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Abstract 

Nosocomial infections caused by multiple antibiotic resistant bacteria that are 

particularly difficult to cure, cause a considerable health risk and place an enormous 

burden on the economy. A primary reason of such nosocomial infections is the 

biofilm-forming Pseudomonas aeruginosa that primarily infects 

immunocompromised individuals and those with severe burn wounds. Inspite of P. 

aeruginosa being among the major cause of nosocomial infections, still little is known 

about the in vivo biofilm phenotype and the bacterial factors that prevent wound 

healing and promote persistence of P. aeruginosa at the site of infection. In the 

present study, P. aeruginosa isolates were collected from surgical wards of a tertiary 

care hospital of Pakistan Institute of Medical Sciences, Islamabad, Pakistan, from 

November 2007 to February 2009. The isolates were identified as P. aeruginosa on 

the basis of colony characteristics, Gram‘s staining, oxidase, catalase, gelatin 

hydrolysis and sugar fermentation test and further confirmed by culturing on selective 

medium, i.e., Pseudomonas cetrimide agar. Eight of the clinical isolates were further 

reconfirmed by polymerase chain reaction (PCR), by amplifying 16S rRNA gene. 

Antimicrobial susceptibility of all 102 P. aeruginosa isolates was performed by the 

Kirby-Bauer method and results were deduced according to National Committee for 

Clinical Laboratory Standards (NCCLS) criteria. The antibiotics tested included: 

ciprofloxacin, gentamicin, amikacin, tobramycin, piperacillin, ceftazidime, 

cefoperazone, cefotaxime, imipenem, and meropenem. Exopolysaccharide production 

by the clinical isolates was checked by Congo red assay and pellicle production was 

monitored by visual examination of the air-liquid interface. Swimming ability of the 

selected isolates was checked by using 0.3% agar. Group behaviour of eight clinical 

isolates was observed during biofilm formation, twitching motility, swarming motility 

and rhamnolipid production. pelA mutation in 2 clinical isolates of P. aeruginosa (i.e., 

strain 99 and strain 160) was generated by a single-crossover (SCO) insertion using 

the pMQ89 suicide vector. Minimal bactericidal concentration (MBC) for biofilm and 

planktonic cells of Pseudomonas aeruginosa was calculated by using a 96 well 

microtitre plate assay. The distribution of total 102 P. aeruginosa isolates 23 

(22.55%) and 79 (77.45%) of P. aeruginosa isolates were isolated from females and 

males, respectively. The resistance to antibiotics was gentamicin 65.7%, amikacin 

55.9%, tobramycin 63.7%, ciprofloxacin 54.9%, imipenem 25.5%, meropenem 



vii 
 

29.4%, ceftazidime 77.5%, cefoperazone 76.5%, cefotaxime 98%, piperacillin 64.7%. 

Therefore, carbapenems (i.e., imipenem and meropenem) were found as the most 

affective drug against P. aeruginosa in the present study. In the present study, an 

increasing trend of antimicrobial resistance was observed. The major reason for such 

a high resistance was due to misuse of antibiotics in key areas of the hospital. The 

main factor responsible for the misuse of antibiotics was misdiagnosis of multidrug-

resistant organisms. Most of the isolates showing multidrug resistance were 

polysaccharide producers, i.e., they were showing red color on Congo red agar plates. 

Biofilm forming strains were mostly not found to be showing high antibiotic 

resistance. All the isolates showed swimming motility. One of the isolate, i.e., 99 was 

a hyperbiofilm former while all of the other isolates tested showed less or almost 

equal biofilm formation to the lab strain PA14. All isolates were positive for 

swarming motility while for twitching motility only two gave negative result (i.e., 

strain 2 and 113). All the tested isolates were rhamnolipids producers except 2 of 

them, i.e., strain 99 and strain 47. As observed for lab strain PA14, all the eight 

clinical isolates showed higher values of MBC for biofilm as compared to their 

planktonic values against the two classes of antibiotic tested, i.e., aminoglycosides 

and fluroquinolones. Deletion of pel gene from PA14 resulted in a reduction of 

biofilm formation. PelA mutations in 2 of the clinical isolates also showed decreased 

biofilm formation as compared to their parent strain but this reduction was not 

significant. Little information is present about the function of different components of 

the matrix in biofilm-associated antibiotic resistance. It was found that the existence 

of exopolysaccharide decreased the extent of biofilm-associated antibiotic resistance 

against one class of antibiotics. The MBC of biofilm-grown ΔpelA mutant of PA14, 

which does not manufacture Pel polysaccharide, was 4-fold elevated in case of 

tobramycin and gentamicin, and was unaltered for ΔbifA mutant, which overproduced 

Pel polysaccharide, as compared to the wildtype. Biofilms of pelA mutants in 2 

clinical isolates of Pseudomonas aeruginosa exhibited 8-fold higher MBC for 

tobramycin as compared to wildtype. No difference was observed in the biofilm 

resistance of any of these strains when tested against fluoroquinolones. The present 

work will serve as a base for further studies enlightening the mechanisms of biofilm-

associated antibiotic resistance against aminoglycosides by P. aeruginosa. 

 



1 

Introduction 

An extensive portion of the healthcare budget is allocated to chronic human infections. 

Chronic wounds in particular are a major contributor to this financial burden. Little is 

known about the types of bacteria which may contribute to the chronicity and overall 

bioburden of the wound itself (Gontcharova et al., 2010). Aerobic bacteria such as 

Pseudomonas aeruginosa and Staphylococcus aureus have long been documented as a 

foremost wound pathogens (Mousa, 1997; Vindenes and Bjerknes, 1995), and many less 

commonly isolated bacteria can be responsible for wound complications (Rhoads et al., 

2007). Since microbes in biofilms are more resistant to antibiotics, therefore, pathogenic 

bacterial biofilms are the most frequent reason of chronic infectious diseases (Davies, 

2003) as listed in Table 1. 

 

Table 1: Partial list of human infections involving biofilms (Thomas et al., 2006) 

Infection or disease Common bacterial species involved 

Dental caries Acidogenic Gram-positive cocci 

(Streptococcus species)                 

Otitis media  Non-typeable Haemophilus influenza 

Periodontitis Gram-negative anaerobic oral bacteria 

Infectious kidney stones Gram-negative rods  

Cystic fibrosis pneumonia P. aeruginosa, Burkholderia cepacia 

Biliary tract infections Enteric bacteria  

Endocarditis Viridans group streptococci, staphylococci 

Osteomyelitis Various species 

Musculoskeletal infections Gram-positive cocci 

Necrotizing fasciitis Group A streptococci 

Bacterial prostatitis E. coli and other Gram-negative bacteria                               

Chronic tonsillitis Various species 

Biofilms of Pseudomonas aeruginosa  

P. aeruginosa is a Gram-negative bacterium found almost everywhere that is most often 

isolated from water and soil environments. It is an opportunistic disease causing bacteria, 

frequently causing septicemia in burn patients and urinary tract infections in catheterized 

patients (Lyczak et al., 2000). P. aeruginosa has served as a model organism in the 

research to understand bacterial social behavior, or ‗sociomicrobiology‘ (Parsek and 

Greenberg, 2005). P. aeruginosa shows group behaviors by forming surface-attached 



2 

communities coined as biofilms, and this microorganism is also skilled for surface-

associated motility, including swarming and twitching. The system that control and 

organize these different surface-associated behaviors, or how the microorganisms switch 

from one surface related activity to another, has still to be unearthed. P. aeruginosa has 

very versatile surface-associated lifestyles, and thus it can act as a helpful model that 

deals with issues about the direction of surface-associated behaviors (Overhage et al., 

2007; Kuchma et al., 2010). 

 

The development of a biofilm involves several steps (Table 2), starting when planktonic 

cells come across a surface. The cells go through an intermediary condition of reversible 

surface attachment and, if biofilm formation is to continue, then the cells would form a  

 

Table 2: Summary of factors involved in biofilm formation (Toutain et al., 2004). 

Steps in biofilm formation Factors involved 

Initial attachment to the  

Substratum 

Nutrient availability 

Hydrophobicity/ ydrophilicity of the substratum/cell 

surface 

Electrochemical properties of the substratum/cell 

surface 

Flagella and swimming motility 

Secreted DNA, proteins 

Membrane proteins (i.e., LapA) 

Microcolony formation Pili and twitching motility 

Catabolite repression control protein (Crc) 

The virulence factor regulator (Vfr) 

The GacAS two-component system 

Phase variation 

Macrocolony formation Exopolysaccharide production 

Quorum sensing 

Regulatory systems (i.e., SadARS) 

Maintenance of a mature 

biofilm 

Rhamnolipids 

Quorum sensing 

RpoS 

Detachment Nutrient limitation 

Enzymes(i.e., lyase) 

Rhamnolipids, Hydrodynamic conditions 
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stable interaction with the substratum. Numerous factors participate in the progression 

toward irreversible attachment among which sadB, pelA, and motAB genes have so far 

been recognized (Caiazza and O‘Toole, 2004; Caiazza et al., 2007; Toutain et al., 2005). 

As the biofilm formation proceeds towards maturity, bacteria group together into 

microcolonies and bigger macrocolonies that are routinely enclosed with in extracellular 

matrix (Klausen et al., 2003a; Sauer et al., 2002). Microcolony is the basic unit of biofilm 

growth in the same way as the tissue makes up the more complex organisms. 

Analogously, the water channels inside the biofilm represent a primitive circulatory 

system, mimicking that of higher organisms. There are many microenvironments within a 

biofilm, each varying because of differences in local conditions such as nutrient 

availability, pH and oxidizing potential (redox) (Costerton et al., 1995). Cells near the 

surface of biofilm microcolony are exposed to high concentrations of oxygen, while near 

the centre oxygen is rapidly depleted to near anaerobic levels (Lewandowski, 1994). 

 

The mature biofilm of Pseudomonas aeruginosa is characterized by the existence of an 

extracellular matrix which encloses the constituent cells. It was documented that this 

matrix contains a combination of polymeric substance, consisting of nucleic acids, 

proteins and polysaccharides (Friedman and Kolter, 2004a; Sutherland, 2001; 

Whitchurch et al., 2002b; Wozniak et al., 2003). Matrix formation takes place at a 

delayed point in biofilm formation, during which the cells exhibit a greater degree of 

autoaggregation (D‘Argenio et al., 2002; Sauer et al., 2002). Extracellular matrix is 

considered to play a role in organizing and arranging the bacterial community (Branda et 

al., 2005). Water is the predominant constituent in these hydrophilic communities, with 

only 10-20% of the biofilm being actual bacteria (Hoiby et al., 2001). The ability to 

autoaggregate results in numerous macroscopic phenotypes; the most prominent of which 

are the pellicles formation at the air-liquid interface of stationary broth cultures and 

formation of an extremely ordered colony on the agar plates (D‘Argenio et al., 2002; 

Friedman and Kolter, 2004b). 

Cyclic di-GMP (c-di-GMP) has been discovered as one of the key signaling molecules 

that controls switch involving a motile and a sessile (biofilm) life form. This molecule 

controls motility and extracellular matrix formation in multiple systems, two cellular 
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outputs which affect biofilm development. Higher levels of this molecule are associated 

with surface related life forms (e.g., biofilm formation and exopolysaccharide formation), 

while its deficiency benefits the organism in motility (for example swarming and 

twitching). It has been found that concentrations of c-di-GMP are altered by an enzyme 

called the diguanylate cyclases (DGCs), proteins having a GGDEF domain (Paul et al., 

2004), and phosphodiesterases containing either an EAL (Christen et al., 2005, Tamayo 

et al., 2005) or HD-GYP domain (Ryan et al., 2006). 

Relation of Swarming and biofilm  

Three kinds of locomotion are acquired by Pseudomonas aeruginosa depending on 

medium viscosity. These include twitching on solid interfaces, swimming in aqueous 

media and swarming in the presence of semisolid, gelatinous media, like the one having 

0.4 to 0.7% (w/v) agar. Swarming of P. aeruginosa is carried out by cooperation of 

flagella and type IV pili, that arbitrate actual movement, and also it depends upon 

rhamnolipids, that are believed to facilitate swarming cells to surmount tough surface 

tension of the liquid adjoining swarming cells and so change the phenotype of swarming 

(Caiazza et al., 2005; Deziel et al., 2003; Köhler et al., 2000; Matsuyama and Nakagawa, 

1996; Overhage et al., 2007). When Pseudomonas aeruginosa is exposed to a nutritional 

condition of lower nitrogen values or to some amino acids, then their swarming is 

increased (Köhler et al., 2000). As compared to biofilm formation, swarming motility is 

enhanced in strains that are impaired for the formation of Pel exopolysaccharide (EPS) 

(Caiazza et al., 2007). 

 

Swarming motility is believed to be a multicellular behaviour that involves the 

synchronized and brisk progress of a bacterial population which is grown on a semisolid 

surface (Farser and Hughes, 1999). Swarming is greatly affected by bacterial cell mass, 

nutrient growth and substratum wetness (Wang et al., 2004). In addition to substantial 

modifications, like the enhancement in the amount of flagella or cell length, swarmer cell 

differentiation give rise to considerable changes in metabolic predisposition and gene 

expression, demonstrating that swarming signify a complicated life form adjustment as a 

result of the presence of a specific medium conditions instead of simply a type of 
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locomotion (Harshey, 2003; Rather, 2005). P. aeruginosa swarming is frequently 

characterized by a dendritic colonial appearance. Swarming motility needs both the 

presence of a useful flagellum and the secretion of a surface-moistening mediator, i.e., 

rhamnolipid surfactant, but the process by which Pseudomonas aeruginosa push their cell 

body across the medium has yet to be investigated completely. sadB (surface attachment 

defective) is known to influence swarming in reaction to rhamnolipid surfactants 

(Caiazza et al., 2005). 

 

Role of Twitching in biofilm development 

Twitching is a type of surface movement that formed scattering zone on solid media, in 

which colony margins display different micromorphological outlines, while the cell 

progress is mostly `intermittent and jerky' and `mostly individually, even though lesser 

moving aggregates arises (Henrichsen, 1972). Type IV pili present at the poles of the 

bacteria are flexible surface filaments having a diameter of about 6 nm (Beatson et al., 

2002; Mattick, 2002); they are crucial for the adhesion of the disease causing bacteria to 

host epithelial tissues and they are furthermore known to helps twitching (Bradley, 1980; 

Mattick, 2002). Pseudomonas aeruginosa’s initial adhesion to solid surfaces and its 

following maturity of a biofilm, is dependant on twitching motility (O‘Toole and Kolter, 

1998; Costerton et al., 1999; McBride, 2001; Whiteley et al., 2001; Whitchurch et al., 

2002(a). Apart from PilA, 40 more genes of P. aeruginosa are involved in pili assembly, 

formation and proper function (Alm and Mattick, 1997; Mattick, 2002; Mattick, 2002). 

Mutants of P. aeruginosa that do not have type IV fimbriae or manufacture nonfunctional 

fimbriae have decreased infectivity (Kang et al., 1997, Mattick et al., 1996). It is still not 

clear about the various signals involved in directing twitching motility. 

 

ExoPolysaccharides of P. aeruginosa biofilm 

An important key feature of biofilm production by Pseudomonas aeruginosa is the 

assembly of an extracellular matrix. In pseudomonads, this milieu was considered to 

consist of extracellular polysaccharides, protein and DNA (Klausen et al., 2006). 

Exopolysaccharides that are found to be a key constituent of the extracellular matrix for 

plant tissue and animal are also main constituents of bacterial biofilm (Sutherland, 2001). 
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In P. aeruginosa at least three polysaccharides, i.e., Pel, Psl and alginate are thought to 

help in the biofilm formation (Branda et al., 2005; Ryder et al., 2007). The biofilm matrix 

has usually been attributed for forming the mature biofilm (Davey and O‘Toole, 2000). 

Studies have recognized the pel (referring to pellicle, a biofilm created at the air-medium 

border, containing the genes pelA-G, is accountable for formation of a glucose loaded 

constituent of the matrix)and psl (polysaccharide  synthesis locus responsible for a 

mannose and galactose rich EPS), containing the pslA-O genes, as 2 sets of genes 

expected to play role in manufacture of the exopolysaccharide part of the matrix, 

necessary for biofilm maturity on abiotic surfaces, even though in Pseudomonas 

aeruginosa strain PA14 only the pel gene locus is found (Friedman and Kolter, 2004a, 

2004b; Jackson et al., 2004; Matsukawa and Greenberg, 2004). pel locus of P. 

aeruginosa (PA14) was discovered for the first time by Friedman and Kolter in 2004. 

There are seven genes in the pel locus and their products are a prerequisite for matrix 

development and thus these genes are vital for the autoaggregative characteristics of the 

strain. PA14 mutants for pel gene cannot structure pellicles or fully grown solid surface-

associated (SSA) biofilms. Under some growth conditions these mutants form flat and 

smooth colonies as compared to their wildtype that form wrinkled colonies. The pel 

genes‘ protein products exhibit sequence resemblance with proteins implicated in 

carbohydrate processing, and pel mutants do not have glucose enriched constituent of 

their extracellular matrix. It has been demonstrated that the initial stages of biofilm 

synthesis also require the presence of a functional pel locus. A pel mutant of 

Pseudomonas aeruginosa PAK exhibits a defect in developing a firm attachment among 

strain that are missing type IV pili (Vasseur et al., 2005) and P. aeruginosa PAO1 with a 

mutation in the psl locus has an imperfection in biofilm formation initiation (Ma et al., 

2006). Mutation in the pel locus of P. aeruginosa PA14 dramatically decreases biofilm 

formation as well as pellicle formation (Friedman and Kolter, 2004a). 

