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1. Introduction 

In most natural environments, the process of bacterial surface association is prevailing cells 
lifestyle. The tendency of bacteria to colonize solid materials is advantageous from an 
ecological standpoint. This mechanism allows bacteria the colonization of a nutritionally 
favorable new niche and encouraging symbiotic relationships between the cells. Sessile 
mode of growth provides also some level of protection from external stresses (Costerton et 
al., 1995; Dunne, 2002; Russell, 2002). Anchored bacteria are being linked to common human 
diseases ranging from tooth decay and paradontose to nosocomial infections and both 
biliary tract and kidney infections (Costerton et al., 1999; Potera, 1999). According to Russell 
(1999) and Wood et al. (2011) 80% of bacterial chronic inflammatory and infectious human 
diseases involve biofilm. In industrial environments surface-bound bacteria are the potential 
source of contamination of processed material that in consequence may lead to spoilage or 
transmission of pathogens (Bower et al., 1996; Gunduz & Tuncel, 2006; Myszka & Czaczyk, 
2011).  

Attached bacteria to organic or inorganic surfaces form thin layer called biofilm or 
biological layer. Biofilms consist of a single microbial species or multiple microbial species 
(O’Toole et al., 2000). However mixed-species biological layers predominate in most 
environments, single-species biofilms occur in a variety of infections and on the abiotic 
surface exploited in medicine and industry practice (Adal & Farr, 1996; Donlan, 2002). 
Despite of difference of ecosystems in which biofilms can develop, in each case the 
component microbial cells reach homeostasis and are optimally organized to convert all 
available nutrients to usefulness products for cells (O’Toole et al., 2000; Sutherland, 2001; 
Myszka & Czaczyk, 2009).  

Biofilm-associated bacteria perform chemically diverse biocide-resistance phenotype (Mah 
& O’Toole, 2001; White & McDermott, 2001). It has been estimated that biofilms can tolerate 
antimicrobial agents (disinfectants, antibiotics, surphactants) at concentrations of 10-1000-
times that needed to inactivate genetically equivalent planktonic bacteria (Jefferson, 2004). It 
is worth point out that almost all clinically and industrially approved antimicrobial agents 
are being less active against sessile bacteria. So far selection of antimicrobial agents for 
industry and medical properties based on their activity against planktonic bacteria 
(estimation the indexes of the minimal inhibitory concentration (MIC) and the minimal 
bactericidal concentration (MBC) for different antimicrobial agents).  
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The problem of high resistance of biofilm to antimicrobials has not been dissolved yet. In the 
United States annual cost of eradication of biofilms in hospital conditions exceeded $ 1 
billion per year (Costerton et al., 1995; Archibald & Gaynes, 1997; Potera, 1999). Recent 
study demonstrated that biofilm resistance has a multifactorial character (Izano et al., 2009; 
Simões et al., 2009). Analysis of all described data can enable control of detrimental biofilms. 

2. Structure of biofilm 

Tolker-Nielsen & Molin (2000) stated that biofilms communities in natural environments 
have unique architecture although some structural features can be considered universal. 
Application of scanning confocal laser microscopy performed that biofilms formed on solid 
surfaces and exposed to a continuous flow of nutrients, are highly hydrated layers 
composed of microcolonies embedded in an organic polymer matrix of microbial origins 
(Lawrence et al., 1991; Gilbert et al. 2002a; Czaczyk & Myszka, 2007). Microcolonies are 
separated by water channels that allow the fluids to flow throughout the biofilm, making 
the distribution of nutrients and oxygen easer (Lindsay & von Holy, 2006; Shafahi & Vafai, 
2009). Moreover, the water channels between the microcolonies provide a means of 
removing metabolic end products (Davey et al., 2003; Lindsay & von Holy, 2006). This 
system of nutrients and metabolic end products distribution functions only in periphery 
regions of biofilms. The cells within biofilms are more tightly packed and have worse access 
to nutrients and oxygens. Differences in nutrients and oxygen availability within the biofilm 
structure affect in differences in metabolic activity among the cells. In addition, the cells 
within biofilms secrete signal molecules that control formation of microcolonies of 
complicated architecture and diverse function (Parsek & Greenberg, 2005). Structural 
heterogeneity of biofilm provides an effective barrier that limit penetration of antimicrobial 
agents throughout the biological layer (Nobile & Mitchell, 2007; Roeder et al., 2010). Kinetic 
diffusion of antimicrobial compound of relative molecular weight of 100kDa through 
mature biofilm might be reduced to 60-80% as compared with its action against planktonic 
cells (DeBeer et al., 1994; Stewart, 1996). Moreover, suspended cells are directly exposure to 
toxic compounds. Biofilm-associated bacteria are much less permeable to the biocides. 
DeBeer et al. (1994) observed this phenomenon investigating the rate of penetration of 
chlorine into Pseudomonas aeruginosa/Klebsiella pneumoniae biofilm matrix. Also Suci et al. 
(1994) noticed transport limitation of ciprofloxacin through Pseudomonas aeruginosa biofilm. 
In this study, during the 21-min exposure, the presence of the antibiotic in periphery region 
of tested biofilm reached only 20% of ciprofloxacin concentration in the bulk medium (Suci 
et al., 1994). Gilbert et al. (1989) used perfused biofilm fermentors, in combine with 
continuous culture and observed that much of resistance of Gram-positive and Gram-
negative biofilms was associated with the presence of nutrient-starved microocolonies. 

Darouiche et al. (1994) noticed that although the presence of vancomycin in a Staphylococcus 
epidermidis biofilm exceeded bactericidal concentration, it was not sufficient to kill surface-
bound bacteria. These authors support the notion that vancomycin resistance of 
Staphylococcus epidermidis biofilm, was not due to limited diffusion of the compound through 
biological layer, but rather to a reduction in the antimicrobial effect of the drug (Darouiche 
et al., 1994). Anderl et al. (2000) observed similar effect during investigation of rate of 
penetration of ampicillin and ciprofloxacin through Klebsiella pneumoniae biofilm. In this 
work, the inability of transport of ampicillin through biofilm was affected by the production 
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of the drug degrading enzyme β-lactamase. Ampicillin was able to penetrate biological layer 
formed by a β-lactamase–deficient mutant without difficulty. In contrast, ciprofloxacin 
diffused through Klebsiella pneumoniae biofilm without delay. Differences in the effect of 
penetration of both ciprofloxacin and ampicillin through Klebsiella pneumoniae wild-type and 
β-lactamase-deficient mutant biofilms, suggesting that biofilm resistance is multifactorial 
(Anderl et al., 2000). 

