perform a real time polymerase chain reaction (RT-PCR).  Amplification of the species-

specific oprL gene will identify whether or not P. aeruginosa DNA is present in the soil 

[23].  However, DNA real-time PCR does not correlate to the viability of the cell.  

Therefore, if P. aeruginosa DNA is confirmed in soil samples, an RNA real-time PCR 
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targeting the constitutively expressed oprL transcript would provide evidence regarding 

the cell’s viability and the possibility of a VBNC induced state.  

In addition to further exploring the possibility of a VBNC state, DNA sequencing 

of the eight possible compost QS mutants would prove or disprove our assumptions 

regarding their respective mutational types.  Greater knowledge in this area would help 

determine whether or not QS mutations and thus social cheating is not as advantageous in 

the soil environment relative to in vitro and CF lung infections.     

Although the population diversity of P. aeruginosa in the natural soil still remains 

undetermined, we found that the compost environment provides fewer selection pressures 

towards QS deficient phenotypes and hence social cheaters.  More investigation is needed 

to determine whether or not P. aeruginosa is indeed in the VBNC state and whether or 

not other soil samples demonstrate the same low QS mutational frequency as seen in 

compost.   

                          

 

 

 

 

 

 

 

 

 



 

BIBLIOGRAPHY 
 

1. Stover CK, Pham XQ, Erwin AL, Mizoguchl SD, Warrner P, Hickey MJ, 

Brinkman FS, Hufnagle WO, Kowalik DJ, Lagrou M, Barber RL, Goltry L, 

Tolentino E, Westbrock-Wadman S, Yuan Y, Brody LL, Coulter SN, Folger KR, 

Kas A, Larbig K, Lim R, Smith K, Spencer D, Wong GKS, Wu Z, Paulsen IT, 

Relzer J, Saler MH, Hancock REW, Lory S, Olson MV. Complete Genome 

Sequence of Pseudomonas aeruginosa PAO1, an Opportunistic Pathogen. Nature. 

2000 Aug 31;406(6799):959-64. 

 

2. Page MG, Jutta H. Prospects for the Next Anti-Pseudomonas Drug. Curr Opin 

Pharmacol. 2009 Oct;9(5):558-65.  

 

3. Harmsen M, Lang L, Pamp SJ, Tolker-Nielsen T. An Update on Pseudomonas 

aeruginosa Biofilm Formation, Tolerance and Dispersal. FEMS Immunol Med 

Microbiol. 2010 Aug;59(3):253-68.  

 

4. Brooun A, Songhua L, Kim L. A Dose-Response Study of Antibiotic Resistance 

in Pseudomonas aeruginosa Biofilms. Antimicrob Agents Chemother. 2000 

Mar;44(3):640-6. 

 

5. Fuqua C, Greenberg EP. Listening in on Bacteria: Acyl-Homoserine Lactone 

Signaling. Nat Rev Mol Cell Biol. 2002 Sep;3(9):685-95. 

 

6. Popat R, Crusz SA, Diggle SP. The Social Behaviours of Bacterial Pathogens. Br 

Med Bull. 2008;87:63-75.  

 

7. Delden CV, Iglewski BH. Cell-to-Cell Signaling and Pseudomonas aeruginosa 

Infections. Emerg Infect Dis. 1998 Oct-Dec;4(4):551-60.  

 

8. Schuster M, Greenberg PE.A Network of Networks: Quorum-sensing Gene 

Regulation in Pseudomonas aeruginosa. Int J Med Microbiol. 2006 Apr;296(2-

3):73-81. 

 

9. Diggle SP, Cornelis P, Williams P, Camara M. 4-Quinolone Signaling in 

Pseudomonas aeruginosa: Old Molecules, New Perspectives. Int J Med 

Microbiol. 2006 Apr;296(2-3):83-91. 

 

10. Dubern JF, Diggle SP. Quorum Sensing by 2-alkyl-4-quinolones in Pseudomonas 

aeruginosa and Other Bacterial Species. Mol Biosyst. 2008 Sep;4(9):882-8. 

 

11. Déziel ES, Gopalan TP, Anastasia LF, Padfield KE, Maude S, Xiao G, Rahme 

LG. The Contribution of MvfR to Pseudomonas aeruginosa Pathogenesis and 

Quorum Sensing Circuitry Regulation: Multiple Quorum Sensing-regulated 

23 

javascript:AL_get(this,%20'jour',%20'Curr%20Opin%20Pharmacol.');
javascript:AL_get(this,%20'jour',%20'Curr%20Opin%20Pharmacol.');
javascript:AL_get(this,%20'jour',%20'Antimicrob%20Agents%20Chemother.');
javascript:AL_get(this,%20'jour',%20'Nat%20Rev%20Mol%20Cell%20Biol.');
javascript:AL_get(this,%20'jour',%20'Br%20Med%20Bull.');
javascript:AL_get(this,%20'jour',%20'Br%20Med%20Bull.');
javascript:AL_get(this,%20'jour',%20'Mol%20Biosyst.');


 

Genes Are Modulated without Affecting LasRI , RhlRI or the Production of N -

acyl- L -homoserine Lactones. Mol Microbiol. 2005 Feb;55(4):998-1014. 