 

Antibiotic Resistance of P. aeruginosa biofilm 

Various virulence factors of P. aeruginosa (proteases, lipases, alkaline phosphatases, 

exopolysaccharides and type IV pili) contribute to the initiation and establishment of 

infection (Bodey et al., 1983; Beatson et al., 2002). Cells within a biofilm can sometimes 
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become 10–1000 times higher antibiotic resistant than their planktonic equivalents (Mah 

and O‘Toole, 2001). Even the strongest antibiotics cannot eliminate biofilm bacteria that 

are encased in an extracellular polymeric matrix.  

 

Mechanisms of biofilm resistance to antibiotics 

Inherent resistance of biofilm bacteria to antibiotics has been found to be a general 

phenomenon. Biofilms may exhibit antibiotic resistance three or more orders in 

magnitude greater than those displayed by planktonic bacteria of the same strain 

depending on the species- drug combination (Ceri et al., 1999). After exposure to the 

killing effects of antibiotics, a small surviving population of persistent bacteria can 

repopulate the surface immediately, and become more resistance to further antibiotic 

treatment. Paradoxically, once dispersed from the biofilm, those bacterial cells typically 

revert to an antibiotic susceptible form (Costerton et al., 1987).  

 

Slow penetration of antibiotics by biofilm exopolymers 

Biofilm extrapolymeric matrix such as EPS has the potential to reduce the penetration of 

antibiotics or biocides either by physically slowing diffusion or chemically reacting with 

these compounds. EPS acts as an ion exchange, and sequesters hydrophilic and positively 

charged antibiotics such as aminoglycosides. In P. aeruginosa biofilms, both tobramycin 

and gentamicin (aminoglycosides) penetrate more slowly due to interaction with 

extracellular polymers such as alginate (Nichols et al., 1988). In contrast, fluroquinolones 

such as ofloxacin and ciprofloxacin were shown to readily diffuse into biofilms (Walters 

et al., 2003). Manipulating pel and psl expression may be a central strategy for disrupting 

biofilms and targeting them for antibiotic therapy (Colvin et al., 2011). 

 

Slow growth rate of biofilm cells 

Biofilm cells have slow growth rates because of nutrient inadequacy comparable with 

that of stationary phase cells. Moreover, bacterial cells in biofilms constitute a 

heterogeneous population with varied sensitivity to antibiotics (Mah and O‘Toole, 2001). 
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Increased rate of genetic transfer in the biofilm 

Bacteria may acquire antibiotic resistance through either horizontal gene transfer (such as 

gene encoded by plasmid, transposon, or integron) or through mutation in different 

chromosomal loci. In fact, biofilms are perfectly appropriate for the exchange of genetic 

material of diverse origins due to the close contact and relative spatial stability of bacteria 

within biofilms (Davey and O‘Toole, 2000). 

   

Although, pharmaceutical industry is greatly concerned about the antibiotic resistance, 

the limited susceptibility of biofilms produced both in vivo and in vitro warrant a much 

larger attention from the industry, health care personal and regulators. Under the light of 

existing literature, it is clear that the innate tolerance to antibiotics established by 

antibiotic-sensitive microorganisms that are present in the form of a biofilm poses the 

most important disconnect between existing practices in antimicrobial advancement, 

diagnostics and usefulness in curing the patient. A standard change is necessary in the 

method to develop usual antimicrobials and in the procedures of screening for next-

generation antibiotics with a much greater worth to treat biofilms related with persistent, 

recurrent and device linked infections. This change must not only occur in industry but 

furthermore there is need to improve the conditions in which drugs are getting to the 

marketplace for approval (Ceri et al., 2010).  

 

Since the biofilm matrix has been expected to be the part of vital characters related to 

biofilm resistance phenotype. More comprehensive consideration of the constitution and 

structure of the P. aeruginosa biofilm matrix might help in the development of fresh 

drugs designed at distracting biofilms and this in turn will result in the better removal of 

biofilm infections. Here, we focus on the exopolysaccharide components of the 

extracellular polymeric matrix of Pseudomonas aeruginosa biofilms.   

 

 

 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Ceri%20H%22%5BAuthor%5D
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Aims  

 To isolate and identify P. aeruginosa from infected wounds and investigate 

their susceptibility and resistance pattern against various generally applied 

antibiotics. 

 To analyze the biofilm forming ability of infected wound isolates of P. 

aeruginosa.  

 To determine exopolysaccharide production by the clinical P. aeruginosa 

isolates. 

 To compare the variations in group behavior of P. aeruginosa isolates with 

that of previously well defined laboratory strain of P. aeruginosa, i.e., PA14. 

 To study the role of exopolysaccharides in biofilm development and antibiotic 

resistance. 
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Review of Literature 

The study of biofilms is a field of microbiology that has been reported to be rapidly 

growing. Investigations related to biofilm encompases research on many topics including 

multispecies communities, pathogenicity, cell to cell signaling, bioremediation and 

industrial pollutions, to mention a few names. Nevertheless, it is justified to recognize 

that the field of biofilm study has driven to its present status owing to a remarkable 

characteristic that connects all biofilms, i.e., their impressive tolerance to bactericidal 

agents. This resistance to drugs is accountable for unmanageable human infections, 

resulting in development of infectious diseases that are found to be ~60% of all of the 

diseases of the West (Licking, 1999). 

 

Likely effective strategies for biofilm treatment include prevention of bacterial cell 

adhesion to the substratum, reduction of polysaccharide production, and disruption of 

cell-to-cell communication involved in biofilm formation through physical, chemical and 

biological approaches. It is estimated that the between USA$100 million and USA$300 

million are spent each year on associated resistant bacteria. In general, it is calculated that 

resistant organisms cost twice as much as those that are susceptible to treatment. For 

example, blood culture costs alone associated with therapy of resistant P. aeruginosa 

infection in the ICU adds an estimated $7,340 per case. Fortunately, there is a growing 

awareness of the ―universality‖ of biofilms and their impact. At the very least, it is 

important for the laboratories to increase the awareness that susceptibilities presently 

done are based on the single species and a free-floating or planktonic population. In any 

management of biofilm associated infections, it is apparent that early management 

decisions are critical. Later changes in inadequate therapy have almost no impact on the 

consequences. It is very important for the laboratory to understand the stages of biofilm 

disease (Thomas et al., 2006).    

 

 For years laboratories have employed standardized methodologies outlined by National 

Committee for Clinical Laboratory Standards (NCCLS) guiding principles which imply 

evaluation of single species planktonic populations. Obviously, biofilms present a whole 
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new spectrum of problems for the diagnostic laboratory, none of which have been 

standardized. However, Ceri et al., (1999) published an article describing evaluation of 

the MBEC (Minimal Biofilm Eradication concentration) which utilizes monospecies 

biofilms prepared in a 96-well format. It is the method that resembles, in many features, 

the standardized broth microdilution minimal inhibitory concentration (MIC) assay as 

defined by NCCLS for the planktonic population.  

 

Motility of P. aeruginosa is one of the key features for biofilm development. Type IV pili 

and flagella are cell surface appendages that are concerned with biofilm formation and 

motility (Klausen et al., 2003b). The flagellum facilitates swimming motility, whereas 

type IV pili are known to play role in twitching. Similarly, the eventual structure of 

biofilms formed is dependent on the flagellum that derives the swarming motility of this 

microbe (Shrout et al., 2006). Adherence of P. aeruginosa to a surface is mediated by 

flagellum and type IV pili (O‘Toole and Kolter, 1998; Giltner et al., 2006). The 

expression of type IV pili has been documented to be influenced by nutritional cues as in 

the case of catabolite suppression control protein (O‘Toole et al., 2000).  

 

Genetic studies discovered two sequential actions that results in firm surface connections. 

Initially, the pole of a bacterium associates the surface in a procedure that is called 

reversible attachment. These reversibly adherent bacteria can go back to their planktonic 

lifestyle since the initial interaction is comparatively unstable. The second step is called 

irreversible attachment during which there is a switch from the polar connection to a type 

of connection which is arbitrated by the longitudinal axis of the cell body. So far the sadB 

(surface attachment defective) gene of P. aeruginosa has been documented whose 

mutation can stop the change from reversible to irreversible attachment (Caiazza and 

O‘Toole, 2004).  

 

Biofilm 

Pseudomonas aeruginosa has been widely exploited as a representative microorganism 

for the biofilm research (Klausen et al., 2003a; O‘Toole et al., 1999). One of the other 

key constituent of P. aeruginosa biofilm matrix is extracellular DNA (eDNA), in addition 
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to exopolysaccharides (Allesen et al., 2006; Matsukawa and Greenberg, 2004; 

Whitchurch et al., 2002b). The eDNA seems to be a derivative of arbitrary chromosomal 

DNA, that acts as a cell-to-cell inter-connecting constituent in the biofilm (Allesen et al., 

2006). Cells also undergo autolysis in biofilm microcolonies (Webb et al., 2003), but it is 

uncertain if autolysis contributed to eDNA and biofilm formation. Cation gradients, 

genomic DNA discharge and inducible antibiotic resistance are known to be affected by 

the presence of eDNA in the matrix of the biofilm (Mulcahy et al., 2008). 

 

Subinhibitory levels of aminoglycosides provoke biofilm development in Escherichia 

coli and P. aeruginosa. Aminoglycoside response regulator (arr) in P. aeruginosa was 

found to be vital for this induction and caused an influenced on antibiotic resistance of 

biofilms against aminoglycoside. The arr gene was expected to code for an inner 

membrane phosphodiesterase whose substrate was a bacterial second messenger which 

control bacterial surface tackiness. They establish that membranes from arr mutants 

showed reduced c-di-GMP phosphodiesterase function, and Pseudomonas aeruginosa 

cells possessing a mutation in expected catalytic residue of arr were imperfect in their 

biofilm reaction against tobramycin. In addition, tobramycin-inducible biofilm 

development was repressed by the external supply of GTP, which is recognized to hinder 

c-di-GMP phosphodiesterases function. Their findings demonstrated that the biofilm 

development could have been considered as a particular, protective response towards 

antibiotics, and specify that the molecular foundation of this reaction consist of variations 

in intensity of c-di-GMP (Hoffman et al., 2005). 

 

A boost in carbon accessibility affects the dispersion of P. aeruginosa PAO1 from 

biofilms. Most proficient at inducing dispersal was an abrupt boost in accessibility of 

succinate greater than glutamate and glucose that resulted in 80% decrease in the biomass 

of the biofilm. Dispersion of biofilm caused by the nutrients was related with improved 

expression of flagella (fliC) and equally diminished expression of pilus (pilA) genes in 

dispersing bacterial cells. DNA microarray technique is being used to find gene 

expression and is related with a decrease in biofilm of P. aeruginosa. Proteomic data 

have provided evidence that the gene expression among biofilms and newly dispersed 
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cells is highly dissimilar. Up regulated gene families consisted of ribosomal proteins and 

flagellar, pilus biosynthesis, phage PF1, and kinases. Surprisingly, nutrient-dependent 

dispersion was related with a rise in the number of Serine/Threonine-phosphorylated 

proteins in the recently dispersed bacterial cells, and reserve of dephosphorylation 

decreased the amount of nutrient-dependent dispersion. This study was said to be among 

the pioneers that reveal that the addition of some carbon sources caused the P. 

aeruginosa get free from the biofilms (Sauer et al., 2004).  

 

Numerous environmental signals have been found to activate biofilm detachment, a 

switch from surface adherent, and greatly structured communities to the motile existence. 

A gene product concerned with sensing environmental indications which cause biofilm 

dispersion in P. aeruginosa was identified (Morgan et al., 2006). They used new putative 

chemotaxis transducer proteins which might have been implicated in environmental 

sensing. They recognized a locus called bdlA (biofilm dispersion locus) that encode a 

protein that have function in detachment, since their mutant formed a biofilm that could 

not diffuse in reaction to a range of signals. The dispersion lacking bdlA mutant was 

made sure by curing with hydrogen peroxide and then by doing microscopy. The 

detachment reaction was not influenced by motility. bdlA mutant biofilms showed a 

greater adherent abilities and higher intensity of intracellular cyclic di-GMP (c-di-GMP). 

Their conclusion suggested that the BdlA locus might help in developing an association 

between environmental signals, c-di-GMP intensity and detachment. 

 

Mutating sadB would result in enhanced swarming of P. aeruginosa when compared with 

their parent strains (Caiazza et al., 2007). They showed that SadB was essential for 

adjusting the reversal rates of the flagellum using chemotaxis cluster IV (CheIV cluster). 

Studies of mutation involving the methyl accommodating chemotaxis protein PilJ and the 

PilJ demethylase ChpB, which are the two parts of CheIV cluster, have provided 

evidence that this chemotaxis cluster contributes by regulating biofilm development and 

swarming motility in a reverse approach. Epistasis investigations have showed that SadB 

function upstream of the CheIV cluster.  
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A biofilm was grown using a mixed culture in an aerated biofilm reactor. Stimulated sludge was 

used as inoculum and biofilms of various ages and thicknesses were obtained. Atomic 

force microscopy was used to find the cohesion energy levels per unit volume of biofilm 

at various positions within the depths of the biofilms. Dissolved oxygen concentration 

profiles, protein and polysaccharide concentrations were determined. They established 

that biofilm cohesion improved with increasing depth but not with maturity. Amounts of 

exopolysaccharide within a biofilm were found to be the major factor impacting the 

cohesive energy per unit volume. The polysaccharide levels were found to be greater at 

greater depths in the membrane-aerated biofilm. Another environmental factor increasing 

with depth in a 12-day-old biofilm was found to be dissolved oxygen and this increase 

was also related to the polysaccharide assembly. Only protein concentration was found to 

be fairly stable inside the biofilm and did not show to impact cohesion (Ahimou et al., 

2007). 

 

Chromatographic and enzymatic studies of cystic fibrosis sputum were carried out in a 

quest to synthesize a definite, artificial CF sputum medium (SCFM) which would show 

resemble in constitution to sputum of CF patients (Palmer et al., 2007). They found that 

Pseudomonas aeruginosa exhibits comparable characteristics while growing in both CF 

sputum and in SCFM. Time for the growth, choice of nutrition, gene expression profiles, 

and cell to cell signaling reports were found to be similar in both types of sputum. Cell to 

cell signaling and bactericidal characteristics were found to be affected by the existence 

of aromatic amino acids in the sputum medium in which P. aeruginosa was growing. 

 

The matrix of P. aeruginosa biofilm is composed of several elements, together with 

proteinaceous substances (Friedman and Kolter, 2004a; Vallet et al., 2001), membrane 

vesicles (Schooling and Beveridge, 2006), EPS (Friedman and Kolter, 2004b; Jackson et 

al., 2004; Matsukawa and Greenberg, 2004) and DNA (Whitchurch et al., 2002b), even 

though it is not completely clear about the exact role these constituents play in biofilm 

makeup. It is becoming obvious that several extracellular matrix components also play a 

role to support the initial stages in biofilm development (Caiazza et al., 2007; Jackson et 

al., 2004; Vasseur et al., 2005; Whitchurch et al., 2002b). 
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Role of Quorum Sensing (QS) in biofilm development 

Now it is well established that the bacterial cells communicate through the secretion and 

uptake of small diffusible molecules. Recent evidence indicated that the biofilm 

formation might be regulated by cell-cell signaling or quorum sensing by controlling 

gene expression in response to population density (Davis et al., 1998). Dozens of putative 

bacterial signals have been discovered. Among them are acylhomoserine lactones 

(AHLs) known as autoinducer-1 (AI-1) signals in Gram-negative bacteria (Fuqua and 

Greenberg, 1999). In P. aeruginosa las and rhl are considered to be the two components 

of QS system (Juhas et al., 2005; Schuster and Greenberg, 2006; Venturi, 2006). When 

there is a raise in the population density, levels of the 3-oxo-dodecanoyl (3-O-C12) 

homoserine lactone is raised which makes a composite with a transcriptional regulator 

called LasR. This composite in turn triggers the transcription of rhlR, lasI, and some 

additional genes. Las QS mutants were also studied and it was found that these mutants 

form a weak biofilms that was not at all very well structured (Davies et al., 1998). 

 

lasI and rhlI mutants were found to produce lower transcript from the pel operon, which 

is responsible for the formation of a polysaccharide matrix enriched in glucose. Wildtype 

level of pel transcription can be achieved by chemical supplementation of the lasI mutant 

with 3-oxo-dodecanoyl homoserine lactone. This complementation also results in 

biofilms like that of the wildtype. Their results hence proved that there was a connection 

between transcription of genes that form biofilm matrix formation and QS signaling 

(Sakuragi and Kolter, 2007).  

 

Microscopy (i.e., light, electron, and confocal scanning laser) was used to study the 

biofilms formed by P. aeruginosa inside tissue that were burned adjoining blood vessels 

and fat cells. It was found that presence of biofilm in thermally wounded mice in as short 

time as 8 h. This showed that acute infections are also inhibited by biofilm bacteria. Even 

though in vitro studies have showed that the differentiation of biofilms is dependent on 

quorum sensing (QS), but under in vivo conditions the wildtype and QS-deficient P. 

aeruginosa mutants both developed same types of biofilms. Thus it was concluded that 
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within a tissue biofilm formation is a host specific phenomenon that is not influenced by 

QS (Schaber et al., 2007). 

 

Swarming 

Phenotypic variants of P. aeruginosa 57RP were studied which appeared spontaneously 

when the bacteria were grown in a biofilm or in standing broth cultures (De´ziel et al., 

2001). These small rough colonies were categorized as small-colony (S) variants. The S 

variants were found to form a plenty of type IV fimbriae, possessed impaired swimming, 

swarming, and twitching motilities, and were weak in chemotaxis. They also made 

clumps in culture broths and speedily began the formation of a firmly adherent biofilms. 

The parent form which was a large-colony variant was adhering weakly. Also it was 

uniformly dispersed in liquid broths, and formed limited polar fimbriae. There was a rise 

in the formation of pyocyanin and pyoverdine while the elastase activity was recorded to 

be decreasing in the S variants. Under suitable growth settings, cells of each phenotype 

changed to the other phenotype at a reasonably elevated rate. They proposed that phase 

variation make certain the earlier existence of phenotypic forms that are fit to start the 

development of a biofilm almost immediately as environmental situations are positive. 