3. Glycocalyx 

Costerton et al. (1978) termed glycocalyx as the integral part of the biofilms of Gram-positive 
and Gram-negative bacteria. Glycocalyx known as either as slime or capsule may provide 
the forces responsible for cohesion and adhesion to the solid surfaces (Flemming, 1995; 
Mayer et al., 1999). This is performed by the weak interaction such as electrostatic 
interactions, hydrogen bonds and van der Waals forces (Flemming, 1995; Dunne, 2002). 
During biofilm maturation process, slime cementing and immobilizing the cells (Sutherland, 
2001). Glycocalyx in biofilm structure varies in its thickness from 0.2 to 1.0µm (Flemming et 
al., 1992; Flemming & Wingender, 2001; Branda et al., 2005). Its composition is remarkably 
flexible and is control by the nature of the biofilm growth environment (Brown & Williams, 
1985; Costerton, 1988; Anwar et al., 1990). The fibrous polysaccharides and globular 
glycoproteins components of the capsule are influenced by the condition applied upon 
cultivation. Brown & Williams (1985) and Costerton (1988) demonstrated that for the 
bacterial biofilm it is pivotal importance to maintain plasticity in the composition of its 
envelope to respond to changes in the growth environment. Such mechanisms enable the 
pathogenic bacteria surviving an extremely hostile environment when they enter the host 
(Anwar et al., 1990). 

Recent reports suggest that slimes are responsible for the microbial biofilm resistance 
(Drenkard, 2003; Leid et al., 2005). Glycocalyx may cause alterations in the gaining access of 
antibacterial molecules to its targets located inside the cells (Anwar et al., 1990; Beech et al., 
2005). According to Lewis (2001) glycocalyx matrix provides effective resistance for biofilm 
bacteria against large molecules such as antimicrobial proteins and their components. This 
physiological barrier is also effective against smaller peptides-defensins and their analogs 
(Lewis, 2001). Studies from a number of laboratories have concluded that the glycocalyx 
acting as a barrier, trapping antibacterial molecules from external environment and isolating 
the enclose cells from fluctuations in the surrounding environments (Gilbert et al., 1990; 
Flemming, 1995). The slime changes the charge and the free energy on bacterial surfaces, 
thereby limiting biocides transport (Hogt et al., 1986). Molecules binding capacity based on 
estimated number of available carboxyl and hydroxyl groups. The diffusion barrier’s role of 
glycocalyx may also vary according to its soluble state (Siegrist & Gujer, 1985; Hoyle et al., 
1992). Glycocalyx have been shown to accumulate antibacterial molecules up to 25% of their 
weight (Jang et al., 1990; Drenkard, 2003). Extracellular alginate, a slime produced by 
Pseudomonas aeruginosa has been studied for its ability to trap antimicrobial agents. This 
ability appears to be related to anionic nature of the exopolymer. Cationic substances can 
thus be retained within the matrix and prevented from acting upon the biofilm bacteria. 
Alginate has also been shown to bind positively-charged biocides and inhibit their activity 
(Suci et al., 1994). Also Hentzer et al. (2001) observed that alginate overproduction affects 
Pseudomonas aeruginosa biofilms resistance to antibiotic tobramycin treatment. On the other 
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hand, Dunne et al. (1993) and Yasuda et al. (1994) noticed that rifampicin, vancomycin, 
cefotiam and ofloxacin penetrated Staphylococcus epidermidis biofilms that formed on the 
dialysis membrane upon long-term exposure to antibiotics. These results support the notion 
that limitation of diffusion by glycocalyx matrix cannot always define resistance to 
antibacterial compounds. Transport limitations of biocides by glycocalyx depends on the 
present of the adsorption sites in the matrix (Carlson & Silverstein, 1998). After long-term 
exposure to antibiotics, saturating all possible binding sites in the glycocalyx matrix by the 
drugs enabled delivering and killing Staphylococcus epidermidis and Staphylococcus aureus 
biofilm (Dunne et al., 1993; Boles & Horswill, 2011). 

In addition, adsorption sites within glycocalyx may also serve to anchor exoenzymes from 
external environments. Such immobilized enzymes are capable to impede the penetration 
and action of susceptible drugs (Hoyle et al., 1990). Giwercman et al. (1991) found that β-
lactamases may accumulate in the glycocalyx of Pseudomonas aeruginosa giving the whole 
biofilm population the potential for decreased β-lactam susceptibility. In addition, in mixed-
species biological layers, the synthesis of neutralizing enzymes by one member of the 
community may confer protection for whole tested sessile populations (Stewart et al., 2000). 
Exoenzymes trapped within the biofilm matrix, may not only protect the sessile population 
from the antimicrobial activity of particular agents but also serve as a source of substrates 
scavaging the metabolites of biocides degradation and elimination (Morton et al., 1998).  

Another form of biocides quenching by glycocalyx matrix has been demonstrated by 
Characklis (1989). The author found that chlorine react with extracellular polysaccharides in 
the mature biofilms and that this results in disruption of the structure of biological layer. 
The effect of this process may cause problems especially in industry practice by release of 
biofilm fragments of pathogenic microorganisms into water phase (Characklis, 1989). On the 
other hand, under particular circumstances, released biofilm fragments are more sensitive to 
biocides treatment. Gaylarde and Videla (1994) reported that eradication of biofilm from 
The North Sea pipelines by biocides caused initially increasing of the sulphate reducing 
bacterial count in the liquid from 2x102CFU/ml to 3.1x103CFU/ml. Interestingly, 2 hours 
later, the amount of the sulphate reducing bacterial amount fell to the value of 
5,0x101CFU/ml. The study of Gaylarde and Videla (1994) indicated that liberated sessile 
bacteria are susceptible to antimicrobials agents.  