 

12. West SA, Gardner AS, Diggle SP. Social Evolution Theory for Microorganisms. 

Nat Rev Microbiol. 2006 Aug;4(8):597-607. Review. 

 

13. Sandoz KM, Mitzimberg SM, Schuster M. Social Cheating in Pseudomonas 

aeruginosa Quorum Sensing. Proc Natl Acad Sci U S A. 2007 Oct 

2;104(40):15876-81. 

 

14. Pirnay JP, Matthijs S, Colak H, Chablain P, Bilocq F, Eldere JV, De Vos D, Zizi 

M, Triest L, Cornellis P. Global Pseudomonas aeruginosa Biodiversity as 

Reflected in a Belgian River. Environ Microbiol. 2005 Jul;7(7):969-80. 

 

15. Spilker T, Coenye T, Vandamme P, LiPuma JJ.PCR-Based Assay for 

Differentiation of Pseudomonas eruginosa from Other Pseudomonas Species 

Recovered from Cystic Fibrosis Patients. J Clin Microbiol. 2004 May;42(5):2074-

9. 

 

16. Lim A Jr, Vos D, Brauns M, Mossialos D, Gaballa A, Qing D, Cornellis P. 

Molecular and Immunological Characterization of OprL, the 18 KDa Outer-

membrane Peptidoglycan-associated Lipoprotein (PAL) of Pseudomonas 

aeruginosa Microbiology. 1997 May;143 ( Pt 5):1709-16. 

 

17. Fletcher MP, Diggle SP, Camara M, Williams P. Biosensor-based Assays for 

PQS, HHQ and Related 2-alkyl-4-quinolone Quorum Sensing Signal Molecules. 

Nat Protoc. 2007;2(5):1254-62. 

 

18. Lugtenberg BJ, Dekkers LC. What Makes Pseudomonas Bacteria Rhizosphere 

Competent? Environ Microbiol. 1999 Feb;1(1):9-13. 

 

19. Wilder CN, Gopal A, Schuster M. Instantaneous Within-Patient Diversity of 

Pseudomonas aeruginosa Quorum-Sensing Populations from Cystic Fibrosis 

Lung Infections. Infect Immun. 2009 Dec;77(12):5631-9. 

 

20. Goldberg JB. 2007.  Pseudomonas aeruginosa:  A Ubiquitous Pathogen.  In 

Schaecter’s Mechanisms of Microbial Disease, Fourth Edition.  (Ed.  C. 

Engleberg, V. DiRita, and T. Dermody) Lippincott Williams and Wilkins, 

Baltimore, p. 215-222. 

 

21. Oliver JD. Recent Findings on the Viable but Nonculturable State in Pathogenic 

Bacteria. FEMS Microbiol Rev. 2010 Jul;34(4):415-25. 

 

22.  Osayande JO. Easy Identification of Difficult-to-Type Pseudomonas aeruginosa 

Clinical and Environmental Isolates. Internet J. Microbiol. 2009 Jan;7(2). 

  

24 

javascript:AL_get(this,%20'jour',%20'Mol%20Microbiol.');
javascript:AL_get(this,%20'jour',%20'Environ%20Microbiol.');
javascript:AL_get(this,%20'jour',%20'J%20Clin%20Microbiol.');
javascript:AL_get(this,%20'jour',%20'Microbiology.');
javascript:AL_get(this,%20'jour',%20'Nat%20Protoc.');
javascript:AL_get(this,%20'jour',%20'Environ%20Microbiol.');
javascript:AL_get(this,%20'jour',%20'Infect%20Immun.');
javascript:AL_get(this,%20'jour',%20'FEMS%20Microbiol%20Rev.');


 

23. Bjarsholt T, Jensen P, Jakobsen TH, Phipps R, Nielsen AK, Rybtke M, Tolker-

Nielsen T, Givskov M, Hoiby N, Ciofu O. Quroum Sensing and Virulence of 

Pseudomonas aeruginosa during Lung Infection of Cystic Fibrosis Patients. 

Nature. 2000 Aug 31;406(6799):959-64. 

25 

javascript:AL_get(this,%20'jour',%20'Nature.');