 

P. aeruginosa biofilm development was influenced by swarming motility at its early 

stages. It was demonstrated that together the extent of swarming motility and its 

organization by quorum sensing are impacted by the type of carbon source in which the 

bacteria are growing. Wildtype and mutants that were deficient in quorum-sensing were 

developed in medium having succinate, glutamate or glucose to check their affect on 

biofilm and swarming motility. It was found that the phenotypes were quite dissimilar 

when succinate was provided as a nutritional source, but were same when developed on 

either glutamate or glucose. This nutrition restricted association involving swarming 

motility and quorum sensing depicts how the environmental conditions can control 

biofilm formation when quorum sensing is vital (Shrout et al., 2006). 

 

The initial steps of biofilm formation were studied and found that flagellar reversals and 

the formation of an exopolysaccharide (EPS) were the major aspect involved in the 
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development of a steady connection with the substratum and swarming motility (Merritt 

et al., 2007). They presented data that SadC (PA4332) was involved in regulating this 

cellular phenomenon. sadC mutant was found to form an imperfect biofilm and it was a 

hyperswarmer.  Sessile life form was restored in these mutants by multicopy expression 

of sadC gene. EPS secretion was greatly lowered in a ΔsadC mutant. Epistasis 

investigations suggested that the surface behavior of P. aeruginosa was being governed 

by a genetic pathway, whose one of the component was found to be sadC. They proposed 

that SadC along with a phosphodiesterase BifA (Kuchma et al., 2007) can control 

swarming motility and biofilm development by varying the concentrations of cyclic-di-

GMP that is a signaling molecule, as Pseudomonas aeruginosa shifts from a motile to a 

surface-attached existence. 

 

It is reported that biofilm development and swarming motility of P. aeruginosa are 

oppositely controlled by a same path (Caiazza et al., 2007; Kuchma et al., 2007; Merritt 

et al., 2007). Main factors that can manipulate initial stages of biofilm development by P. 

aeruginosa consist of flagellar motility and the formation of Pel exopolysaccharide. 

Swarming takes place when bacteria transverse a hydrated, gelatinous semisolid plane 

and similar to biofilm development, flagellar function is vital for this surface-associated 

movement. One of the other key requirements for swarming motility to commence is the 

secretion of rhamnolipid surfactant that functions as a surface-wetting agent (Kohler et 

al., 2000; Toutain et al., 2005). 

 

While studying a mini-Tn5-luxCDABE transposon mutant library of P. aeruginosa PAO1 

for changes in swarming motility, 36 mutants were identified having Tn5 insertions in 

genes for the production or functioning of flagellin and type IV pilus, in genes for the 

Xcp-related type II secretion system, and in metabolic, regulatory, chemosensory, and 

other supposed genes with unidentified role (Overhage et al., 2007). These mutants were 

influenced to varying degree in motility (i.e., swimming and twitching) however, the 

majority possessed merely a slight supplementary motility imperfection. Their findings 

provided information that swarming is a complicated form of motility, because it is 

affected by a great sum of diverse genes in P. aeruginosa. On the other hand, several 
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mutants that are lacking swarming, in addition had a defective biofilm formation, 

suggesting a strong association connecting these kinds of growth life forms. 

 

Twitching 

The name ‗twitching motility‘ was initially used by Lautrop (1961) to illustrate flagellar-

independent surface motility in Acinetobacter calcoaceticus. Related motility properties 

have been afterwards illustrated in a number of other microorganisms, like P. aeruginosa, 

Neisseria gonorrhoeae, Neisseria meningitidis and other Neisseriaceae, various 

Moraxella species, and numerous more (Mattick et al., 1993). Twitching motility which 

takes place by expansion and withdrawal of the pili and is essential for biofilm 

development (Chiang and Burrows, 2003; O‘Toole and Kolter, 1998), a form of 

communal association which is present in chronic infections (Singh et al., 2000) and 

which emerges to defend against antibacterial drugs and immune system of the host 

(Costerton, 2001). 

 

Approximately, 40 genes of Pseudomonas aeruginosa have been recognized to be 

concerned in synthesis and role of type IV pili (Mattick, 2002). These comprise genes 

that encode a key structural protein (PilA) and slight proteins that might structure the 

bottom and/or the top of the pilus (PilE, PilV, PilW, PilX, PilY1, PilY2, and FimT), genes 

whose products are necessary for pilus assembly and retraction (PilB, PilC, PilD, PilF, 

PilM, PilN, PilO, PilP, PilQ, PilT, and PilU), and further genes which exhibits 

unidentified roles (PilF, PilZ, and FimV). Furthermore, there are various other genes that 

code for regulatory proteins which directs together the making of the pili and action of 

twitching motility as a reaction to external stimuli. The proteins which were recognized 

were the conventional 2 component sensor-regulator pair PilS-PilR, that together with 

another sigma factor RpoN were found to be necessary for transcription of the pilA 

(Hobbs et al., 1993). 

 

Mutants that are either short of type IV pili or are lacking in twitching motility, show a 

defect in their capability for biofilm initiation (O‘Toole and Kolter, 1998). Response 

regulator AlgR is essential for together alginate production and twitching motility carried 
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out by type IV fimbria in P. aeruginosa (Whitchurch et al., 2002a). In their work they 

have checked the function of AlgR in signal transduction and phosphorylation in biofilm 

production and twitching motility. The expected phosphorylation position of AlgR 

(aspartate 54) and another aspartate (aspartate 85) in the recipient domain of AlgR were 

subjected to a mutation, i.e., asparagine, and the mutant alleles were interested in the 

chromosome of PAK and PAO1. Evaluation of these mutants showed that aspartate 54 

and not aspartate 85 of AlgR was essential for biofilm initiation and twitching motility. 

But the mutants that were expressing AlgR D85N showed a hyperfimbriate phenotype, 

demonstrating that together aspartate 85 and aspartate 54 are concerned in fimbrial 

biosynthesis. algD mutants were found to possess twitching motility like the wildtype, 

demonstrating that AlgR regulation of twitching motility was not mediated by its function 

in the direction of alginate production.  

 

Three autonomous Tn5-B21 mutations were reported in the genome sequence of                           

P. aeruginosa that decreased the twitching motility and were recognized to be present in 

a novel locus which codes for a protein of anonymous role called PA4959. Later they 

called this gene fimX. When the fimX mutants were complemented by a wildtype PA4959 

gene it again established usual twitching motility. fimX mutants were known to express 

customary concentrations of pilin and were susceptible to bacteriophages that were pilus 

specific, but they showed only small intensity of surface pili, signifying the fact that the 

typical pilus function was damaged. They further showed that the protein product fimX 

gene exhibited a molecular weight of 76,000 and carry 4 proposed domains which were 

usually present in signal transduction proteins. Studies using Red fluorescent protein have 

illustrated that FimX was positioned at the pole of the bacterium through sequences next 

to its CheY-like domain. Reaction of fimX mutants in regards of their twitching motility 

was found to be quite normal to a variety of environmental factors but the mutants were 

found not to be activated by tryptone and mucin. This statistical analysis proposes that 

fimX was concerned in the direction of twitching motility as a reaction to environmental 

signal (Huang et al., 2003). 
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The effects of iron (Fe) concentrations on twitching motility and biofilm development in 

P. aeruginosa, was studied (Patriquin et al., 2008). According to them dropping Fe 

values in a defined minimal substrate decreased the growth yields of biofilm and 

planktonic P. aeruginosa, although biomass of the biofilm was influenced to a maximum 

degree and at ferric chloride levels where planktonic cell growth was not affected. In 

association with the decreased biofilm yields at lower Fe levels, P. aeruginosa exhibited 

better twitching motility in minimal media lacking iron versus the medium in which Fe 

was abundantly supplied.  

 

Antibiotic resistance 

Biofilm bacteria exhibit a decrease in their susceptibility to antibacterial agents and are 

sheltered from the host immune reaction, thus resulting in chronic infections which quite 

hard to eliminate (Lewis, 2007; Mah et al., 2003). Attachment and biofilm formation 

affords several advantages to the infectious bacterial agent within the host. Attachment 

allows the bacteria to remain within the host at the site preferential to the success of the 

organism and to resist host clearance mechanisms (Ofek and Beachey, 1980). Existence 

within biofilms also provides a favorable energetic advantage to bacteria, awaiting 

nutrients to diffuse locally, rather than expending energy to seek them out. The biofilm 

also provides a security blanket, in context of glycocalyx secreted by the biofilms to 

encompass the microcolonies. This serves as a barrier against the activity of the immune 

system, presenting a structure too large for effective phagocytosis (Costerton et al., 

1999). 

 

Biofilm susceptibility testing procedures were customized to generate an assay for 

utilization in a laboratory (Moskowitz et al., 2004). Their attempt resulted in a 

reproducible a outcome when it was observed in 300 paired determinations against 12 

antibacterial agents, with a severe inaccuracy rate of 5.7%. The biofilm assay thus 

developed was then used to check these 12 antibiotics against 94 isolates collected from 

people having cystic fibrosis disease. The biofilm inhibitory concentrations were found to 

be quite raised as compared to the corresponding conventionally found MICs for the β-

lactam antibiotics (median values: doxycycline (>64 µg per ml versus 16 µg per ml); 
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aztreonam, >128 µg per ml versus 4 µg per ml; piperacillin-tazobactam, 256 µg per ml 

versus 4 µg per ml; and ticarcillin-clavulanate, 512 µg per ml versus 16 µg per ml, 

respectively) and ceftazidime, 128 µg per ml versus 2 µg per ml; and similar for 

ciprofloxacin (0.5 µg per ml versus 1 µg per ml), and meropenem (4 µg per ml versus < 1 

µg per ml), the aminoglycosides gentamicin (16 µg per ml versus 8 µg per ml), 

tobramycin (4 µg per ml versus 2 µg per ml) and amikacin (32 µg per ml versus 16 µg 

per ml). 2 µg per ml was found to be the median biofilm inhibitory concentration for 

azithromycin, however the isolates were consistently resistant when subjected to testing 

by standard methods.  

 

Negatively charged cyclic glucans formed by Pseudomonas aeruginosa were recognized 

that were related with the matrix of strains PAKΔretS and PA14 (Sadovskaya et al., 

2010). Their chemical construction was revealed by means of 1D and 2D nuclear 

magnetic resonance procedures and mass spectrometry. They were found to belong to the 

family of cyclic β-(1→3)-linked glucans of 12 to 16 glucose residues having 30% to 50% 

of glucose units replaced by 1- phosphoglycerol at O-6. The same glucans were also 

observed to be present in mutants of pel, and thus it pointed out that their production was 

not depending on pel. In order to find out the biosynthetic mechanisms of these glucans, 

they examined the matrix composition of a formerly described as the PA14::ndvB mutant 

strain. It was known that the ndvB gene was considered to play a role in the development 

of perisplasmic glucans, which was competent of physically intercalating with 

aminoglycosides. They discovered that the ndvB mutants were deficient in extremely 

glycerol-phosphorylated β-(1→3)-glucans, and also these glucans were able to bind 

directly with the aminoglycoside antibiotic kanamycin.  

 

A detailed consideration of the biofilm matrix ultra-structure is vital for the rational 

making up of the inhibitors that would inhibit the various clinical and environmental 

problem concerned with biofilms. 

 

One of the greatest characteristics of biofilm was found to be the presence of antibiotic 

resistance which could be upto 1000 folds higher than the planktonic cells (Hoyle and 
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Costerton, 1991). Comparison was done on the penetration of antibiotics, oxygen 

inadequacy, and metabolic activity effects on forbearance of P. aeruginosa biofilms to 

tobramycin and ciprofloxacin. The results suggest that oxygen deficiency and slow 

metabolic activity in the biofilm center, rather than the poor antibiotic diffusion, are 

responsible for antibiotic tolerance. Apparently, reduced antibiotic penetration is not the 

main protective mechanism in biofilms (Walters et al., 2003).  

 

A tissue culture method was designed for the development of P. aeruginosa biofilms on 

cystic fibrosis derivative of human respiratory cells that supported the development of 

extremely antibiotic tolerant colonies that secrete an exopolysaccharide matrix and 

involve the notorious abiotic biofilm developing genes pilB and flgK. Treating the 

biofilms of P. aeruginosa with tobramycin decreased the pathogenicity of the biofilms 

together by dropping microbial numbers and by varying the gene expression related to 

virulence. Microarray studies of the biofilms following the treatment by tobramycin were 

employed in a study on epithelial cells to compare the outcome of gene expression in 

biofilms of P. aeruginosa that are treated with tobramycin and planktonic P. aeruginosa 

that are also tobramycin treated on an abiotic surface. Even though the maintenance of 

functions was needed in the biofilm formation, their findings showed that the reactions of 

biofilms towards tobramycin exposure that were developed on abiotic versus biotic 

surfaces were dissimilar, as showed by down regulation of genes concerned in 

Pseudomonas quinolone signal formation particularly in the case of biofilms that were 

grown on epithelial cell as against biofilms that were grown on a plastic material. They 

discovered PA0913 gene that was over expressed by tobramycin particularly in biofilms 

developed on cystic fibrosis airway cells and encodes for a possible magnesium 

transporter, MgtE. Mutating this gene enhanced the microbial virulence of biofilms on the 

epithelial cells (Anderson et al., 2008).  

 

A new efflux pump was recognized in P. aeruginosa which was considered to be vital for 

biofilm based resistance to a number of antibacterial agents. Whole removal of the genes 

that code for this pump, PA1874 to PA1877 genes, in a P. aeruginosa PA14 caused a rise 

in susceptibility against gentamicin, ciprofloxacin, and tobramycin particularly when the 
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mutant were raised for biofilm development. This efflux pump is greatly unregulated in 

biofilm cells as compared to the planktonic cells, giving the reason for why these were 

considered vital for antibiotic resistance of biofilms but not for planktonic life forms. 

Moreover, up regulation of these genes in planktonic cells enhanced their resistance to 

antibacterial agents. They suggested that PA1874-1877 and ndvB played a unique role in 

biofilm specific antibiotic resistance by following different mechanisms. They showed 

that deletion of PA1874-1877 gene from an ndvB mutant resulted in a rise in the 

sensitivity towards antibiotics of this double mutant strain, as compared to a mutant that 

had a single gene mutation (Zhang and Mah, 2008). 

  

The Culprit- Persister cells 

 In fact persisters were revealed in a fast growing, planktonic population. Joseph Bigger 

in 1944 observed that the recently established penicillin was not able to ―sterilize‖ a 

culture of staphylococcus. His studies showed that persisters were not mutants, and when 

these persister cells were inoculated back they formed a population having a susceptible 

bulk and new resistant cells (Bigger, 1944). It was explained that although Pseudomonas 

aeruginosa cultures had a fairly lesser proportion of multidrug resistant persister cells as 

compared to that of Escherichia coli or Staphylococcus aureus, they could enhance 

persister cell numbers as reaction to quorum sensing dependent signalling molecules. The 

phenazine pyocyanin and other similar chemicals, acyl-homoserine lactone 3-OC12-HSL 

considerably improved the persister cell amount in logarithmic P. aeruginosa PAO1 or 

PA14 cultures, although not in S. aureus or E. coli cultures (Möker et al., 2010). 

 

Biofilm susceptibility 

There is now a large body of literature dealing with increased levels of antibiotic and 

biocides to treat biofilms or, conversely, with the lack of susceptibility of biofilms to 

MIC levels of antibiotics. Often this difference in susceptibility to antimicrobials seen 

between biofilm and planktonic cultures of the same organism is referred to as resistance. 

However the term resistance has become associated with either a permanent genetic 

change resulting from mutation or the acquisition of a plasmid that confers a continued 

advantage to the organism. Therefore it would seem more appropriate to refer to this 
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transient phenotypic change in antibiotic efficacy associated with biofilm growth as a 

reduced susceptibility rather than as resistance. The basis for change in susceptibility 

seen in biofilms appears to be complex, multifactorial and the subject of great debate. A 

further level of complexity arises due to apparent antibiotic tolerance for biofilm bacteria 

that likely mediate their refractory character (Lewis, 2001; Gilbert et al., 2002; Stewart, 

2002).    

 

A comparative study of resistance of biofilms against stationary- and logarithmic-phase 

planktonic cells for 4 antibiotic substances was carried out. Carbenicillin came out to be 

showing no affect for both biofilms and stationary-phase cells. Since it was known that 

killing effect of this β-lactam antibiotic depended on presence of fast growing bacteria, 

and so their result established the idea bacteria within biofilms grow slowly just like as if 

they were present in their stationary phase of growth. Ofloxacin (fluoroquinolone 

antibiotic) destroys non growing bacteria, so stationary stage bacteria and biofilms were 

somewhat resistance to ofloxacin. The bulk of bacteria in both groups were eliminated at 

low concentrations of ofloxacin, thus remaining behind were a small number of mostly 

tolerant persisters. The large amount of the bacterial cells in both stationary stage cultures 

and biofilm showed resistance against tobramycin. At extremely elevated tobramycin 

levels, a small number of persister cells became obvious in cultures of stationary stage. 

Bacteria in stationary state were further highly resistant to the killing effect of peracetic 

acid than the biofilms. Mostly stationary state bacteria were fairly more resistant than 

biofilms in all of the experiments. It was suggested that persister cells were the main 

reason for resistance to antibacterial agents in stationary state or biofilm cultures 

(Spoering and Lewis, 2001). 

 

Drenkard and Ausubel (2002) established that the occurrence of antibiotic tolerant 

phenotypic derivatives of P. aeruginosa possessing increased capability to develop 

biofilms were greater both in vitro and in the lungs of patients with cystic fibrosis 

disease. They moreover discovered a regulatory protein (PvrR) that regulates the 

transition from antibiotic tolerant to antibiotic sensitive forms. Thus they concluded that 
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the compounds that can influence the role of PvrR could play a vital function in the cure 

of CF infections. 