4. Metabolic and growth rate heterogeneity 

Differences in nutrients and oxygen availability within biofilm affect in differences in 
growth rate and metabolic activity of bacteria. Wentland et al. (1996) and Xu et al. (1998) 
used fluorescent probes and reporter genes to visualized patterns of bacterial growth and 
cells metabolic activities in biofilm. Different concentrations of the key metabolic substrates 
and products within biofilm proved that surface-bound communities contain cells at all 
phases of bacterial growth and cells at the different activity levels (Stewart, 2002). This leads 
to microbial population heterogeneity. The problem occurs both in single-species and 
mixed-species bacterial biofilms (Xu et al., 2000). Better access to nutrients and oxygen in the 
periphery region of biofilm promotes metabolic activity of cells. In this part of biological 
layer the bacteria are able to proliferate. In contrast, in the deeper part of biofilm the 
metabolic potential of bacteria is limited by the worse diffusion process of nutrients (Senior, 
2004). Chapman et al. (1993), Wentland et al. (1996) and Xu et al. (1998) identified slow-



 
Mechanisms Determining Bacterial Biofilm Resistance to Antimicrobial Factors 

 

217 

growing or stationary-phase cells inside biofilm matrix. It was characterized by the 
decreased level of RNA (tRNA and rRNA) synthesis and accumulation of a guanine 
nucleotide-guanosine 3’,5’-bis-pyro-phosphate (ppGpp). The authors demonstrated these 
effects in in vitro experiments by changing a conditions of biofilm maturation process from a 
nutrient-rich to a minimal ones (Chapman et al., 1993; Wentland et al., 1996; Xu et al. 1998).  

Similar information concerning the metabolic and growth rate heterogeneity of cells within 
biofilms has come from studies of cellular enzyme synthesis (Poulsen et al., 1993; 
Wimpenny et al., 2000). Mitchison (1969) performed that level of enzyme synthesis is 
influenced by a series of sequenced changes in the particular stage of the bacteria growth 
cycle. For instant in periphery sphere of bacterial communities where cells are able to 
proliferate, part of the cellular enzymes are continuously active, and part of them only 
double at specific point to allow equality in the daughter cells (Mitchison, 1969). Mitchison 
(1969) also demonstrated that during division stage cellular enzymes may be proportional to 
cell mass. In slow-growing or stationary-phase bacteria, cellular enzymes synthesis is 
arrested (Sternberg et al., 1999).  

Because most of biocides killing metabolically active bacteria, it has been proposed that 
bacteria at the dormant growth phase in the deeper region of biofilm are less susceptible to 
antimicrobial agents (Evans, et al., 1989; Toumanen, et al., 1989; Lewis, 2001; Stewart, 2002; 
Gilbert et al., 2002b; Bulter et al., 2010). These effects were observed in amino acid-starved 
communities where the cells were able to produce ppGpp (Pissbaro et al., 1990). Evans et al. 
(1989), Toumanen et al. (1989) and Duguid et al. (1992) investigated growth-rate-related 
effects upon laboratory conditions for biofilms of Pseudomonas aeruginosa, Escherichia coli and 
Staphyloccocus epidermidis. The authors stated that the sensitivities of biofilms cells to 
penicillin, tobramycin and ciprofloxacin increased with the increasing growth rate of 
examined bacteria. These results suggest that the dormant phase of bacteria biofilm protects 
the cells from antimicrobial action of antibiotics (Evans et al., 1989; Toumanen et al., 1989; 
Duguid et al., 1992). The slow growth rate plays also an important role in mediating 
resistance of Pseudomonas aeruginosa biofilm to β-lactams (Tanaka et al., 1999; Alvarez-
Ortega et al., 2010). According to Betzner et al. (1990) Escherichia coli at the dormant growth 
phase, activates the RelA-dependent synthesis of ppGpp that limits anabolic processes in 
cells. The presence of ppGpp suppressed the activity of a major Escherichia coli autolysin, 
SLT that makes the bacteria in non-growing zones of biofilm more tolerant to antibiotic 
treatment (Betzner et al., 1990). In addition, a mutation in relA, a gene coding ppGpp 
synthase, did not effect the growth rate. The population of relA mutants was more sensitive 
to killing by antibiotics. Rodionov and Ishiguro (1995) stated that ppGpp inhibits 
peptidoglycans production, that would explain the reduced levels of activity of the bacteria 
cell wall inhibitors. From a practical standpoint, it would be interesting to examine whether 
relA mutants become also eliminating by other antimicrobial agents that do not target the 
cell wall.  

In contrast, the Tanaka et al. (1999) researchers also demonstrated that growth rate 
heterogeneity in Pseudomonas aeruginosa biofilm did not limited bactericidal action of 
fluoroquinolones (Tanaka et al., 1999). In addition, Brooun et al. (2000) observed that 
Pseudomonas aeruginosa in non-growing zones of biofilms are resistant only to part of 
commercially available antibiotics. For instant, slow growth rate increased resistance of 
Pseudomonas aeruginosa to tetracycline, but did not influence on the resistance of examined 
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bacteria to tobramycin. In this experiment the susceptibility of majority of Pseudomonas 
aeruginosa cells within biofilms were not much different from what is stated for planktonic 
bacteria. The greater parts of Pseudomonas aeruginosa biofilm were killed by clinically 
achievable range of antibiotics concentrations (about 5µg/mg) (Brooun et al., 2000). Brooun 
et al. (2000) also reported that after biofilm maturation, further increase in the antibiotic 
concentration had no effect on killing of Pseudomonas aeruginosa biofilm. The results of 
Tanaka et al. (1999) and Brooun et al. (2000) reinforced the idea that under the particular 
circumstances metabolic and growth rate heterogeneity may only contribute to increasing 
tolerant of bacterial biofilms to antimicrobials agents. Brooun et al. (2000) also stated that 
only a small fractions of bacteria are responsible for the very high level of resistance of 
Pseudomonas aeruginosa biofilms. According to Lewis (2000) the greater number of bacteria in 
biofilms are usually not more resistance to killing than free-floating cells and die more 
rapidly after treatment with a lethal dose of antibiotics. Under particular circumstances 
bacteria in non-growing zones of biofilms are preserved by the presence of biocides that 
only inhibits their growth (Lewis, 2000; Singh et al., 2006).  