 

P. aeruginosa biofilm development and slime secretion on bone cement laden with 

antibiotics was studied. Integration of gentamicin in bone cement caused a 44% decrease 

in microbial viability, whereas the slime concentration improved considerably. 

Furthermore, commonly used plate counting revealed the formation of small-colony 

phenotypes on gentamicin laden bone cement exhibiting a reduced susceptibility to 

gentamicin (MIC: 8 mg per liter), as against the normal-sized colonies when taken from 

bone cement with or without gentamicin loaded (MIC: 3 mg/L) (Neut et al., 2005).  

 

Exopolysaccharide 

Before the work of Wozniak et al., (2003), it was considered that alginate was the chief 

polysaccharide being produced in biofilms of nonmucoid Pseudomonas aeruginosa 

isolates obtained from the environment. They studied the chemical composition of the 

biofilm environment formed by wildtype and isogenic alginate biosynthetic mutants of P. 

aeruginosa. Their study indicated that genes required for alginate biosynthetic were not 

expressed and as a result alginate was not necessary for the development of biofilms in P. 

aeruginosa (both PAO1 and PA14) which had customarily been employed in the biofilm 

studies. Since the nonmucoid P. aeruginosa were found to be the principal environmental 

phenotype and were also concerned in the early immigration in cystic fibrosis patients, 

their findings helped in understanding the early stages of the infection development.  

 

It was proposed that there was at least one more exopolysaccharide gene group concerned 

in biofilm formation, in addition to alginate synthesis gene. Two distinct groups of genes 

with similarity to polysaccharide biogenesis roles were unearthed from the commonly 

used PAO1 genome. Reverse genetics was engaged to create mutants of these genes 

(Jackson et al., 2004). They found that a cluster of genes, called psl was vital for the 

biofilm to start its formation. A PAO1 mutant lacking the first two genes of the psl 

cluster (PA2231 and PA2232) was highly compromised for starting the biofilm 

formation, as established by continuous culture flow cell, static microtiter and tubing 
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biofilm experiments. The biofilm initiation imperfection could be overcome by the 

complementation of the mutants with the wildtype psl sequence. It was found that this 

defect was not due to their imperfection in motility or lipopolysaccharide formation. 

These studies implicated that an unknown exopolysaccharide as being necessary for the 

development of the biofilm matrix. They proposed that getting the knowledge about psl 

encoding for exopolysaccharide expression and their guarding the biofilms would give 

knowledge about the disease causing process of P. aeruginosa in cystic fibrosis and other 

problems caused by biofilms. The same year, Matsukawa et al., (2004) provide evidence 

indicating that PA2231 is the first of 15 genes in an operon and thus they called it pslA. 

 

Mutating pel in the PAK strain caused a slight affect on initiation of the biofilm 

development, however as in PA14, emerged to produce the slightest full-grown biofilms 

(Vasseur et al., 2005). Remarkably, when they constructed pel mutants in a Pseudomonas 

aeruginosa PAK strain that was also non-piliated, a surprising influence of the pel 

mutation in the premature stages of biofilm development was exposed, as it was found 

that these PAK mutants were strictly imperfect in the adhesion development on solid 

surfaces. They showed that the pel locus was conserved in Gram-negative 

microorganisms, and mutating the pelG homologue in a Ralstonia solanacearum, i.e., 

ragG directed it to an attachment imperfection. 

 

Beginning of biofilm formation by a P. aeruginosa PAO1 strain having deletion of pslA 

and pslB (ΔpslAB) was strictly decreased, pointing out that psl has some function in cell-

surface relations (Ma et al., 2006). They studied the attachment characteristics of this 

ΔpslAB mutant using mucin-coated bodies and epithelial cells and abiotic objects. Their 

findings established that psl is essential for adherence to a diversity of objects, not 

depending on the carbon source. To investigate the possible functions of Psl in addition 

to attachment, they created a psl-inducible P. aeruginosa strain (Δpsl/pBAD-psl) by 

changing the psl promoter part by araC-pBAD, so that expression of psl was regulated by 

arabinose addition. Investigation of biofilms produced by the Δpsl/pBAD-psl strain 

pointed out that translational product of the psl gene cluster was essential to sustain the 

biofilm architecture at post attachment steps. Over expression of the Psl 
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exopolysaccharide directed an improved attachment of the cell to a surface and also cell 

to cell attachment of P. aeruginosa. This translated into major modifications in the design 

of the biofilm. They proposed that Psl has a vital function in P. aeruginosa attachment 

that is significant for initiation and preservation of the biofilm organization. 

 

The chemical composition of the Psl EPS was studied (Ma et al., 2007). Their study 

discovered that the Psl exopolysaccharide is composed largely of mannose and galactose 

and that Psl is in fact a matrix component of the biofilm. 

 

 

Fig. 1: PelC involved in exopolysaccharide transport (Vasseur et al., 2007). 
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Vasseur et al., (2007) published a paper to show that PelC was P. aeruginosa surface 

membrane lipoprotein of the outer membrane auxiliary group of proteins concerned in 

EPS transportation. They proposed the above supposed model for the formation of the Pel 

macromolecular composite. The cytoplasmic PelF recognized glycosyltransferase could 

manufacture the lipid-linked oligosaccharide repeat unit at the cytoplasmic level of the 

inner membrane from sugar-nucleotide diphosphate. The function of PelF might be 

altered by PelD that could attach cyclic Guanosine monophosphate via an expect GAF 

domain. The lipid associated oligosaccharides recurring units could traverse the internal 

surface using the polysaccharide transporter similar to PelG protein (12 putative 

transmembrane segments). Following polymerization of the oligosaccharide replicate 

components by an unidentified enzyme, the PEL exopolysaccharide would be discharged 

in the extracellular environment via the PelC. PelB could serve as a link between the 

PelC protein and the internal membrane proteins of the Pel organization. The PelE role is 

unidentified. PelA possess an expect type I signal sequence however its absolute sub-

cellular position is mysterious. The query mark highlights an unidentified role or an 

enzyme absent in the Pel system. 

  

The result of the exopolysaccharide production locus (Psl polysaccharide) was directly 

visualized at various steps of biofilm formation. During adherence, Psl was affixed on the 

cell exterior in a helical outline. This promoted cell to cell connections and gathering of a 

matrix that grasps microorganisms in the biofilm and on the surface. Chemical disruption 

of Psl from the microbial surface dislocated the Psl matrix as well as the biofilm 

composition. During biofilm differentiation, Psl gathers on the margin of 3-D-structured 

microcolonies, giving rise to a Psl core that was matrix-free within the microcolony. At 

the diffusion point, swimming cells emerge in this matrix core. They showed that killed 

bacteria and extracellular DNA (eDNA) were also intense in the Psl matrix-free region. 

Removal of genes that direct the programmed cell killing influences the development of 

the matrix core and microcolony scattering. This information provided a method by 

which P. aeruginosa assembles a matrix and afterward a hollow space to liberate a part of 

cells for seeding dispersal (Ma et al., 2009).  
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A diguanylate cyclase (DGC), RoeA, of P. aeruginosa was recognized that encouraged 

the manufacture of ExoPolysaccharide and played a role in the biofilm development. 

Their investigations revealed that RoeA and the formerly illustrated DGC SadC made a 

separate assistance towards biofilm development, influencing polysaccharide production 

and flagellar motility, respectively. Quantification of whole cellular concentrations of c-

di-GMP in ΔroeA and ΔsadC mutants in 2 dissimilar genetic settings discovered no 

association between concentrations of c-di-GMP and the experienced phenotypic output 

with regard to Exopolysaccharide secretion and swarming motility. The observation 

argued against a model in which alterations in entire levels of c-di-GMP can be the 

explanation for the particular surface associated phenotypes of Pseudomonas aeruginosa 

(Merritt et al., 2010). 
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Materials and Methods 

The study was carried out in the Microbiology Research Laboratory, Department of 

Microbiology, Quaid-i-Azam University, Islamabad, Pakistan, while some part of the 

work was carried out in Dartmouth Medical School, Hanover, USA. The specimens were 

collected from a tertiary care hospital, Pakistan Institute of Medical Sciences (PIMS), 

during the period from November 2007 to February 2009.  

 

Specimen collection and isolation 

Routine clinical isolates were collected during the study period from six surgical wards of 

the PIMS hospital from infected wounds. The Pseudomonas cetrimide agar (Oxoid) was 

used for the isolation by incubating the plates at 37
o
C for 24 hours under aerobic 

conditions. 

 

Identification of Pseudomonas aeruginosa 

All Pseudomonas cetrimide agar (Appendix І) plates were examined for P. aeruginosa by 

colony morphology. The following biochemical tests were performed for identification: 

 

Catalase test 

A loop full of 24 hour culture was taken on a glass slide and a drop of hydrogen peroxide 

was added to it. The formation of bubbles indicates positive results.  

 

Oxidase test 

A solution of oxidase reagent was freshly prepared by adding 0.5 g of tetramethyl-

paraphenylene-di-amine dihydrochloride in 5 ml of distilled water. A sterile filter paper 

was impregnated with 2-3 drops of bacterial growth and oxidase reagent was added. The 

development of purple color within 10-20 seconds was considered as a positive result. 

 

Gelatin hydrolysis 

For this test, nutrient broth supplemented with 12% gelatin was used. Following 

inoculation and incubation, the cultures were placed at 4
o
C for 30 minutes. Cultures that 
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remain liquefied produced gelatinase and demonstrated gelatin hydrolysis. Cultures that 

solidified after refrigeration lack this enzyme and were therefore considered as negative. 

 

Sugar fermentation test 

For the sugar fermentation test, Phenol red broth (Appendix ІІ) was used. The sugars 

used were either glucose or lactose. The solution of each sugar was dispensed in test 

tubes containing an inverted Durham tube to capture CO2 if produced. After inoculation 

the test tubes were incubated at 37ºC for 24 hours, change of color to yellow was noted 

and considered as a positive result. 

 

Storage of Pseudomonas aeruginosa  

All confirmed P. aeruginosa strains were stored in 16% v/v glycerol broth at -80
o
C. The 

glycerol broth was prepared by adding 16 ml glycerol in 84 ml Tryptic soy broth and 

dispensed 5 ml in screw-capped cryogenic vials. These vials were then sterilized by 

autoclaving at 121
o
C for 15-20 minutes. The pH of the medium ranged from 7.2-7.6 at 

room temperature.  

 

Polymerase chain reaction targeting 16S rRNA gene  

After preliminary identification through biochemical tests, a selected number (two 

isolates randomly selected from each four different sites of infections) of P. aeruginosa 

strains were confirmed by polymerase chain reaction (PCR) (O‘Toole et al., 1999), by 

amplifying 16S rRNA gene. For regular PCR reaction, 20 µl of master mixture was 

prepared for each reaction. Composition of master mixture was as follows: 

 

 

 

 

 

 

Content   Amount (µl) 

dH2O 9.3  

10X buffer 2.0  

dNTPs mixture 0.5  

primer P1 1.0  

primer P2 

Taq polymerase  

DMSO  

colony prep (1:25 times 

diluted with dH2O)                                      

1.0 

0.2  

1.0 

5.0 
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PCR reaction mixture containing tubes were placed in the thermal cycler with primary 

denaturation at 95
o
C for 3 min. The thermal cycler conditions were as follows: 

 

35 cycles of the following: 

95
o
C   30 sec 

59
o
C   30 sec 

72
o
C   1 min 

72
o
C   6 min 

The amplified PCR product was kept at 4°C until the PCR tube was removed from 

thermocycler. 

 

Detection of polymerase chain reaction product  

A quantity of 18 µl of the amplified product was mixed with 6 µl of bromophenol blue 

(tracking dye), and electrophoresed on 2% agarose gel containing 0.03 µl/ml of SYBR 

safe (10,000X concentrate in DMSO). The voltage was kept constant at 100 volts.  

 

Sequencing and BLAST analysis of 16S rRNA amplified product 

Quality of 16S rRNA amplification products were checked by nanodrop using 

Spectrophotometer ND 1000 and send for sequencing. The resulting sequences were 

analyzed using the BLAST software and percentage similarity to other sequences was 

determined.  

 

Antimicrobial susceptibility testing by disc diffusion 

The antimicrobial susceptibility testing was carried out by Kirby-Bauer disc diffusion 

technique. The 3-4 pure colonies were transferred with sterile cotton swab to sterile 

tryptic soy broth to make direct colony suspension of isolates. The turbidity of test 

suspension was standardized to match that of 0.5 McFarland standard solution. The 

standard was prepared by mixing two solutions: solution A (1% v/v H2SO4) and solution 

B (1% w/v solution of barium chloride).  An amount of 0.6 ml of Solution A was mixed 

with 99.4 ml of Solution B. It was kept in the dark at room temperature (20-28
o
C). Once 

turbidity was matched, new sterile cotton swab was dipped in the suspension and excess 
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broth was removed by pressing against the inside of the tube. With this swab, cover the 

entire Muller-Hinton agar plate by streaking back and forth. The susceptibility of the 

following antibiotics was tested: ciprofloxacin, gentamicin, amikacin, tobramycin, 

piperacillin, ceftazidime, cefoperazone, cefotaxime, imipenem and meropenem. 

Antimicrobial discs used, along with codes, potencies and name of manufacturer, used 

for antimicrobial susceptibility assay are given in Table 3. The Petri dishes were then 

incubated at 35
o
C for 24 h. The disc diffusion technique and zone interpretation of each 

antimicrobial agent was used in accordance with NCCLS guidelines (NCCLS, 2003).  

 

Clinical data 

The data of the patients, including age, gender, date of admission, surgical ward number, 

antibiotics being administered and site of infection, was collected. The specimens were 

collected from in- patients from five surgical units and surgical Intensive Care Unit 

(ICU). 

 

Assessment of EPS production 

 Congo red (CR) assay was performed according to Merritt et al., (2007). Glucose 

(0.2%), MgSO4 (1 mM) and casamino acids (0.5%) was supplemented to M63 salt 

solution with the adding together of CR (40 µg/ml), Coommassie brilliant blue (20 

µg/ml) and 1% agar. LB (Luria Bertani) grown cultures (2.5 µl) were spotted onto the 

Congo red agar plates and incubated at 37
o
C for a period of 24 h. The plates were then 

kept at room temperature for further 3-4 days. On the basis of color development, the 

isolates were grouped in four categories, i.e., white, light Red, Red and dark Red. 

 

Pellicle formation assay 

Standing cultures having 3 ml LB broth were developed at room temperature in a glass 

tube. Pellicles were monitored by visual examination between 4 and 10 days. Complete 

coverage at the air-liquid border of an opaque film of cells was measured to be indicative 

of pellicle formation (Friedman and Kolter, 2004a). For the interpretation of results 

isolates were grouped as non-producers, weak producers, moderate producers and strong 

producers of biofilm, based on the density of pellicle layer production.  
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Detection of PelA and PelG gene by polymerase chain reaction 

Master mix was prepared in the same way as mentioned above and the primers used for 

PCR are mentioned in Table 4. The thermal cycler conditions were as follows with 

primary denaturation at 95
o
C for 3 min. 35 cycles of the following: 

95
0
C   30 sec 

58
0
C   30 sec 

72
0
C   30 sec 

Followed by a final cycle of 72
0
C for 6 minutes. The amplified PCR product was kept at 

4°C until the PCR tube was removed from thermocycler. 

 

Viable cell count (CFU/ml)  

Viable cell count (CFU/ml) was determined to compare the growth rate of the clinical 

isolates of P. aeruginosa with that of reference lab strain of P. aeruginosa, i.e., PA14 

(designated as PA14). Calculation was done by the following procedure: 

 

Sterilized 90 µl of M63 medium was taken in each of 10 eppendorf tubes (sterilized). 

About 10 µl of 24 hours old culture was added to the first tube. From the first tube 10 µl 

was transfer to the next and this was repeated till the end (i.e., 10
th

 tube). From each tube, 

10 µl was placed on LB agar plate. CFU/ml was measured after 24 h incubation of the 

plates.   

 

Swimming assay 

M63 salts enriched with MgSO4 (1 mM), glucose (0.2%) and casamino acids (0.5%) was 

solidified using 0.3% agar, for swimming motility plates as previously mentioned by 

O‘Toole and Kolter (1998).   

 

Group behaviour characteristics of clinical isolates   

(a) Biofilm formation assay 

Static biofilm assays were carried out in 96- well microtiter plates as illustrated by 

Merritt et al., (2005). Cultures grown overnight in LB medium, were diluted (1:100 v/v) 
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in M63 medium (Appendix ІІІ) in addition with glucose (0.2%), arginine (0.4%) and 1 

mM MgSO4. Each well in microtiter plate was inoculated with 100 l of recently 

inoculated medium, with at least 3 wells per strain for each assay and incubated at 37C 

for 24 h. Biofilms fastened to the walls and base of microtiter wells were stained with 

crystal violet (CV). Determination of biofilm biomass was carried out by dissolving the 

CV-stained biofilm with acetic acid (30 v/v), and the optical density of CV solution 

calculated at an absorbance of 550 nm. The analysis was carried out thrice. 

 

Quantification of planktonic growth: After overnight growth, LB medium cultures 

were diluted (1:100 v/v) in M63 medium enriched with glucose (0.2%), arginine (0.4%) 

and 1 mM MgSO4. Each well of microtiter plate was inoculated by 100 l of newly 

inoculated medium, with at least 3 wells for each strain and incubated at 37C for 24 h. 

Bacterial growth was measured spectrophotometrically at 600 nm. 

 

(b) Swarming assay 

Swarming assay was carried out as mentioned by Kohler et al., (2000). Autoclaved M8 

(0.5%) agar (Appendix ІV) was cooled slightly and supplemented with sterilized 20% 

glucose, 20% casamino acids and 1 M MgSO4. Thick plates (~25 ml/plate) were poured 

and left at room temperature for a few hours. The Petri dishes were then inoculated with 

2.5 µl of overnight culture and incubated at 37
o
C for 24 h.  

 

(c) Twitching Assays 

Twitching motility was determined using the method illustrated earlier by Alm and 

Mattick, (1997) with slight modifications. P. aeruginosa strain was stab inoculated in 1% 

agar plates of M63 salts supplemented with sterilized 20% glucose, 20% casamino acids 

and 1 M MgSO4 and also in 1% LB agar plates. Following overnight incubation at 37°C, 

the zone of twitching motility between the Petri dish and agar edging was seen by 

staining the plates by 1% crystal violet solution. Clinical isolates that showed detectable 

twitching zone upon staining were considered as positive. 
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(d) Rhamnolipid detection 

Bacteria from overnight grown LB cultures were spot (2.5 µl) inoculated onto M8 

medium enriched with MgSO4 (1 mM), glucose (0.2%), casamino acids (0.5%), 

methylene blue (0.0005%), cetyltrimethylammonium bromide (CTAB) (0.02%) and agar 

(1.5%). Petri dishes were incubated at 37°C for 24 h, followed by incubation at 25
o
C for 

another 24 h for a sum of 48 h. Biosurfactant manufacture give rise to the deposition of 

CTAB and the development of a dark blue circle which is outline in white adjoining the 

colony (Siegmund and Wagner, 1991). 

 

Clinical isolates were also inoculated on swarming plates alongwith PA14 strain, and the 

results were considered as negative or positive on the basis of their ability to repel PA14, 

which is a 3-(3-hydroxyalkanoyloxy) alkanoic acids HAA-dependent fact (Caiazza et al., 

2005). 

 

Biofilm specific antibiotic resistance assay  

To determine the biofilm-specific antibiotic resistance, modified 96-well microtiter dish 

based assay, as mentioned by Mah et al., (2003), was used. The minimal bactericidal 

concentrations for biofilm grown cells (MBC-B) was found out by sensitizing 24 h old 

biofilms to diverse concentrations of antibiotic for 24 h, and then a single wash was given 

to the biofilms with sterile medium to completely remove the antibiotics. Bacteria that 

survived antibiotic treatment were permitted to grow for 24 h in fresh medium. These 

bacteria were transferred to LB agar plates using a multi-pronged device. The MBC of 

planktonic bacteria (MBC-P) was found out by the addition of antibiotic to bacteria at the 

time of inoculation, incubating for 24 h, followed by checking for viability. Both 

planktonic and biofilm populations comprised of ca. 1 x 10
7
 CFU/well. 

 

Molecular Techniques used for generation of pelA single crossover mutants 

The pelA mutation in 2 clinical isolates of P. aeruginosa (i.e., strain 99 and strain 160) 

was created by a single-crossover (SCO) insertion via the pMQ89 suicide vector as 

described by Kuchma et al., (2007). E. coli SMC2985 (Shanks et al., 2006) having 

pMQ89 was grown in LB containing gentamicin (5 µl/ml) and the two clinical isolates 
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each in LB. A total of 1 ml of P. aeruginosa culture was mixed with 250 µl of the E. coli 

culture in an eppendorf tube and incubated at 42
o
C for 15 min. The tube was centrifuged 

for 1 min to pellet the cells. The medium was thrown away and the pellet was suspended 

again in 100 µl of LB. The cells were spotted on plates of LB and placed at 37
o
C for 24 

h. The cells were harvested in 1.5 ml LB in an eppendorf tube. Again the tube was 

centrifuged to pellet the cells. The pellet was resuspended in 200 µl LB. Cells were plated 

on LB plates supplemented with Nalidixic acid (1 µl/ml) and gentamicin (50 µl/ml). 

Plates were incubated at 37
o
C for 24 h. Colonies that grew on these plates have the 

insertions and were collected and confirmed for single crossover (SCO).  

 

Confirmation of single crossover 

Single crossover insertion was checked by Congo red assay and biofilm formation assay 

as mentioned earlier. SCO was further confirmed by PCR. 

 

Detection of single crossover in PelA gene by polymerase chain reaction 

Master mixture was prepared in the same way as mentioned before. The primers used for 

PCR are mentioned in Table 4. The thermal cycler conditions with primary denaturation 

at 95
o
C for 3 min were as follows: 

35 cycles of the following: 

95
o
C   30sec 

57
o
C   30sec 

72
o
C   30sec 

Followed by a final cycle of 72
0
C for 6 minutes. The amplified PCR product was kept at 

4°C until the PCR tube was removed from thermocycler. 

 

Biofilm specific antibiotic resistance assay for polysaccharide producing mutants 

The same biofilm specific antibiotic resistance assay, as described before, was carried out 

for the mutants of PA14, i.e., ΔbifA, ΔsadC, ΔroeA and ΔsadCΔroeA, resulting in 

increase or decrease in pel-dependent polysaccharide. Similarly, the same procedure was 

carried out in case of pelA single crossover of the two clinical isolates (i.e., strain No. 99 

and strain No. 160). 
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Table 3: Discs of antimicrobial agents used along with their codes and potencies. 

  S.No. Antimicrobial 

agents 

Code Disc 

potency(µg) 

Manufacturer 

1. Gentamicin CN 10 Oxoid 

2. Amikacin AK 30 Oxoid 

3. Tobramycin TOB 10 Oxoid 

4. Ciprofloxacin CIP 5 Oxoid 

5. Imipenem IMP 10 Oxoid 

6. Meropenem MEM 10 Oxoid 

7. Ceftazidime CAZ 30 Oxoid 

8. Cefoperazone CFP 75 Oxoid 

9. Cefotaxime CTX 30 Oxoid 

10. Piperacillin PRL 100 Oxoid 
 

  

     

Table 4: Sequence of primers. 

S. 

No 

Gene Primer Product   

size(bp) 

1. PelA-F (P1) 

PelA-R (P2) 

5'-GCTACGTGCCGTTCGTCAGCA-3' 

5'-CAGGCCGCCGAGGTAGACGTG-3'  

(Kuchma et al., 2010) 

 

146 

2. PelG-F (P1) 

PelG-R (P2) 

5'-TATTGCTGGCGACCCTGTTCGATG-3' 

5'-ATGAAACGCAGCAGGTAGGCACAG-3' 

Designed using Primer 3 

 

190 

3. 16S rRNA-F 

(P1) 

16S rRNA-R 

(P2) 

5'-AGAGTTTGATCCTGGCTCAG-3' 

5'-ACGGGCGGTGTGTRC-3' 

Designed using Primer 3 

 

1394 

4. SCO-F (P1) 

SCO-R (P2) 

5'-GGCGTCTAGATCACCAACCGGCATGC-3' 

5'-CAGACCGCTTCTGCGTTCTG-3' 

(Shank et al.,2006) 

 

600 
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Results 

 

Isolation of Pseudomonas aeruginosa  

A total number of 210 samples were collected and screened from six surgical wards of 

PIMS (Pakistan Institute of Medical Sciences, Islamabad, Pakistan) hospital from 

November 2007 to February 2009. It was found that out of these 210 samples, 102 were 

positive for the presence of Pseudomonas aeruginosa. 

 

Identification of Pseudomonas aeruginosa  

Microscopically, Pseudomonas was identified as Gram-negative rods, mostly singly and 

in pairs or in short chains, i.e., green or occasionally white, slightly raised colonies after 

overnight incubation. P. aeruginosa was found to give a positive result for Oxidase test, 

gelatin hydrolysis and Catalase test. P. aeruginosa does not ferment carbohydrates. On 

selective medium (Pseudomonas Cetrimide agar) P. aeruginosa produced green to blue 

pigment. The overall occurrence of P. aeruginosa isolates in surgical wards is given in 

Table 5. 

 

Table 5: Overall occurrence of Pseudomonas aeruginosa isolates in surgical wards. 

Clinical Units Number of isolates Percentage (%) 

   

Surgical ward 1 23 22.6 

Surgical ward 2 

 

30 

 

29.4 

 

Surgical ward 3 

 

6 

 

5.9 

 

Surgical ward 5 

 

11 

 

10.8 

 

Surgical ward 6 

 

19 

 

18.6 

 

Surgical ICU 

 

13 

 

12.7 

   

Total 102 100.0 
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PCR amplification of 16S rRNA gene 

Eight clinical isolates were further identified by PCR extension of their 16S rRNA gene. 

The size of the amplicon was expected to be 1394 base pairs (bp). When the PCR 

amplified product was run on SYBR safe stained agarose gel and visualized under UV 

light, an amplicon of 1394 bp was observed in case of all clinical isolates tested (Fig. 2). 

The PCR amplification products were sequenced and analyzed using BLAST software. 

Sequences of eight of the amplified products showed 99% similarity to other well 

characterized strains of P. aeruginosa in NCBI Genbank. The phylogenetic analyses were 

done by Molecular Evolutionary Genetics Analysis Program (MEGA) version 4.0.1. 

Neighbor-Joining (NJ) analysis was carried out using Maximum Composite-likelihood 

model with uniform rates among the sites, the 1000 bootstraps replicates were used to 

evaluate the significance of the generated tree. Some sequences of Pseudomonas putida 

were also use to route the tree and all these sequences clustered into a separate group. 

The phylogeny showed that the isolates showed close similarities with the Pseudomonas 

aeruginosa and they all grouped into same cluster with 100 bootstrap values which 

signifies the tree (Appendix V).  

 

Fig. 2: Agarose gel electrophoresis analysis of the 16S rRNA gene amplicons from 

various isolated strains 
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Demographic data analysis 

Out of total 102, 23 (22.55%) and 79 (77.45%) of P. aeruginosa isolates were isolated 

from females and males, respectively. Gender specific distribution of P. aeruginosa 

among patients with various age groups is given in Fig. 3. Most of the patients with 

infected wounds belonged to age group 31-50 years [i.e., 44 out of 102 (43.12%)], 

followed by 11-30 years, 51-70 years and above 70 years aged patients [i.e., 33 out of 

102 (32.35%), 23 out of 102 (22.55%) and 2 out of 103 (1.96%) respectively]. In the 

present study the number of male patients with P. aeruginosa wound infection was found 

to exceed the number of female patients among all the age groups. 

 

Most of the males belonged to the age group 31-50 years [i.e., 34 out of 79(43.04%)] 

followed by 11-30, 51-70, and above 70 years age group [i.e., 25 out of 79 (31.65%), 18 

out of 79 (22.78%) and 2 out of 79 (2.53%), respectively]. Similarly, most of the females 

belonged to the age group 31-50 years [i.e., 10 out of 23 (43.48%)] followed by 11-30 

and 51-70 years [i.e., 8 out of 23 (34.78%) and 5 out of 23 (21.74%), respectively]. 

Among age group >70 years, P. aeruginosa was not isolated from a single female patient.  

 

 

Fig 3: Gender specific distribution of P. aeruginosa among patients with different age 

groups. 
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Site of infection 

Site of infection of each isolate was determined. Four major categories as determined by 

Shittu et al. (2003) with some modification, are listed in Table 6. The highest number [39 

(38.20%)] of P. aeruginosa isolates was isolated from limbs followed by abdomen, pelvis 

and head and neck [37( 36.3%), 17(16.7%) and 9(8.8%), respectively]. 

 

Table 6: Distribution of site of isolation of P. aeruginosa isolates. 

Site of Infection Number of isolates Percentage (%) 

Abdomen 37 36.3 

 

Pelvis 

 

17 

 

16.7 

 

Limbs 

 

39 

 

38.2 

 

Head and Neck  

 

9 

 

8.8 

   

Total 102 100.0 

 

 

Antimicrobial susceptibility testing by Disc Diffusion Assay (Kirby-Bauer) 

A total of 102 Pseudomonas aeruginosa isolates were tested for antimicrobial 

susceptibility by disc diffusion technique. The antimicrobial susceptibility was performed 

on each isolate by using 10 antibiotics (Table 3). Most of the isolates were resistant to 3
rd

 

generation cephem class of antibiotics, i.e., ceftazidime (77.5%), cefoperazone (76.5%) 

and cefotaxime (98%) as mentioned in Table 7. While carbapenems (imipenem and 

meropenum) were found to be the most effective drugs because only 25.5% isolates 

showed resistance to imipenem and 29.4% isolates were resistant to meropenem. 

 

Among the 3 aminoglycosides tested (i.e., gentamicin, amikacin and tobramycin), 

amikacin was found to be the most effective with 44.1% isolates showing sensitivity 

followed by tobramycin and gentamicin (i.e., 36.3% and 34.3% sensitivity, respectively). 

Ciprofloxacin, which is a fluoroquinolone, was effective against 45.1% isolates. 

Piperacillin (penicillin group) was found to be active against 35.3% isolates. 
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Table 7: Antimicrobial susceptibility pattern of P. aeruginosa. 
 

 

S.No. 

 

Antibiotic 

Resistant Sensitive 

Number (%) Number (%) 

1 Gentamicin 67 65.7 35 34.3 

2 Amikacin 57 55.9 45 44.1 

3 Tobramycin 65 63.7 37 36.3 

4 Ciprofloxacin 56 54.9 46 45.1 

5 Imipenum 26 25.5 76 74.5 

6 Meropenum 30 29.4 72 70.6 

7 Ceftazidime 79 77.5 23 22.5 

8 Cefoperazone 78 76.5 24 23.5 

9 Cefotaxime 100 98 2 2 

10 Piperacillin 66 64.7 36 35.3 

 

Antimicrobial multidrug resistance and biofilm (pellicle) formation 

Out of total 102 P. aeruginosa isolates, 72 (70.59%) showed multidrug resistance while 

30 (29.41%) were sensitive. When the distribution of clinical isolates on the basis of 

pellicle formation was observed, it was found that many [i.e., 39 out of 102 (38.23%)] of 

the isolates formed moderate biofilm followed by non- producers, strong and weak 

biofilm producer group [i.e., 34 out of 102 (33.33%), 15 out of 102 (14.7%) and 14 out of 

102 (13.72%) respectively]. Biofilm formation was correlated with multidrug resistance 

against three or more antibiotics it was found that no association existed between them. 

Most of the drug resistant isolates were non biofilm producers [i.e., 28 out of 72 

(38.89%] followed by moderate strong and weak biofilm producers [i.e., 26 out of 72 

(36.11%), 11 out of 72 (15.28%) and 7 out of 72 (9.72%) respectively]. While many of 

the drug sensitive isolates were moderate biofilm producers [i.e., 13 out of 30 (43.33%)] 

followed by weak, non- producer and strong biofilm producer group [i.e., 70 out of 30 

(23.33%), 6 out of 30 (20%) and 4 out of 30 (13.33%), respectively] as shown in Fig. 4.   
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Fig 4: Relationship between biofilm (pellicle) production and the resistance pattern 

among the isolates grouped as non-producers, weak producers, moderate producers and 

strong producers of biofilm, based on the density of pellicle layer production. 

 

Biofilm (pellicle) formation and Congo red assay  

Out of total 102 clinical isolates, 20 were found to produce slight amount of 

exopolysaccharide identified by their light red colony formation. This light red colony 

former group possessed equal number of non- producer and moderate biofilm producer 

isolates [i.e., 7 each out of 20 (35%)] followed by weak and strong biofilm producers 

[i.e., 4 out of 20 (20%) and 2 out of 20 (10%), respectively]. Many of the colonies 

forming red colonies on Conge red agar plates were moderate biofilm producers [i.e., 15 

out of 36 (41.67%)] followed by non- producers, strong and weak biofilm producer group 

[i.e., 10 out of 36 (27.78%), 6 out of 36 (16.67%) and 5 out of 36 (13.88%), respectively]. 

Isolates that produced large amount exopolysaccharide were characterized by their dark 

red colony color. Among these dark red colony forming isolates, most [i.e., 8 out of 20 

(40%)] were moderate biofilm formers, followed by non producers, strong weak biofilm 

producer group [i.e., 5 out of 20 (25%), 4 out of 20 (20%) and 3 out 20 (15%), 
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respectively]. Association between pellicle production and Congo red assay is presented 

in Fig. 5. 

 

Pellicle formation by the clinical isolates was correlated with the exopolysaccharide 

production (by observing color development by the colonies as in Fig. 6). It was found 

that many [i.e., 36 out of 102 (35.3%)] of the isolates formed significant amount of 

exopolysaccharide thus they produced red color colonies on Congo red agar plates 

followed by white colony producers group, i.e., 26 out of 102 (25.5%). While equal 

number of isolates was producing light red and dark red colonies, i.e., 20 each out of 102 

(19.6%). Many of the white colonies (indicating no polysaccharide production) were non- 

pellicle producers [i.e., 12 out of 26 (46.15%)] followed by moderate, strong and weak 

biofilm producers [i.e., 9 out of 26 (34.62%), 3 out of 26 (11.54%) and 2 out of 26 

(7.69%), respectively].  

 

 

 

 

Fig 5: Relationship between biofilm (pellicle) production and exopolysaccharide 

production. Isolates were grouped as non-producers, weak producers, moderate producers 

and strong producers of biofilm, based on the density of pellicle layer production. 
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             PA14 

 
             ΔpelA 

 
            ΔBifA   

 

 

 

 
              99 

 
              82                

 
              47 

 

 

 

 
             160 

 
             194 

 
             109 

 

 

 

 
               2 

 
             113 

 

              

 

Fig 6: Congo red binding assay for exopolysaccharide production. Appearance of dark 

red color colonies indicates high exopolysaccharide production by that strain. 
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Congo red assay and antibiotic resistance pattern 

Many isolates showing resistance against three or more classes of antibiotics developed 

red [i.e., 24 out of 72(33.33%) or dark red [i.e., 18 out of 72(25%)] colonies on Congo 

red agar plates followed by white and light red colony producer group [i.e., 17 out of 72 

(23.61%) and 13 out of 72 (18.06%), respectively]. Similarly, many sensitive isolates 

formed a light red colony with slight polysaccharide production [i.e., 12 out of 30 (40%)] 

followed by white, red and dark red colony producers [i.e., 9 out of 30 (30 %), 7 out of 30 

(23.33%) and 2 out of 30 (6.67%), respectively] as shown in Fig. 7. 