In biofilms metabolic activities of bacteria are controlled by oxygen availability. Biofilms of 
Pseudomonas aeruginosa grow in a gaseous environment of pure oxygen were killed by 
ciprofloxacin and tobramycin antibiotics (Walters et al., 2003). In contrast, Tresse et al. (1995) 
reported that reduction of oxygen availability enhanced of antibiotic resistance of agar-
entrapped Escherichia coli. Also Hill et al. (2005) observed that anaerobically biofilm-grown 
isolates of Pseudomonas aeruginosa were significantly less susceptible for meropenem, 
tobramycin and ciprofloxacin treatments. According to Yoon et al. (2002) under strict 
anaerobic conditions, bacteria form robust biofilm, and that specific gene products were 
essential to develop such anaerobic biofilms. Metabolic and phenotypic changes under 
anaerobic conditions lead to increased levels of biocide resistance of bacterial biofilms. Sauer 
et al. (2002) based on analysis of protein patterns of Pseudomonas aeruginosa mature biofilm, 
demonstrated that a large part of biological layer is exposure to oxygen limitation.  

5. Persister phenomena 

Bacterial biofilms include persisters, cells that neither grow nor die during exposure to 
bactericidal agents, thus exhibit multidrug tolerance (MDT) (Lewis, 2005; Cheng & 
Hardwick, 2007; Lewis, 2008). While measuring a dose-response of a Pseudomonas aeruginosa 

biofilm to ofloxacin, Brooun et al. (2000) observed that a fraction of persister cells was not 
killed even by very high doses of the antibiotics. These cells appeared invulnerable in 
contrast to fairly sensitive Pseudomonas aeruginosa biofilm (Brooun, et al., 2000). Also in 
Escherichia coli, increasing concentration of ciprofloxacin or imipenem leaded to an initial 
100- to 1000-fold reduce of live cells of a biofilm, remaining small population insensitive 
persisters to further increases in drug concentration (Ashby et al., 1994). These data suggest 
that most of the cells in the biofilm are as susceptible to bactericidal agents as planktonic 
bacteria. Only the persister fraction is responsible for survival of the whole sessile 
population (Ashby et al., 1994; Brooun et al., 2000). Also Spoering & Lewis (2001) noticed 
that stationary phase planktonic and sessile bacteria were tolerant to anitimicrobials at 
similar level and that resistance of stationary phase and biofilm bacteria was dependent on 
the persister fraction. In addition, the increased resistance to killing of biofilm is due to high 
level of persisters produced by stationary phase bacteria inside biofilm (Spoering & Lewis, 
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2001). It is also important to emphasize that persisters are not simply non-growing cells in 
stationary culture. Keren et al. (2004b) noticed that fluoroquinolones and mitomycin C 
eliminated the bulk of Escherichia coli biofilm and left 1-10% intact persisters. From a medical 
perspective, the presence of persisters in biofilm is problematic. In planktonic population, a 
fraction of persisters that survive antibiotic action, is eliminate by the immune system 
(Hoyle et al., 1990; del Pozo & Patel, 2007). Biofilm persisters are protected from the immune 
system by glycocalyx matrix. In sessile bacterial population persisters are responsible for 
biofilm regrowth when the antibiotics concentration decrease or when the treatment is 
discontinued (Hoyle et al., 1990; Lewis, 2000).  

The formation of persisters is dependent on the bacteria growth state (Lewis, 2007). Keren et 
al. (2004b) performed a test for measuring a rate of persisters after adding spent stationary 
medium to early log cells of Escherichia coli and Pseudomonas aeruginosa. Authors noticed that 
spent medium did not increase presisters of examined bacteria. In addition, persisters are 
rapidly lost if a stationary population is diluted (Keren et al., 2004b). The work of Keren et 
al. (2004b) demonstrated that formation of persisters dependent on the level of bacterial 
metabolic activity.  

Falla & Chopra (1998) suggested that presisters are not mutant, but rather dormant variant 
of the wild type cells. Keren et al (2004a) observed that repeated reinoculation maintaining 
the cells in an log phase affects to a complete loss of persisters in Escherichia coli population. 
The work of Keren et al. (2004a) suggest that persisters are not formed in response to 
bactericidal agents exposure. According to Lewis (2005) persisters representing specialized 
survival cells whose formation is controlled by the growth stage of the bacterial culture. 
Moreover persisters are the cells with forfeiting rapid propagation system which ensures 
survival of cells in presence of lethal doses of antimicrobial factors (Lewis, 2005).  

The tolerance of persisters to antibiotics works, not by preventing bactericidal binding, but 
by interfering with the lethal action of the compounds. Lewis (2007) postulated that 
persisters produce multidrug resistance protein (MDR protein) that shut down the antibiotic 
targets. It is worth point out that bactericidal properties of antibiotics occur by corrupting 
the target function of cells, rather than by inhibiting it. For instant, erythromycin blocks 
protein synthesis (Menninger & Otto, 1982). Streptomycin leads translational misreading, 
that produces truncated toxic peptides, causing the cell death. Shutting down the ribosome 
in a persister cells would produce tolerance to bactericidal aminoglycosides (Kornder, 2002; 
Lewis, 2005). According to Lewis (2005) persister protein can shut down most of antibiotics 
targets, formatting the resistant, dormant persister cells.  