 

 

 

Fig 7: Congo red assay for exopolysaccharide production and the resistance pattern 

among the isolates. 
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PCR amplification of polysaccharide producing genes         

PCR amplification of pelA and pelG gene 

Colony PCR of 8 isolates (two isolates randomly selected from each four different sites 

of infections) was carried out with pel primer pairs (Table 2). As expected, amplicons of 

146 bp and 190 bp corresponding for pelA and pelG were seen in all the tested samples 

(Fig. 8, 9).  

                                       

 

 

Fig 8: PCR amplification of pelA gene demonstrating the expected 146 bp products for 

some tested samples 
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Fig 9: PCR amplification of pelG gene in some selected samples. 

 

Viable cell counts (CFU/ml) 

All of the 8 isolates of P. aeruginosa showed almost same CFU/ml as that of lab strain 

PA14, i.e., ~10
9 

CFU/ml.  

 

Swimming Motility of P. aeruginosa 

Swimming motility of Pseudomonas aeruginosa is dependent on the presence of motile 

flagellum and low agar concentrations. It was found that all of the clinical isolates tested 

for swimming motility showed positive results in M63 salt medium indicating the 

presence of functional flagellum. 

 

Characterization of clinical isolates for group behavior  

(a) Biofilm formation assay 

Biofilm formation assay was carried out using 96-well microtiter plates. It was found that 

strain 99 was a hyper biofilm producer while strain 160 formed very little biofilm among 
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all the clinical isolates tested. The biofilm data were normalized to the respective 

planktonic growth (OD600). Biofilms developed by P. aeruginosa strains in a microtiter 

plate showing CV-stained wells is shown in Fig. 10. Strain 82 formed biofilm almost 

equal to that of PA14 while all other clinical isolates tested form biofilm less that PA14 

(Fig. 11). 

 

                               
    PA14                          ΔbifA                          ΔpelA                      82 

 

 

                                  
         2                            47                             113                           99      

                                    

                     
   109                              194                           160 

Fig 10: Biofilm formation in a microtiter plate assay. Shown are crystal violet stained 

wells.  
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Fig 11: Quantification of CV-stained biofilms (A550) normalized to their OD (A600). 

 

(b) Swarming and rhamnolipid production by P. aeruginosa 

In the presence of specific nutritional cues, swarming motility permits P. aeruginosa to 

travel across semi-solid surfaces. All of the eight clinical isolates tested for swarming 

motility showed a positive result with varying swarming phenotypes. One of the most 

important factors responsible for swarming motility is the secretion of rhamnolipids by P. 

aeruginosa. Rhamnolipid production was considered positive by the strains producting a 

blue halo around the colonies on CTAB plates.  

 

Six out of eight clinical isolates were positive for rhamnolipid production (Fig. 12). 

When the clinical isolates of P. aeruginosa were tested to check their response and 

sensing ability to neighboring swarms, it was found that all of them could sense the 

neighboring swarms resulting in change of their tendril direction as they approached the 

PA14 tendrils. Since stain 99 and strain 47 were non producer of rhamnolipids so the 

PA14 tendrils did not change their tendril direction while approaching them (Fig. 13).   
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PA14 

 
82 

 
160 

 

 

 
47 

 
194 

 
99 

 

 

 
2 

 
113 

 
109 

 

             

Fig 12: Production of rhamnolipid by P. aeruginosa strains. Rhamnolipid production 

results in the precipitation of CTAB and the formation of a dark blue halo that is outlined 

in white surrounding the colony 
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(A) 

  

        

(B)                                                                           (C) 

Fig 13: Swarms of P.aeruginosa responding to neighboring swarms. Swarming tendrils 

repelled by their neighbor swarming colony are rhamnolipid producers. (continued). 
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                           (D)                                                                      (E) 

        

                                (F)                                                                (G) 

Fig 13: Swarms of P. aeruginosa responding to neighboring swarms (continued). 
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                                (H)                                                                   (I) 

Fig 13: Swarms of P.aeruginosa responding to neighboring swarms. 

 

(c) Twitching motility of P. aeruginosa 

Clinical isolates produced variable levels of twitching motility. Laboratory strain PA14 

(twitching positive), and PA2960 (twitching negative) were used as controls. Six out of 

eight clinical isolates produced distinctive twitching motility while two (isolate 2 and 

113) were defective in their twitching motility on both enriched and minimal media, i.e., 

LB and M63. Slight increase in twitching zone (Fig. 14) was observed in almost all the 

clinical isolates tested on LB as compared to M63 medium, where LB was found to be a 

good supporting medium for twitching motility assay for P. aeruginosa as compared to 

medium M63. 
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LB            M63 LB M63 

 

 
PA14 

 

 
          PA14 

  

 
PA2960 

 

 
PA2960 

 

 

 
82 

 

 
            82 

  

 
194 

 

 
194 

 

 
2 

 
               2 

 

 
109 

 
109 

 

 
99 

 
              99 

 

 
160 

 
160 

 

 
47 

 
              47 

 

 
113 

 
113 

 

Fig 14: Stab assay for twitching motility. The twitching zone of different strains obtained 

at the interstitial surface of the agar and the plate was visualized after removing the agar 

layer and staining by crystal violet. 
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Biofilm specific antibiotic resistance assay 

Eight of the biofilm forming clinical Pseudomonas aeruginosa isolates were checked for 

their resistance against two different classes of antibiotics using 96 well microplate 

biofilm assay. The MBC of biofilm (MBC-B)- and planktonically (MBC-P) grown 

clinical isolates was determined for gentamicin, tobramycin (aminoglycosides) 

ciprofloxacin and ofloxacin (fluoroquinolones). It was found that biofilms of all the 

clinical isolates showed higher MBC when compared with their planktonic cells except 

for the strain No. 113, for which MBC could not be determined. Strain No. 82 and  194  

showed highest MBC-P value (i.e., 156 µg/ml) for gentamicin among the entire  P. 

aeruginosa strains tested but the MBC-B of the strain No. 194 was 8-fold higher as 

compared to  planktonic cells, while strain No. 82 had MBC-B 2-fold higher than its 

planktonic cells. The highest fold change in MBC value for gentamicin was observed in 

case of strain No. 47 (i.e., 32X). Strain No. 194 showed highest MBC-P for tobramycin 

(i.e., 64µg/ml) and also the highest fold increase in MBC-B value (i.e., 19.5X). 

Resistance of planktonically and biofilm grown clinically isolated P. aeruginosa strains 

against aminoglycosides is shown in Table 8. 

 

All P. aeruginosa strains showed remarkably higher MBC-B value for ciprofloxacin as 

compared to their respective planktonic cells. For ciprofloxacin, the MBC-B was 69.4-

fold higher (the highest among all the clinical isolates tested) for strain No. 109 and 194, 

as compared to their respective MBC-P values, followed by strain NO. 47, 82 and 99 

(i.e., each having 34.7 fold increase) while strain No. 2 and 160 possessed the least fold 

increase in their MBC values (i.e., 17.36X). Whereas, for ofloxacin, the highest fold 

increase in resistance was observed in case of strain No. 47 (i.e., 64X) followed by strain 

No. 109, 194 and 160 each having 32 fold increase. Similarly, the strain No. 82 possessed 

a 15.8 fold higher MBC value of their biofilm as compared to their planktonic cells. 

While strain No. 2 and 99 each showed the least fold increase (i.e., 7.9X) in their MBC 

values among all the clinical isolates tested (Table 9).  
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Table 8: Resistance of planktonically- and biofilm-grown non-mucoid clinically isolated P. aeruginosa strains against 

Aminoglycosides 

 

Strain No. 

 

Aminoglycosides 

 Gentamicin  

 

      MBC-P
a
                     MBC-B               Fold (X)        

    (µg/ml)                      (µg/ml)                 Change  

Tobramycin  

 

      MBC-P
a
                    MBC-B

a
                  Fold (X)         

      (µg/ml)                    (µg/ml)                     Change  

 

2 

 

39 

 

625 

 

16 

 

64 

 

312.5 

 

4.8 

 

47 

 

19.5 

 

625 

 

32 

 

19.5 

 

312.5 

 

16 

 

82 

 

156 

 

312 

 

2 

 

39 

 

156 

 

4 

 

109 

 

78 

 

312 

 

4 

 

39 

 

156 

 

4 

 

113 

 

∞ 

 

∞ 

 

ND 

 

∞ 

 

∞ 

 

ND 

 

194 

 

  156 

 

1250 

 

8 

 

64 

 

1250 

 

19.5 

 

99 

 

39 

 

312.5 

 

8 

 

39 

 

156 

 

4 

 

160 

 

39 

 

312.5 

 

8 

 

39 

 

312.5 

 

8 

 

PA14 

 

39 

 

156 

 

4 

 

19.5 

 

78 

 

4 

ND, not determined.   
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Table 9: Resistance of planktonically- and biofilm-grown non-mucoid clinically isolated P. aeruginosa strains against fluroquinolones. 

 

Strains 

 

Fluoroquinolone 

 

 Ciprofloxacin 

 

       MBC-P
a
              MBC-B

a
                     Fold         

      (µg/ml)               (µg/ml)                 Change (X)  

Ofloxacin 

 

      MBC-P
a
               MBC-B

a
                     Fold         

     (µg/ml)               (µg/ml)                  Change (X)  

 

2 

 

1.8 

 

31.25 

 

17.3 

 

7.8 

 

62 

 

7.9 

 

47 

 

1.8 

 

62.5 

 

34.7 

 

3.9 

 

250 

 

64 

 

82 

 

0.9 

 

31.25 

 

34.7 

 

3.9 

 

62 

 

15.8 

 

109 

 

1.8 

 

125 

 

69.4 

 

7.8 

 

250 

 

32 

 

113 

 

250 

 

∞ 

 

ND 

 

∞ 

 

∞ 

 

ND 

 

194 

 

1.8 

 

125 

 

69.4 

 

7.8 

 

250 

 

32 

 

99 

 

0.9 

 

31.25 

 

34.7 

 

          7.8 

 

62 

 

7.9 

 

160 

 

1.8 

 

31.25 

 

17.36 

 

7.8 

 

250 

 

32 

 

PA14 

 

3.9 

 

31.25 

 

8 

 

62.5 

 

250 

 

4 

ND, not determined.   
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Effect of loss of Pel EPS on biofilm antibiotic resistance in PA14 

The role of pel polysaccharide in biofilm antibiotic resistance of PA14 and its mutants, 

was determined. The mutants used in the present study showed a decrease in Pel –

dependent polysaccharide production capacity, i.e., ΔsadC, ΔpelA and ΔroeA as well as a 

double mutant ΔbifAΔroeA as compared to wildtype (PA14), while the ΔbifA mutant 

showed an increased pel-dependent polysaccharide synthesis. The double mutant 

ΔbifAΔroeA was used since it displayed a marked reduction in polysaccharide production 

as compared to wild type but still biofilm formation was not reduced in this double 

mutant.       

 

Biofilms formed by the mutants and the wildtype strains were tested for their resistance 

against two different classes of antibiotics using a 96 well plate biofilm assay. The MBC 

of biofilm - and planktonically -grown wildtype and mutants was found out for 

gentamicin and ciprofloxacin. No variation in the planktonic MBC was observed between 

wildtype and the mutant strains for either of these antibiotics (Tables 10 and 11).  

 

Wildtype biofilms showed 4-fold increase in MBC for gentamicin when compared to 

planktonic cells. The biofilm formed by the ΔbifA mutant had the same MBC for 

gentamicin as that of wildtype, signifying that enhanced pel-derived polysaccharide 

production in ΔbifA does not result in an increase in resistance (Table 10). Although Pel 

polysaccharide produced by the ΔpelA, ΔsadC, ΔbifAΔroeA and ΔroeA mutants was 

reduced as compared to wildtype, the MBC of these strains increased by 4-fold, 2-fold, 8-

fold and 2-fold, respectively, for gentamicin.  

 

For ciprofloxacin, the MBC-B was 8-fold higher for wildtype as compared to planktonic 

cells. In contrast to the studies using gentamicin, all the mutant strains tested for 

ciprofloxacin showed same MBC-B as that of wildtype (Table 11), indicating that the 

presence or absence of Pel polysaccharide does not affect the resistance against 

ciprofloxacin. 
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Role of loss of Pel EPS in biofilm producing antibiotic resistant P. aeruginosa strains 

against other aminoglycoside and fluoroquinolone antibiotics (tobramycin and ofloxacin) 

was also studied. No difference was found in the MBC-P of wildtype and the mutant 

strains when tested against tobramycin and ofloxacin (Table 10 and 11). A 4-fold higher 

MBC was observed for wildtype biofilm as compared to planktonic cells when tested for 

tobramycin. As observed for the other aminoglycoside (gentamicin), the MBC of biofilm 

grown ΔbifA was the same as that of wildtype when tested for tobramycin. This 

confirmed that increased production of Pel polysaccharide does not result in an increase 

in antibiotic resistance to aminoglycosides. The biofilm formed by ΔpelA, ΔsadC, 

ΔbifAΔroeA and ΔroeA mutants, all of which have lower Pel polysaccharide production 

than the wildtype, showed an increase in MBC for tobramycin when compared to 

wildtype (Table 10). Like ciprofloxacin, the MBC-B for ofloxacin was same for the 

wildtype and all mutants tested (Table 11).  

 



 
 

62 

Table 10: Resistance of planktonically- and biofilm-grown P. aeruginosa strains against aminoglycosides. 

 

Strain 

 

Aminoglycosides 

 
 

Gentamicin 

 

Tobramycin 

 

MBC-P
a
 

(µg/ml) 

Fold 

Change 

MBC-B
a
 

(µg/ml) 

Fold 

Change 

MBC-P
a
 

(µg/ml) 

Fold 

Change 

MBC-B
a
 

(µg/ml) 

Fold 

Change 

PA14 39
b
  156

b
  19 .5

b
  78

b
  

∆pelA 39
b
 1X

c
 625

b
 4X

c
 19 .5

b
 1X

c
 312.5

b
 4X

c
 

∆bifA 39
b
 1X

c
 156

b
 1X

c
 19 .5

b
 1X

c
 78

b
 1X

c
 

∆bifA ∆roeA 39
b
 1X

c
 1250

b
 8X

c
 19 .5

b
 1X

c
 625

b
 8X

c
 

∆sadC 39
b
 1X

c
 312.5

b
 2X

c
 19 .5

b
 1X

c
 625

b
 8X

c
 

∆roeA 39
b
 1X

c
 312.5

b
 2X

c
 19 .5

b
 1X

c
 625

b
 8X

c
 

99
d
 39

b
  312.5

b
  39

b
  156

b
  

99 

pelA::SCO 

 

ND
e
 

 

ND
e
 

 

ND
e
 

 

ND
e
 

 

39
b
 

 

1X
c
 

 

1250
b
 

 

8X
c
 

160
d
 39

b
  312.5

b
  39

b
  312.5

b
  

160 

pelA::SCO 

 

ND
e
 

 

ND
e
 

 

ND
e
 

 

ND
e
 

 

39
b
 

 

1X
c
 

 

1250
b
 

 

8X
c
 

a
MBC-P, MBC of planktonically grown cells; MBC-B, MBC of biofilm-grown cells.  

b
Values are from at least three separate experiments.  

c
Fold-change compared to WT grown under the same conditions.  

d
Clinical, non-mucoid P. aeruginosa isolate. 

e
ND, not determined.  The construct used to make this mutation confers gentamicin resistance and thus biofilm resistance to  

this antibiotic could not be determined for thses mutants. 
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Table 11: Resistance of planktonically- and biofilm-grown P. aeruginosa strains against fluoroquinolones. 

 

Strain 

 

Fluoroquinolone 

 

 

Ciprofloxacin 

 

Ofloxacin 

MBC-P
a
 

(µg/ml) 

Fold 

Change 

MBC-B
a
 

(µg/ml) 

Fold 

Change 

MBC-P
a
 

(µg/ml) 

Fold 

Change 

MBC-B
a
 

(µg/ml) 

Fold 

Change 

PA14 3.9
b
  31.25

b
  62.5

b
  250

b  

∆pelA 3.9
b
 1X

c
 31.25

b
 1X

c
 62.5

b
 1X

c
 250

b 1X
c
 

∆bifA 3.9
b
 1X

c
 31.25

b
 1X

c
 62.5

b
 1X

c
 250

b 1X
c
 

∆bifA ∆roeA 3.9
b
 1X

c
 31.25

b
 1X

c
 62.5

b
 1X

c
 250

b 1X
c
 

∆sadC 3.9
b
 1X

c
 31.25

b
 1X

c
 62.5

b
 1X

c
 250

b 1X
c
 

∆roeA 3.9
b
 1X

c
 31.25

b
 1X

c
 62.5

b
 1X

c
 250

b 1X
c
 

99
d
 3.9

b
  31.25

b
  7.8

b
  62

b  

99 

pelA::SCO 

 

3.9
b
 

 

ND
e
 

 

31.25
b
 

 

1X
c
 

 

7.8
b
 

 

1X
c
 

 
62

b 
 

1X
c
 

160
d
 1.8

b
  31.25

b
  7.8

b
  250

b  

160 

pelA::SCO 

 

1.8
b
 

 

ND
e
 

 

31.25
b
 

 

1X
c
 

 

7.8
b
 

 

1X
c
 

 
250

b 
 

1X
c
 

a
MBC-P, MBC of planktonically grown cells; MBC-B, MBC of biofilm-grown cells.  

b
Values are from at least three separate experiments.  

c
Fold-change compared to WT grown under the same conditions.  

d
Clinical, non-mucoid P. aeruginosa isolate. 

e
ND, not determined.  The construct used to make this mutation confers gentamicin resistance and thus biofilm resistance to  

this antibiotic could not be determined for thses mutants. 
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Effect of loss of Pel EPS on biofilm antibiotic resistance in clinical isolates 

In order to assess whether biofilm antibiotic resistance patterns observed in lab strains 

were also shown by clinical isolates, the assays described above were repeated with 

two clinical, non-mucoid isolates of P. aeruginosa, i.e., strain 99 and strain 160. The 

pelA mutation was produced by a single-crossover (SCO) insertion in the two clinical 

isolates. The SCO insertion was confirmed by PCR, and these mutants showed 

reduced Congo red binding (Fig. 15) and biofilm formation (Fig. 16). In case of these 

two clinical isolates, loss of Pel polysaccharide resulted in a slight decrease in biofilm 

development in the microtiter plate assay (Fig. 16). The single crossover mutants of 

the two clinical isolates, when grown on Congo red agar plates, also showed a slight 

decrease in the Pel polysaccharide as compared to their respective parent strain 

(Fig.15). Final confirmation of the SCO was done by doing PCR using primers, one 

that was pelA gene specific and the other that was vector (pMQ89) specific. The size 

of the amplicon was expected to be 600 bp as shown in Fig. 17. 

 

The MBC for planktonic and biofilm cells were measured for the clinical isolates and 

for their pelA mutants for ciprofloxacin, ofloxacin and tobramycin. Since the single 

crossover insertion in the clinical isolates was generated using the suicide vector 

pMQ89, which carries a gentamicin resistance marker, therefore, MBC for gentamicin 

could not be determined in the mutants of the clinical isolates. For all the antibiotics 

checked, there was no variation in the planktonic MBC of the pelA mutant and their 

respective wildtype for any of the antibiotics (Tables 9 and 10). Two of the biofilm 

forming clinical isolates, 99 and 160, showed a 4-fold and 8-fold higher MBC, 

respectively, for tobramycin when compared to planktonically cultured cells. The 

MBC of biofilm grown derivatives of the clinical isolates, 99 pelA::SCO and 160 

pelA::SCO, each was 8-fold higher for tobramycin when compared with their 

respective wildtype parent. Like the lab strain PA14, both the clinical isolates showed 

no variation in the MBC-B of pelA mutants and their respective wildtype when tested 

for fluoroquinolone resistance. 
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PA14 

 

ΔpelA 

 

 

99 

 

99 PelA::SCO 

 

 

160 

 

160 PelA::SCO 

Fig 15: Congo red binding assay for exopolysaccharide production. 
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Fig 16: Quantification of CV-stained biofilms (A550) normalized to OD (A600). 

                    

     

 

 

Fig 17: Confirmation of single crossover insertion by PCR amplification. 

Lane 1: 1 kb ladder, Lane 2: P. aeruginosa 99 PelA::SCO, Lane 3: P.aeruginosa 160 

PelA::SCO 
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Discussion 

Biofilms are known to occur regularly in numerous areas of public health and 

medicine (Donlan and Costerton, 2002). National Institutes of Health have stated that 

biofilms are present in 80% of all identified infections (Lewis, 2001). Infection is 

notorious in delaying the healing process of chronic wounds (Dow et al., 1999). 

Sessile bacteria, particularly inside biofilms, are thought to uphold wound healing by 

means of their simple presence (Percival and Bowler, 2004a). Biofilms, useful or 

harmful, are considered to be found in all chronic wounds. Pathogenic biofilms and 

the extracellular polymeric substances, toxins and exo-enzymes contained by them, 

extend the condition of inflammation in chronic wounds (Percival and Bowler, 

2004b). These pathogenic biofilms consequently comprise a key fear in wound cure 

because of their improved bacterial activity and the diminished efficiency of 

antimicrobial agents in their presence. Biofilms of P. aeruginosa generate a factor that 

guards the bacteria from the phagocytic activity of attacking PMNs, thus rendering 

them useless in their hard work for bacterial removal. This mechanism may elucidate 

the disappointment of antibiotics in clearing infections and their impaired role in 

wound healing (Bjarnsholt et al., 2008). 

 

The genes essential for pathogenicity in one strain of Pseudomonas aeruginosa may 

not be necessary for virulence in other strains and this is elucidated by the information 

that the virulence of this bacteria is a product of a collection of genes that work 

together in different combinations with diverse genetic backgrounds (Lee et al., 

2006). P. aeruginosa strains are extremely variable with respect to the presence of 

genes concerned with virulence (Finnan et al., 2004). With the information of the 

whole-genome sequence of P. aeruginosa, both PAO1 (Stover et al., 2000) and PA14 

(Lee et al., 2006) the relationship of reference strains with environmental and clinical 

isolates became feasible. In the present study, extracellular polysaccharide (pel) 

secretion of 102 clinical isolates of P. aeruginosa was explored to study if any 

association existed among source, gender, multi- drug resistance and biofilm 

formation. The other purpose of the study was to characterize a selected number of 

clinical isolates for their group behavior as a representative of the phenotypic 

diversity of P. aeruginosa population from Pakistan Institute of Medical Sciences 

(PIMS), and compare them with the lab strain PA14, since to our knowledge no 



 
 

68 

previous information on such investigations has been documented for this geographic 

area. In a country like ours, a low cost method for detection of biofilm is needed 

which require inexpensive equipment. 

 

Multidrug-resistant (MDR) P. aeruginosa strains have been documented in many 

parts of the world from clinical specimens with growing rates (D‘Agata, 2004; 

Lambiase et al., 2006; Navon-Venezia et al., 2005; Sa‘nchez et al., 2002). 

Association between virulence expression and antibiotic resistance is a very old issue; 

it appears to be a mission somewhat seldom taken on when compared with those 

concerning antibiotic resistance, biofilm formation and epidemiology of infections 

whose source is P. aeruginosa. From evolutionary point of view, the selection of 

MDR strains has been occurring for quite a short time ever since the 1940s. 

Investigation has showed that MDR bacteria, when grown in a selective medium, try 

to preserve their antibiotic resistance genes and are able to pull back through their 

prior levels of fitness during numerous hundreds of passages (Schoustra et al., 2006; 

Schrag and Perrot et al., 1996).  

 

In the present study, wound infection was found more in males (77.45%) than females 

(22.55%). Similar male predominance among P. aeruginosa isolates was found in 

other studies (Khan et al., 2008; Nadeem et al., 2009) as well. The resistance pattern 

of 102 isolates, against antimicrobial agents, was found out using disc diffusion 

technique. The highest resistance was observed against cephems and the least against 

carbapenems. Therefore, carbapenems (imipenem and meropenem) were found to be 

most effective among the antibiotics tested in the present study comparable to Ranjan 

et al., (2010). According to Khan et al., (2008) amikacin, imipenemm and meropenem 

showed high susceptibility against their clinical isolates of P. aeruginosa. In the 

present study, resistance to antibiotics was found to be variable, i.e., for gentamicin 

65.7%, amikacin 55.9%, tobramycin 63.7%, ciprofloxacin 54.9%, imipenum 25.5%, 

meropenum 29.4%, ceftazidime 77.5%, cefoperazone 76.5%, cefotaxime 98%, 

piperacillin 64.7%. Khan et al., (2008) have reported almost similar resistance pattern 

for gentamicin (67.8%), meropenem (28%) and imipenem (26.7%), and lower 

resistance for tobramycin, ceftazidime and amikacin (44, 30.2 and 24%, respectively) 

for their clinical isolates. In the present study, highest rate of infection was recorded 

in surgical ward 2 (plastic surgery/urology) (29.4%) followed by surgical ward 1 
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(orthopedic wards) (22.6%), while Khan et al., (2008) reported highest infection rate 

in orthopedic ward (24.61%) and OPD (20%). The infection was most common in 

patients (both male and female) of 31-50 years, while Ranjan et al., (2010) have 

showed that P. aeruginosa isolation was higher in male patients and most common in 

the age group of 21-40 years.  

 

Previous studies have associated pellicle formation with the pel polysaccharide 

biosynthesis operon (Friedman and Kolter, 2004a; Vasseur et al., 2005; Coulon et al., 

2010). Distinct strains of P. aeruginosa possess inconsistency in their abilities to 

structure pellicles under various culture conditions and form different colony 

characteristics. This phenotypic diversity is most probably the consequence of genetic 

differences among isolates (D‘Argenio et al., 2002; Friedman and Kolter, 2004a). 

Therefore, it was considered important to analyze multiple strains in the present study. 

Although, no direct correlation can be made between biofilm (pellicle) forming ability 

and multidrug resistance of the clinical isolates, but if only strong biofilm producer 

group distribution is observed it is clear that most of the strong biofilm producers (i.e., 

73.33%) are showing multidrug resistance. Cernohorská and Sláviková (2009) have 

reported that 66.6% of their polyresistant strains were biofilm producers. 

 

MDR Acinetobacter baumannii isolates are reported to adhere strongly to epithelial 

cells and polystyrene (Lee et al., 2008). Studies related to MDR Klebsiella 

pneumoniae strains showed a firm adhesion to intestinal epithelial cells (Di Martino et 

al., 1997). The adhesive characteristics depended on the antibiotic resistance profile 

of these strains. Colony characteristic is an easy-to-follow phenotypic feature and thus 

the morphotype is used as a key measure in the medical microbiology laboratory to 

pick isolates for detailed studies. The underlying biology, though, is multifaceted. The 

bacterial colony is a community of genetically similar microorganisms within which 

each cell experience a constantly altering microenvironment formed by the mass flow 

of metabolites, nutrients and the signals of its neighbors. As result, features of 

development and aging, secretion, motility, composition of the extracellular matrix 

and cell-to-cell communication directs the macroscopic appearance of a colony 

(Shapiro, 1998). In the present study, most of the MDR strains produced higher 

amounts of extracellular polysaccharides that bind to Congo red. While Deptula and 

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Cernohorsk%C3%A1%20L%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sl%C3%A1vikov%C3%A1%20P%22%5BAuthor%5D
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Gospodarek, (2010) reported that their MDR P. aeruginosa strains formed lesser 

quantities of exopolysaccharide binding to Congo red.  

 

Previously, P. aeruginosa virulence related research (both in vivo and in vitro) has 

employed isogenic mutants produced from strain PAO1. Even though PAO1 was 

formerly acquired from a human infected wound (Holloway et al., 1979), it has been 

passed on in vitro in various laboratories for many years. Thus, PAO1 might be no 

more comparable to recently isolated P. aeruginosa strains. A number of P. 

aeruginosa strains have been reported to be isolated from CF patients that possessed a 

larger genome sizes and showed greater genomic diversity than PAO1 (Head and Yu, 

2004). Another classically used lab strain of P. aeruginosa is PA14 (Rahme et al., 

1995) which was also originally isolated from infected wound, and is currently used 

as a model lab strain of P. aeruginosa for biofilm study. PA14 was used in this study 

to compare the behavior of clinical isolates of P. aeruginosa with this lab strain.   

 

The correlation of swarming and biofilm formation by P. aeruginosa has been 

discussed in detail in the literature (Merritt et al., 2007; Shrout et al., 2006). Together 

these behaviors are nutritionally controlled surface activities that are changed when 

there is a deficiency in the motility organelles (Murray et al., 2010). A selected 

number of clinical isolates was studied for their swimming motility, biofilm 

formation, swarming motility, rhamnolipids production and twitching motility. 

Analysis of the biofilms formation using a 96-well microtitre plates demonstrated that 

the isolates formed diverse biofilms as previously reported by Schaber et al., (2007) 

who have studied the diversity of biofilms formed by 5 quorum-sensing -deficient 

clinical isolates of P. aeruginosa. In contrast to 96-well microtitre plates used in the 

present study, Schaber et al., (2007) used a flow-through continuous-culture system 

and confocal laser scanning microscopy. Although the three abdominal isolates (i.e., 

No. 2, 47 and 113) used in the present study, formed more or less equal biofilms, the 

other four clinical isolates (i.e., No. 82, 99, 109 and 194) from the limb vary in their 

biofilm forming ability. The isolate from the pelvic region (i.e., No. 160) formed the 

least amount of biofilm. Schaber et al., (2007) have also suggested that the site of 

infection might not influence biofilm production by P. aeruginosa. Lee et al., (2005) 

have also established that clinical Pseudomonas aeruginosa isolates exhibit a high 

degree of phenotypic variability. Deligianni et al., (2010) studied diversity of biofilm 
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formtion of 96 CF isolates of P. aeruginosa using microtitre plate assay. They have 

illustrated a range of biofilm formation capability ranging from biofilm deficient 

phenotypes to those that produced extremely thick biofilms among these isolates.  

 

No significant difference was observed in motility phenotypes, when the clinical 

isolates were compared on the basis of the site of recovery as compared to that 

reported by Murray et al., (2010). There were a number of distinct swarming colony 

morphologies and no consistent relationship between swarming morphology and 

twitching phenotype was observed among the clinical isolates, which is in accordance 

with Murray et al., (2010). In the present study, two out of eight clinical isolates were 

not capable of repelling the foremost edge of a PA14 swarming colony and were 

therefore, considered non- producers of rhamnolipids, they are HAAs producer since 

the two isolates can swarm. Murray et al., (2010) reported that 47 out of 67 clinical 

isolates were not repelling the edge of a PAO1 swarming colony. Therefore, they 

concluded that secretion of HAAs and /or rhamnolipids is a main feature that 

regulates the swarming motility in P.aeruginosa clinical isolates. However, Schaber 

et al., (2007) reported that one out of five tested quorum-sensing –deficient clinical 

isolate were defective in twitching motility. Two of these 5 isolates swarm better than 

PAO1, 1 wound isolate did not warm and 2 showed a reduction in the size of their 

swarm colony. Out of 96 CF isolates of P. aeruginosa, Deligianni et al., (2010) found 

that 49% were positive for swimming motility, 27% showed twitching motility and 

52% swarming motility, while 47% were found to be non-motile. 

 

A previously developed technique by Ma et al. (2003) was used to calculate biofilm 

susceptibility testing of the clinical isolates. A total of 8 infected wound isolates, 

identified as Pseudomonas aeruginosa by 16S rRNA, were tested for resistance of 

their planktonic cells and biofilms against two classes of antibiotics, i.e., 

aminoglycosides and fluroquinolones. The strains were found less susceptible in 

biofilms as previously reported by Černohorska and Votava (2008). Similarly, Aaron 

et al., (2002) studied P. aeruginosa isolates collected from the respiratory discharge 

of 6 people with cystic fibrosis. They also found that isolates grown as biofilms were 

not as much of susceptible to bactericidal effects of individual antibiotics as compared 

to their planktonic life forms. Moskowitz et al., (2004) in their study found that the 

concentrations of β-lactam antibiotics that killed biofilm were quite higher than the 
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corresponding, traditionally calculated MICs. Planktonic bacterial cells of the clinical 

isolates showed a diversity in their susceptibility to the four antibiotics tested which is 

in accordance with the results of Schaber et al., (2004). Both PA14 and the clinical 

isolates showed increased values of MBC for biofilm as compared to their planktonic 

MBC (values lay between 2-fold increase and 32-fold increase). According to 

Borriello et al. (2004), resistance against antibiotics, within a biofilm, may achieve a 

value more than 10 times that of their planktonic counterparts. Whereas, sometimes 

this resistance can reach up to 1000-fold greater than their planktonic cells (Hoyle and 

Costerton, 1991). In the current study, susceptibilities of the clinical isolates when 

grown as biofilms did not always correlate with their susceptibility planktonic 

settings. It was observed that clinical isolates having the same MBC-P (for example, 

strain No. 2, 99 and 160 had MBC-P value 39 μg/ml with varing MBC-B values). It is 

suggested that bacteria within biofilm showed a totally different behavior than their 

planktonic counterparts. Previously, Schaber et al., (2007) and Aaron et al., (2002) 

have reported similar susceptibility behavior of their clinical isolates in planktonic 

and biofilm settings. All the 8 isolates showed highly varied (i.e., increased, decreased 

or equal) resistance when compared to PA14 against all the antibiotics used in both 

planktonic and biofilm assays. Beaudoin et al., (2010) reported that clinical isolates 

possessed an increased resistance against all antibiotics tested in both planktonic and 

biofilm assays as compared to laboratory P. aeruginosa strains. The difference in 

susceptibility patterns of these two related studies might be due to different 

geographic origins of the isolates. 

 

The three exopolysaccharides of P. aeruginosa (i.e., alginate, Pel and psl) are found to 

play some role in biofilm development under different circumstances (Ryder et al., 

2007). To find the function of pel gene in clinical isolates of Pseudomonas 

aeruginosa, pelA gene was mutated by single cross-over insertion in two of the well 

characterized clinical isolates. There was a decrease in Congo red binding of the 

mutants as compared to their parental strains and also a decrease in biofilm formation 

was observed in case of two mutants. The colony morphology of the two mutants 

changed from wrinkled to somewhat smooth appearance. Previously, Friedman and 

Kolter, (2004b) observed a similar behavior in mutants with a deletion of one or more 

pel genes and found that PA14 pel mutants showed flat smooth colonies as well as 

altered Congo red binding ability. According to Ryder et al., (2007) the pel locus 
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produced a glucose-rich matrix exopolysaccharide that was necessary for pellicle 

synthesis and biofilm structure in PA14 and PAK strains of P. aeruginosa.  

 

In the present study, it was found that the presence of Pel polysaccharide is not 

essential for biofilm antibiotic resistance of P. aeruginosa under the setting used, that 

is, in biofilms grown in microtitre plates. Data showed that biofilm antibiotic 

resistance increases for aminoglycosides when the Pel polysaccharide is reduced in 

both lab and clinical isolates of P. aeruginosa. Furthermore, the degree of increased 

biofilm resistance measured in these Pel deficient mutants is likely somewhat of an 

under-estimation given, that these mutants typically show some decrease in biofilm 

formation (Merritt et al., 2007, Merritt et al., 2010). It is possible that the pelA 

mutants produce a second EPS molecule, which might help explain our findings. 