The phenomenon of tolerance of persisters to antimicrobial agents has also been linked with 
programmed cell death (PCD) system (Webb et al., 2003; Lewis, 2005; Lewis, 2007). Lewis 
(2000) suggests that actions of antimicrobial compounds are not responsible for cell death, 
but that they lead to cell damage that indirectly trigger PCD. The most common observation 
of PCD in bacterial biofilm is autolysis of cells. Autolysis is a self-digestion of the cell wall 
by peptidoglycan hydrolases termed autolysin (Shockman et al., 1996). Both production and 
hydrolysis of peptidoglycan are essential for creating the cell wall, therefore some 
autolysisns are the part of normal bacteria growth activity in biofilm (Lewis, 2000). Because 
a bactericidal compound that diffuses throughout biofilm would not able to eliminate whole 
sessile population, Lewis (2005) proposed that persisters have a defective PCD mechanism. 
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The work of Moyed & Bertrand (1983) supported this statement. Moyed & Bertrand (1983) 
discovered in Escherichia coli a toxin-antitoxin system (hipAB locus) that has a potential of 
both killing the cells and improving survival after exposure to lethal doses of antimicrobial 
factors. The inactivation of the toxin-antitoxin systems by insertional elements or by 
mutation, induced defects in PCD system in Escherichia coli and made the bacteria more 
susceptible to antimicrobial agents (Han et al., 2011).  

6. Quorum sensing 

A mechanism which cannot be overlooked when discussing bacterial biofilm resistance to 
antimicrobial factors is quorum sensing. Within biofilm, bacteria are able to sense an increase 
of the cell population density and respond to it by the induction of particular set of genes 
(Whitehead et al., 2001; Shirtliff, et al., 2002; González & Keshavan, 2006; Turovskiy et al., 
2007). Quorum sensing termed also cell-to-cell signaling system, includes in gram-negative 
bacteria the production and secretion of an acyl homoserine lactones (AHL), which diffuse 
through the cell wall, from the cell to the medium (Eberl, 1999; Williams et al., 2007). 
Quorum sensing mechanism in gram-positive bacteria typically use secreted peptides as 
signal compounds and a two-component regulatory system (composed of a membrane-
bound histidine kinase receptor and an intracellular response regulator) to detect the 
peptide and trigger the required changes in gene expression (Kleerebezem et al., 1997; 
Suntharalingam & Cvitkovitch, 2005). A third examined form of quorum sensing mechanism 
employes a family of related molecules termed autoinducers-2. This system was found in 
both gram-negative and gram-positive bacteria (Platt & Fuqua, 2010). 

According to Whitehead et al. (2001) and González & Keshavan (2006) several important 
biofilm features are likely to affect signal molecules production. The number of active cells 
in the biological layer, which is influenced by the bacteria growth and the synthesis of both 
of glycocalyx matrix and degradative enzymes, may affects signal molecules production 
(Chopp, 2003; Mentag et al., 2003; Newton & Fray, 2004; Sakuragi & Kolter, 2007). Moré et 
al. (1996), Schaefer et al. (1996) and Parsek et al. (1999) observed that metabolic activity of 
gram-negative bacteria will likely affect the availability of cellular substrates pools for signal 
molecules production, S-adenosylmethionine and acyl-carrier protein, thereby increasing 
signal molecules production. For gram-negative bacteria, S-adenosylmethionine is the 
amino acid substrate necessary for the synthesis of quorum sensing signal compounds, 
whereas acyl carried protein is the donor of fatty acid chain in the biosynthesis of signal 
molecules of Vibrio fischerii (Eberhard et al., 1991).  

Quorum sensing mechanism controls also the biofilm maturation process (Davies et al., 1998; 
Costerton, 1999; Watnick & Kolter, 2000). The work of Kjelleberg & Molin (2002) and 
Williams et al. (2007) demonstrated that the diffusion process of signal molecules within 
biofilm is unlimited. Inside biological layers there are shorter-distance migration of signal 
molecules and therefore the contact between the cells and reaction to signal molecules by 
the cells is more probable (Whitehead et al., 2001). The role of signal molecules-mediated 
quorum sensing in biofilm formation has been examined for Brukholderia cenocepacia, 
Aeromonas hydrophila, Pseudomonas aeruginosa, Pseudomonas putida and Serratia marcescens 
(Davies et al., 1998; Huber et al., 2001; Lynch et al., 2002; Steidla et al., 2002; Labbate et al., 
2007). Davies et al. (1998) demonstrated that cell-to-cell signal N-(3-oxododecanoyl)-L-
homoserine lactone (3-oxo-C12-HSL) is needed for the development of Pseudomonas 
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aeruginosa biofilm with a wild-type structure: loosely packed biomass with a mushroom 
appearance with notable amount of extracellular polysaccharides and water channel 
traversing the entire the biological layer. Whereas, signal molecules-negative mutants of 
Pseudomonas aeruginosa, Brukholderia cenocepacia and Aeromonas hydrophila showed defects in 
the late stages of biofilm maturation and thus were unable to form biofilms with the wild-
type architecture (Huber et al., 2001; Lynch et al., 2002; Steidla et al., 2002; Labbate et al., 
2007). 

Because heterogonous architecture of biofilms and the synthesis of degradative enzymes 
deactivate biocides, it seems reasonable to speculate that biofilm antimicrobial agents 
resistance could also be influenced by quorum sensing system. Moreover, coordinated 
expression of quorum sensing-mediated phenotypes is crucial in cells migration to a more 
suitable environment/better nutrient supply and in adaptation to a new modes of growth, 
which may afford protection from deleterious environment (Whitehead et al., 2001; Abee et 
al., 2011). However, to date quorum sensing system as factor decreasing the biofilm 
susceptibility to antimicrobial agents has been studied in a limited number of strains. Davies 
et al. (1998) and Hassett et al. (1999) reported that exposure of quorum sensing-negative 
mutant biofilms to the antimicrobial agents SDS and hydrogen peroxide caused detachment 
and dispersion of surface-anchored bacteria. In addition, Hassett et al. (1999) have reported 
that cell-to-cell signaling mechanism in Pseudomonas aeruginosa controls the expression of the 
catalase and superoxide dismutase genes and mediates biofilms resistance to hydrogen 
peroxide. According Shih & Hoang (2002) quorum sensing-deficient mutant biofilms 
susceptibility to kanamycin correlated with thinner biofilm formation and lower EPS 
production. Above results provide evidences that biofilm respond directly or indirectly to 
environmental stress via a quorum sensing system.  

Interestingly, resent reports have also demonstrated chelating properties of cell-to-cell 
signals (Schertzer, et al. 2009). Such non-signaling features were stated for Pseudomonas 
aeruginosa quorum sensing molecules. Weinberg (2008) examined multiple meaning of quorum 
sensing system in mixed-species bacterial population. The author performed that 
Pseudomonas aeruginosa may kills competing bacteria in the growth environment by 
hijacking the bacteria’s iron stores using 2-heptyl-3-hydroxy-4-quinolone signal. According 
to Weinberg (2008) Pseudomonas quinolone signal is a high affinity iron chelator. The ability 
of signal molecules to trap external positive-charged compounds is similar to antimicrobial 
action of glycocalyx matrix (Schertzer, et al, 2009). However, this role of cell-to-cell signal 
molecules to biofilm resistance properties needs to be examined in more detail. 

7. General stress response  

A general stress response is characterized by numerous changes in bacteria physiology and 
morphology that increasing cellular stress resistance (Hengge-Aronis, 1999; Lee et al., 2009). 
The formation of cell envelope and synthesis of thin aggregative fimbriae in Escherichia coli 
and Salmonella enteritis serovar Typhimurium are both under control of general stress 
response. These features affect cell to cell contact (Atlung & Brøndsted, 1994; Römling et al., 
1998). Moreover, the study of Hengge-Aronis et al. (1993) performed that under extreme 
conditions, the general stress response functions as a factor preventing cellular damage 
rather than repaired it. This mechanism induced by many different stresses including 
nutrients deprivation (which results in stationary phase of bacteria growth cycle), high or 
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low temperature, high osmolarity and acidic pH (Lange & Hengge-Aronis, 1991; Lee et al., 
1995; Xu et al., 2001). Some evidences suggest also that biofilm development process leads to 
an early general stress response (Brown & Barker, 1999). 

Exposure of Escherichia coli to adverse environments can induce RpoS, a sigma subunit of 
RNA polymerase, that acts as a central regulator. In Escherichia coli above 50 sigma factor-
controlled genes determine stress tolerance of cells, whereas others mediate the 
physiological rearrangement or redirect the metabolism of bacteria upon stress condition 
(Hengge-Aronis, 1999; Whiteley et al., 2000). Analysis of the molecular reactions in dense 
population of Escherichia coli revealed the influence of sigma factor-controlled genes on 
production of trehalose (Liu et al., 2000). Trehalose is the stress protectant in bacteria. In 
Escherichia coli, this molecule acts as osmoprotectant and is essential for bacteria desiccation 
tolerance (Strøm & Kaasen, 1993; Welsh & Herbert, 1999). Trehalose also plays an important 
role in thermotolerane of Escherichia coli (Hengge-Aronis et al., 1991). rpoS mutants that 
devoided of the typical features associated with the general stress response were unable to 
accumulate trehalose and they died off rapidly in stationary phase (Hengge-Aronis et al., 
1991; Lange & Hengge-Aronis, 1991; McCann et al., 1991).  

In bacterial populations, RpoS-controlled promoter regions include multiple binding sites 
for additional regulators such as cAMP-CRP or the histone-like proteins H-NS, leucine-
responsive regulatory protein (Lrp), integration host factor (IHF) and FIS (Barth et al., 1995; 
Marschall et al., 1998). These regulators determining RpoS specificity (Marschall, et al. 1998).  

As focused in literature, the general stress response acts both as a rapid emergency response 
and as a long-term mechanism, that enables the cell adaptation to nutrient deprivation and 
other environmental stresses that cause changes in cellular metabolism (Gentry et al., 1993; 
Hengge-Aronis, 1999). Activation of the general stress response in the cells, immobilized in 
biofilm matrix, may results in increasing resistance to biocides action (Drenkard, 2003). 
However, this mechanism needs to be examined in more detail. Drenkard (2003) 
demonstrated that the general stress response maintain cell viability upon stationary phase 
when nutrients availability is limited. It is highly probable that environments within biofilm 
would promote the expression of the RpoS. This process affecting the physiological changes 
that mediate protection of biofilms to environmental stresses (Drenkard, 2003). Adams & 
McLean (1999) observed that Escherichia coli that lack rpoS are unable to form biofilm of wild 
type architecture. The study of Cochran et al. (2000) demonstrate that thin biofilms formed 
by Pseudomonas aeruginosa mutants of rpoS are susceptible to hydrogen peroxide.  

8. Efflux pumps 

Efflux pumps can affect both intrinsic and acquired resistance to antimicrobial agents by 
applying the energy to limit the cytoplasmic compound concentration to subtoxic level 
(Nikaido, 1992; Hogan & Kolter, 2002; Liaw, et al., 2010). Efflux system was first described as 
a mechanism of negatively impact to tetracycline susceptibility in Escherichia coli population. 
It was the plasmid-encoded single component Tet protein export of tetracycline throughout 
the cytoplasmic membrane (Ball et al., 1980).  

A set of efflux systems facilitates bacteria to survive in extreme environments. Bacterial 
efflux pumps are involved in the multidrug resistance (MDR) phenotype combined with 
other more specific resistance systems including target mutation and enzymatic 
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modification of antimicrobial agents (Zgurskaya & Nikaido, 2000; Davin-Regli et al., 2008; 
Bolla et al., 2011). The mechanism of efflux pumps in Escherichia coli, Enterobacter aerogenes 
and Klebsiella pneumoniae may also serve down regulation of porin production that slow 
down the penetration of hydrophilic solutes, and decrease the transmembrane diffusion of 
lipophilic solutes (Nikaido & Vaara, 1985; Plésiat & Nikaido, 1992; Li & Nikaido, 2004; Pagés 
et al., 2008). However, under particular circumstances, the outer membrane barrier cannot 
be the whole explanation of the bacteria resistance to inhibitors (Nikaido 1996). In fact, the 
equilibration across the outer membrane is reached very quickly, in the part of the surface-
to-volume ratio that is very large to compare with bacterial cell size. Thus, the periplasmic 
concentration of many antibiotics may achieve 50% of their external value (Nikaido, 1989). 