Alternatively, it is possible that decreasing pel dependent polysaccharide might result 

in a compensatory upregulation of other factors that either directly or indirectly causes 

the observed resistance. Previously alginate and cyclic glucans have been 

demonstrated to protect biofilms from aminoglycosides by directly binding these 

cationic antibiotics (Hentzer et al., 2001; Mah et al., 2003; Sadovskaya et al., 2010). 

In addition, rugose small colony variants (RSCVs), which produce elevated levels of 

Pel and Psl, show increased tolerance to tobramycin, an aminoglycoside (Kirisits et 

al., 2005; Starkey et al., 2009). More recently, Colvin et al., (2011) have also assessed 

Pel‘s role in antibiotic resistance in a colony biofilm model. However, they have 

showed that Pel polysaccharide serve as a protective role in the biofilm matrix of P. 

aeruginosa. Since biofilm formation is a very sensitive phenomenon and even a slight 

change in the growth condition might result in a totally different result, so it might be 

possible that the difference in the results might be due to the different protocols used 

to grow the biofilm. Apart from using Pel mutants in the present study, four other 

PA14 mutants (i.e., roeA, sadC, bifA and bifAroeA) which were previously reported 

(Merritt et al., 2007; Merritt et al., 2010) to be involved in impacting the pel gene 

were used. For all of these mutant strains it was found that pel did not play any 

significant role in antibiotic resistance of their biofilms.  

 

A more detailed study of the role of Pel polysaccharide in biofilm antibiotic resistance 

will be necessary to address questions arising from this work. An absolute 

understanding of the organization and composition of the biofilm matrix of 
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Pseudomonas aeruginosa might help in the synthesis of new drugs that would target 

the biofilms, which in turn will result in a better clearance of these infections.  
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Conclusions 

• Most of the Pseudomonas aeruginosa isolates were from males and females, 

belonging to age group 31-50 years. 

• Most of the wounds infected by P. aeruginosa were found to ivolve the limbs 

and abdomen. 

• More than 50% of the isolates were found to be resistant to all antibiotic 

groups except for carbapenems.  

• Biofilm forming ability of clinical isolates cannot be considered as a marker 

for indication of multidrug resistance. 

• Most of the exopolysaccharide producing isolates showed multidrug 

resistance.  

• Clinical isolates of P. aeruginosa showed almost similar type of group 

behavior as that of laboratory strain (PA14).  

• Presence of Pel polysaccharide is not important for biofilm antibiotic 

resistance of P. aeruginosa under the conditions tested, i.e., biofilms grown in 

microtiter plates. 

• Biofilm antibiotic resistance increases against aminoglycosides when the Pel 

polysaccharide is reduced in both laboratory and clinical isolates of P. 

aeruginosa. 

• There was no difference in the biofilm resistance of any of the isolates when 

tested with fluoroquinolones when the Pel polysaccharide is reduced.  

• As observed in PA14, the clinical isolates of P. aeruginosa also showed 

increase in biofilm production by pel gene expression. 
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Future Prospects 

 This study shows that there is an urgent need to educate the patients and 

healthcare workers about the growing trends of antibiotic resistance. 

 

 This work will contribute in the development of a rapid and reliable 

identification and antimicrobial susceptibility methods. 

 

 Since wounds infections have always caused problems to cure, it is clear that 

there is need to understand the mechanism of biofilm antibiotic resistance in 

vivo. 

 

 This work forms the basis for further detailed study of pel polysaccharide 

because it is clear from this work that disrupting pel polysaccharide 

production to reduce biofilm formation does not lead to reduction in biofilm 

antibiotic resistance. 
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Appendix І: Pseudomonas cetrimide agar composition 
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Appendix ІІ: Phenol red broth composition 
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Appendix ІІІ: 5X M63 salt solution composition 

 

 

 

 

 

Dissolve in 4 liters of water 

 

 

Content Amount (g/L) 

Peptone 20.0 

MgCl2 1.4 

K2SO4 10.0 

Cetrimide 0.3 

Agar 13.6 

Content Amount (g/L) 

Phenol red indicator 0.018 

Peptone 5 

Meat extract 3 

NaCl 5 

Sugar (glucose or 

lactose) 

5 

Content Amount (g) 

KH2PO4 60 

K2HPO4 140 

(NH4)2SO4 40 
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Appendix ІV: 5X M8 salt solution composition 

 

 

 

 

 

 

Dissolve in 4 liters of water 

Appendix V: Phylogenetic relationship of the bacterial isolates on the basis of 16S 

rRNA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Content Amount (g) 

Na2HPO4.7H2O (or 30g 

Na2HPO4) 

64 

KH2PO4 15 

NaCl 2.5 

  

 P. aeruginosa strain 99

 P. aeruginosa-(JF911361)

 P. aeruginosa-(JN999889)

 P.aerogenosa strain 2

 P. aeruginosa-(JQ322234)

 P. aeruginosa-(JN999891)

 P. aeruginosa strain 47

 P. aeruginosa-(JN999890)

 P. aeruginosa strain 82

 P. aeruginosa-(JF911357)

 P. aeruginosa-(JF911358)

 P. aeruginosa-(JF911356)

 P. aeruginosa strain 194

 P.aeruginosa strain 113

 P.aeruginosa strain 160

 P. aeruginosa-(JN999888)

 P. aeruginosa-(JN661696)

 P. aeruginosa strain 109

 P. aeruginosa-CZO(JX441328)

 P. aeruginosa-(JQ659549)

 P. putida-(KC195899)

 P. putida-(KC246051)

 P. putida-(KC246039)

 P. putida-(KC207085)

 P. putida-(KC122697)

 P. putida-(JX501344)

 P. putida-(KC195907)

 P. putida-(JN695040)32

30

17

41

25

41

100

3

3

0

3

0

0

0

3

0

0

0

3

0
0

0

0

0

0

P. aeruginosa 

Cluster 

P. putida 

Cluster 
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Appendix VI: Sequence of 16S rRNA gene of the clinical isolates 

 

P. aeruginosa strain No. 2 

TGCNAGTCGAGCGGANGAAGGGAGCTTGCTCCTGGATTCNGCGGCGGACGGGTGAGT

AATGCCTAGGAATCTGCCTGGTAGTGGGGGATAACGTCCGGAAACGGGCGCTAATAC

CGCATACGTCCTGAGGGAGAAAGTGGGGGATCTTCGGACCTCACGCTATCAGATGAG

CCTAGGTCGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCGTAA

CTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACG

GGAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGC

GTGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTA

AGTTAATACCTTGCTGTTTTGACGTTACCAACAGAATAAGCACCGGCTAACTTCGTG

CCAGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAA

GCGCGCGTAGGTGGTTCAGCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAAC

TGCATCCAAAACTACTGAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAG

CGGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACT

GATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTA

GTCCACGCCGTAAACGATGTCGACTAGCCGTTGGGATCCTTGAGATCTTAGTGGCGC

AGCTAACGCGATAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGNTAAAACTCAAAT

GAATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCG

AAGAACCTTACCTGGCCTTGACATGCTGAGAACTTTCCAGANATGGATTGGTGCCTT

CGGGAACTCAGACACAGGTGCTGCATGGNTGTCGTCAGCTCGTGTCGTGAGATGTTG

GGTTAAGTCCNGTAACGAGCGCAACCCTTGTCCTTAGTTACCAGCACCTCGGGNGGG

CACTCTAAGGANACTG 

 

P. aeruginosa strain No.47 

TGGTAGTGGGGGATAACGTCCGGAAACGGGCGCTAATACCGCATACGTCCTGAGGGA

GAAAGTGGGGGATCTTCGGACCTCACGCTATCAGATGAGCCTAGGTCGGATTAGCTA

GTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCGTAACTGGTCTGAGAGGATGAT

CAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAA

TATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTT

CGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGTTAATACCTTGCTGTT

TTGACGTTACCAACAGAATAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTAATA

CGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTCA
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GCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCCAAAACTACTGA

GCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATA

TAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGATACTGACACTGAGGTG

CGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGAT

GTCGACTAGCCGTTGGGATCCTTGAGATCTTAGTGGCGCAGCTAACGCGATAAGTCG

ACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCNAATGAATTGACGGGGGCCCGC

ACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCTGGCNN

TGACNTGCTGAGAACTTTCCAGANATGGATTGGNGCCTTCGGGAACTCANACACAGG

TGCTGCATGGNTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCCCGTAACGA

GCGCNACCCTTGTCCTTAGTTACCAGCACCTCNGGTGGGCACTCTAAGGANACTG 

 

P. aeruginosa strain No. 82 

AGTCGAGCGGATGAAGGGAGCTTGCTCCTGGATTCAGCGGCGGACGGGTGAGTAATG

CCTAGGAATCTGCCTGGTAGTGGGGGATAACGTCCGGAAACGGGCGCTAATACCGCA

TACGTCCTGAGGGAGAAAGTGGGGGATCTTCGGACCTCACGCTATCAGATGAGCCTA

GGTCGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCGTAACTGG

TCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAG

GCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGT

GTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGTT

AATACCTTGCTGTTTTGACGTTACCAACAGAATAAGCACCGGCTAACTTCGTGCCAG

CAGCCGCGGTAATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGC

GCGTAGGTGGTTCAGCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCA

TCCAAAACTACTGAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGT

GAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGATA

CTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCC

ACGCCGTAAACGATGTCGACTAGCCGTTGGGATCCTTGAGATCTTAGTGGCGCAGCT

AACGCGATAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGAAT

TGACGGGGGCCCGCACAAGCGGTGGANCATGTGGTTTAATTCGAAGCAACGCGAANA

ACCTTACCTGGCCTTGACATGCTGAGAACTTTCCAGANATGGATTGGNGCCTTCGGG

AACTCANACACNGGTGCTGCATGGNTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTT

AAGTCCCGTAACGAGCGCAACCCTTGTCCTTAGTTACCAGCANCTCGGGNGGGNACT

CTANG 
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P. aeruginosa strain No. 99 

AGTNCGAGCGGANGAGGGAGCTTGCTCCTGGATTCAGCGGCGGACGGGTGAGTAATG

CCTAGGAATCTGCCTGGTAGTGGGGGATAACGTCCGGAAACGGGCGCTAATACCGCA

TACGTCCTGAGGGAGAAAGTGGGGGATCTTCGGACCTCACGCTATCAGATGAGCCTA

GGTCGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCGTAACTGG

TCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAG

GCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGT

GTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGTT

AATACCTTGCTGTTTTGACGTTACCAACAGAATAAGCACCGGCTAACTTCGTGCCAG

CAGCCGCGGTAATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGC

GCGTAGGTGGTTCAGCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCA

TCCAAAACTACTGAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGT

GAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGATA

CTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCC

ACGCCGTAAACGATGTCGACTAGCCGTTGGGATCCTTGAGATCTTAGTGGCGCAGCT

AACGCGATAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATGANT

TGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGA

ACCTTACCTGGCCTTGACNTGCTGAGAACTTTCCAGAGATGGATTGGTGCCTTCGGG

AACTCANACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTT

AAGTCCCGTAACGAGCGCAACCCTTGTCCTTANTTACCAGCACCTCNGGTGGGCACT

CTAAGGANACTGNCGGTGACAANCCNGNAG 

 

P. aeruginosa strain No. 109 

GCAGTCGAGCGGANGAAGGGAGCTTGCTCCTGGATTCAGCGGCGGACGGGTGAGTAA

TGCCTAGGAATCTGCCTGGTAGTGGGGGATAACGTCCGGAAACGGGCGCTAATACCG

CATACGTCCTGAGGGAGAAAGTGGGGGATCTTCGGACCTCACGCTATCAGATGAGCC

TAGGTCGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCGTAACT

GGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGGG

AGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGT

GTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAG

TTAATACCTTGCTGTTTTGACGTTACCAACAGAATAAGCACCGGCTAACTTCGTGCC

AGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGC

GCGCGTAGGTGGTTCAGCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTG
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CATCCAAAACTACTGAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGCG

GTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGA

TACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGT

CCACGCCGTAAACGATGTCGACTAGCCGTTGGGATCCTTGAGATCTTAGTGGCGCAG

CTAACGCGATAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGNTAAAACTCAAATGA

ATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAA

GAACCTTACCTGGCCTTGACATGCTGAGAACTTTCCAGANATGGATTGGTGCCTTCN

GGAACTCANACACAGGTGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGG

TTAAGTCCCGTAACGAGCGCNACCCTTGTCCTTANTTACCAGCNNCTTCGGGTGGGC

ACTCTAAGNANACTGNCGGNGACNAACC 

 

P. aeruginosa strain No. 113 

GCNAGTCNAGCGGANGAAGGGAGCTTGCTCCTGGATTCAGCGGCGGACGGGTGAGTA

ATGCCTAGGAATCTGCCTGGTAGTGGGGGATAACGTCCGGAAACGGGCGCTAATACC

GCATACGTCCTGAGGGAGAAAGTGGGGGATCTTCGGACCTCACGCTATCAGATGAGC

CTAGGTCGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCGTAAC

TGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGG

GAGGCAGCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCG

TGTGTGAAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAA

GTTAATACCTTGCTGTTTTGACGTTACCAACAGAATAAGCACCGGCTAACTTCGTGC

CAGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAG

CGCGCGTAGGTGGTTCAGCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACT

GCATCCAAAACTACTGAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGC

GGTGAAATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTG

ATACTGACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAG

TCCACGCCGTAAACGATGTCGACTAGCCGTTGGGATCCTTGAGATCTTAGTGGCGCA

GCTAACGCGATAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGTTAAAACTCAAATG

AATTGACGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGA

AGAACCTTACCTGGCCTTGACATGCTGAGAACTTTCCAGANATGGATTGGTGCCTTC

NGGAACTCAGACACAGGTGCTGCATGGNTGTCGTCAGCTCGTGTCGTGAGATGTTGG

GTTAAGTCCCGTAACGAGCGCAACCCTTGTCCTTANTTACCAGCACCTCGGGTGGGC

ACTCTAAGGANACTGNCGGTGACNAACCNGAG 
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P. aeruginosa strain No. 160 

TGGTAGTGGGGGATAACGTCCGGAAACGGGCGCTAATACCGCATACGTCCTGAGGGA

GAAAGTGGGGGATCTTCGGACCTCACGCTATCAGATGAGCCTAGGTCGGATTAGCTA

GTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCGTAACTGGTCTGAGAGGATGAT

CAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCAGCAGTGGGGAA

TATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTGAAGAAGGTCTT

CGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGTTAATACCTTGCTGTT

TTGACGTTACCAACAGAATAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTAATA

CGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCGTAGGTGGTTCA

GCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCCAAAACTACTGA

GCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGTGAAATGCGTAGATA

TAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGATACTGACACTGAGGTG

CGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGAT

GTCGACTAGCCGTTGGGATCCTTGAGATCTTAGTGGCGCAGCTAACGCGATAAGTCG

ACCGCCTGGGGAGTACGGCCGCAAGGNTAAAACTCAAATGAATTGACGGGGGCCCGC

ACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACCTTACCTGGCCT

TGACATGCTGANAACTTTCCANANATGGATTGGNGCCTTCGGGAACTCANACACNGG

TGCTGCATGGNTGTCGTCAGCTCGTGTCGNGAGATGTTGGGTTAAGTCCCGTAACGA

GCGCAACCNTTGTCCTTAGTTACCAGCANCNCNGGNGGGCACTCTAAGNNNNCTGNC

GGNGANNACNNNANNNNNGGGATGACGTCAAGTCATCNTGGCCCTT 

 

P. aeruginosa strain No. 194 

TCGAGCGGATGAGGGAGCTTGCTCCTGGATTCNGCGGCGGACGGGTGAGTAATGCCT

AGGAATCTGCCTGGTAGTGGGGGATAACGTCCGGAAACGGGCGCTAATACCGCATAC

GTCCTGAGGGAGAAAGTGGGGGATCTTCGGACCTCACGCTATCAGATGAGCCTAGGT

CGGATTAGCTAGTTGGTGGGGTAAAGGCCTACCAAGGCGACGATCCGTAACTGGTCT

GAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCAGACTCCTACGGGAGGCA

GCAGTGGGGAATATTGGACAATGGGCGAAAGCCTGATCCAGCCATGCCGCGTGTGTG

AAGAAGGTCTTCGGATTGTAAAGCACTTTAAGTTGGGAGGAAGGGCAGTAAGTTAAT

ACCTTGCTGTTTTGACGTTACCAACAGAATAAGCACCGGCTAACTTCGTGCCAGCAG

CCGCGGTAATACGAAGGGTGCAAGCGTTAATCGGAATTACTGGGCGTAAAGCGCGCG

TAGGTGGTTCAGCAAGTTGGATGTGAAATCCCCGGGCTCAACCTGGGAACTGCATCC

AAAACTACTGAGCTAGAGTACGGTAGAGGGTGGTGGAATTTCCTGTGTAGCGGTGAA
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ATGCGTAGATATAGGAAGGAACACCAGTGGCGAAGGCGACCACCTGGACTGATACTG

ACACTGAGGTGCGAAAGCGTGGGGAGCAAACAGGATTAGATACCCTGGTAGTCCACG

CCGTAAACGATGTCGACTAGCCGTTGGGATCCTTGAGATCTTAGTGGCGCAGCTAAC

GCGATAAGTCGACCGCCTGGGGAGTACGGCCGCAAGGNTAAAACTCAAATGAATTGA

CGGGGGCCCGCACAAGCGGTGGAGCATGTGGTTTAATTCGAAGCAACGCGAAGAACC

TTACCTGGCCTTGACATGCTGAGAACTTTCCAGAGATGGATTGGNGCCTTCGGGAAC

TCNGACACNGGTGCTGCATGGNTGTCGTCAGCTCGTGTCGNGAGATGTTGGGTTAAG

TCCCGTAACGAGCGCAACCCNTGTCCTTANTTACCAGCNC 
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