In the literature, numerous plasmid and chromosome-encoded efflux systems, both agent- 
or class-specific and multidrug have been performed in a various of microorganisms where 
they are the major determinant in the intrinsic resistance of the bacteria to action of dyes, 
detergents and different classes of antibiotic including β-lactams (Nikaido, 1989; Nikaido, 
1994; Markham & Neyfakh, 2001; Butaye et al., 2003). Bacterial efflux pumps compose of 
five classes of systems including: the major facilitator superfamily (MF), the ATP-binding 
cassette family (ABC), the resistance-nodulation-division family (RND), the small multidrug 
resistance family (SMR), and the multidrug and toxic compound extrusion family (MATE) 
(Putman et al., 2000; Kumar & Schweizer, 2005; Poole & Lomovskaya, 2006). To drive 
antimicrobial agents efflux, the ABC family system hydrolyses ATP, whereas the MF family, 
the RND family and the MATE family function as secondary transporters, catalysing drug-
ion antiport (H+ or Na+) (Poole, 2005).  

The RND family transporters are most commonly found in bacteria cells (Poole, 2001). In 
gram-negative bacteria this system operates as a part of a tripartite mechanism that 
includes: a membrane fusion protein that is associated with the cytoplasmic membrane, a 
transporter protein that export substrates throughout the inner membrane, and an outer 
membrane factor (OMF) that enables the passage of the substrate throughout the outer 
membrane (Poole, 2005). The RND family transporters are the first line of bacterial 
defense that can promote the acquisition of additional resistance mechanisms such as 
target mutations or drug modification (Davin-Regli et al., 2008; Li & Nikaido, 2009). Pagés 
et al. (2008) and Pagés et al. (2010) performed that the expression of RND efflux pumps is 
an important prerequisite for the selection of fluoroquinolone resistant strains carrying 
the target mutation. According to Stover et al. (2000), Pseudomonas aeruginosa encode 12 
efflux systems of the class of the RND family. However, to date only MexAB-OprM, 
MexCD-OprJ, MexEF-OprN, MexGHI-OmpD, MexJK and MexXY have been detailed 
characterized (Poole & Srikumar, 2001; Chuanchuen et al., 2002; Blair & Piddock, 2009; 
Breidenstein, et al., 2011).  

Molecular analysis of efflux pumps assesses the role of this mechanism in biofilm resistance 
to antimicrobial agents. Exposure the bacterial biofilms to insufficient dose of antibiotics, 
such as tetracycline and chloramphenicol, and to xenobiotics, such as salicylate and 
chlorinated phenols, induces the expression of multi-drug resistance operons and efflux 
pumps (Levy, 1992; Ma et al., 1993). Also DNA microarray analysis of mature Pseudomonas 
aeruginosa PA01 biofilm demonstrated that none of genes encoding the RND efflux system 
were induced in sessile bacterial population grown in antibiotic-free environments 
(Whiteley et al., 2001).  
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Numerous of works have focused on the identification of genes that could contribute efflux 
system-mediate resistance of bacterial biofilms. Maira-Litran et al. (2000) examined the 
systems of mar and acrAB that confer on Escherichia coli biofilm the multidrug resistance 
phenotype. The mar operon is a regulator controlling the expression of various genes in 
Escherichia coli cells constituting the mar regulon. Upregulation of mar in planktonic bacteria 
effects a resistance phenotype to antimicrobial agents such as antibiotics (penicillins, 
cephalosporins, rifampicin, nalidixic acid and fluoroquinolones), oxidative stress agents and 
organic solvents (Alekshun & Levy, 1997). mar can be induced by sub-lethal doses of 
commonly used therapeutics such as tetracycline, chloramphenicol, salicylate and 
paracetamol (Cohen et al., 1993; Seoane & Levy, 1995). The acrAB efflux pump is 
upregulated in mar mutants and determined the multidrug resistant phenotype of mar 
mutant isolates (Ma et al., 1995; Ma et al., 1996). According to Maira-Litran et al. (2000) the 
constitutive expression of acrAB efflux pump effects lower susceptibility of Escherichia coli 
biofilm to sub-lethal doses of ciprofloxacin. In addition, the expression of mar and its target 
genes is related to stationary phase of bacteria growth. Authors observed the highest level of 
mar expression within the depth of Escherichia coli biofilm, where the metabolic activity of 
examined bacteria were the most suppressed (Maira-Litran et al., 2000).  

Brooun et al. (2000) and De Kievit et al. (2001) examined the expression of the genes 
associated with efflux pumps (MexAB-OprM and MexCD-OprJ) in developing biofilms of 
Pseudomonas aeruginosa. Brooun et al. (2000) underscored the importance of these pumps in 
the resistance to ofloxacin. Authors demonstrated that at low concentration of ofloxacin 
Pseudomonas aeruginosa mature biofilm with lacking MexAB-OprM was less resistant to 
antibiotic than mature biofilm that overexpressed the pump (Brooun et al. 2000). De Kievit 
et al. (2001) found that expression of the genes that encode MexAB-OprM and MexCD-OprJ, 
are decreased over time during biofilm maturation. In addition, authors, using the 
overexpressing and efflux pumps mutants of Pseudomonas aeruginosa revealed that none of 
efflux pumps analyzed plays a significant role at decreasing susceptibility of Pseudomonas 
aeruginosa biofilm to antibiotics (De Kievit, et al., 2001). Therefore to assess the true function 
of efflux pump in bacterial biofilm resistance to antimicrobial agents, further experiments of 
additional not yet characterized loci with homology to efflux system are needed.  

9. Conclusion 

Survival of bacterial after disinfection and antibiotic treatment represents a problem for the 
modern medicine and industry practice. Commonly applied antibiotics and disinfectants are 
able to eliminate planktonic bacteria released from the biofilm but often are unable to treat 
biofilm-embedded cells. This may cause difficult to eradicate infectious.  

Biofilm resistance to bactericidal agents is usually multifactorial and may vary from one 
microorganism to another. Environmental heterogeneity that exists inside the biofilm might 
promote the formation heterogeneous communities of bacteria, such that different levels of 
resistance can be employed throughout the entire population. For instant, the bacteria at 
periphery region of biofilm might be protected by the glycocalyx matrix, by the efflux 
systems and by the enzymes that inactivate certain antimicrobial compounds. The cells in 
the intermediate position of biofilm became starved for a particular nutrient, and they slow 
their growth. Transition from exponential to slow or no growth/persisters phenomena is 
also be accompanied by the increased in resistance of bacteria biofilm to bactericidal agents. 
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Upon the extreme conditions setting the general stress response mechanism by surface-
bound bacteria may prevents cellular damage.  

Whatever new biocides/antibiotics are developed, the high number of bacteria within 
biofilms will combine to overcome their action and lead to resistance formation. The only 
way to avoid or to slow the speed of excess resistance formation is systematic and in-depth 
investigation of resistant bacteria isolated from naturally occurred biofilms. The information 
derived from lab investigations can provide insight strategies to subvert both biocide and 
antibiotic resistance of surface-bound bacteria.  

10. References 

Abee, T., Kovács, Á.T., Kuipers, O.P. & van der Veen, S. (2011). Biofilm formation and 
dispersal in Gram-positive bacteria. Current Opinion in Biotechnology, Vol. 22, pp. 
172-179, ISSN 0958-1669 

Adal, K.A. & Farr, B.M. (1996). Central venous catheter-related infections: a review. 
Nutrition. Vol. 12, No. 3, pp. 208-213, ISSN 0899-9007 

Adams, J.L. & McLean, R.J. (1999). Impact of rpoS deletion on Escherichia coli biofilms. 
Applied and Environmental Microbiology, Vol. 65, No. 9, pp. 4285-4287, ISSN 0099-
2240 

Alekshun, M.N. & Levy, S.B. (1997). Regulation of chromosomally mediated multiple 
antibiotic resistance: the mar regulon . Antimicrobial Agents and Chemotherapy, Vol. 
44, No. 10, pp. 2067-2075, ISSN 0066-4804 

Alvarez-Ortega, C., Wiegand, I., Olivares, J., Hancock, R.E.W. & Martinez, J.L. (2010). 
Genetic determinants involved in the susceptibility of Pseudomonas aeruginosa to β-
lactam antibiotics. Antimicrobial Agents and ChemotherapyAntimicrobial Agents and 

Chemotherapy, Vol. 54, No. 10, pp. 4159-4167, ISSN 0066-4804 
Anderl, J.N., Franklin, M.J. & Stewart, P.S. (2000). Role of antibiotic penetration limitation in 

Klebsiella pneumoniae biofilm resistance to ampicillin and ciprofloxacin. Antimicrobial 

Agents and Chemotherapy, Vol. 44, No. 7, pp. 1818-1824, ISSN 0066-4804 
Anwar, H., Dasgupta, M.K & Costerton, J.W. (1990). Testing the susceptibility of bacteria in 

biofilms to antibacterial agents. Antimicrobial Agents and Chemotherapy, Vol. 34, No. 
11, pp. 2043-2046, ISSN 0066-4804 

Archibald, L.K. & Gaynes, R.P. (1997). Hospital acquired infections in the United States: the 
importance of interhospital comparisions. National Nosocomial Infections, Vol. 11, pp. 
245-255, ISSN 0147-443X 

Ashby, M.J., Neale, J.E., Knott, S.J. & Critchley, I.A. (1994). Effect of antibiotics on non-
growing planktonic cells and biofilms of Escherichia coli. Journal of Antimicrobial 

Chemotheraphy, Vol. 33, No. 3, pp. 443-452, ISSN 0305-7453 
Atlung, T. & Brøndsted, L. 1994. Role of the transcriptional activator AppY in regulation of 

the cyx appA operon of Escherichia coli by anaerobiosis, phosphate starvation and 
growth phase. Journal of Bacteriology, Vol. 176, No. 17, pp. 5414-5422, ISSN 0021-
9193 



 
Antimicrobial Agents 

 

226 

Ball, P.R., Shales, S.W. & Chopra I. (1980). Plasmid-mediated tetracycline resistance in 
Escherichia coli involves increased efflux of the antibiotic. Biochemical and Biophysical 

Research Communications, Vol. 93, pp. 74-81, ISSN 0006-291X 
Barth, M., Marschall, C., Muffler, A., Fischer, D. & Hengge-Aronis, R. (1995). A role for the 

histone-like protein H-NS in growth phase-dependent and osmotic regulation of αs 
and many αs-dependent genes in Escherichia coli. Journal of Bacteriology, Vol. 177, No. 
12, pp. 3455-3464, ISSN 0021-9193 

Beech, I.B., Sunner, I.A. & Hiraoka, K. (2005). Microbe-surface interactions in biofouling and 
biocorrosion processes. International Microbiology, Vol. 8, no. 3, pp. 157-168, ISSN 
1139-6709 

Betzner, A.S., Ferreira, L.C., Holtje, J.V. & Keck, W. (1990). Control of the activity of the 
soluble lytic transglycosylase by the stringent response in Escherichia coli. FEMS 

Microbiology Letters, Vol. 55, pp. 161-164, ISSN 1574-6968 
Blair, J.M.A. & Piddock, L.J.V. (2009). Structure, function and inhibition of RND efflux 

pumps in Gram-negative bacteria: an update. Current Opinion in Microbiology, Vol. 
12, pp. 512-519, ISSN 1369-5274 

Boles, B.R. & Horswill, A.R. (2011). Staphylococcal biofilm disassembly. TRENDS in 

Microbiology, Vol. 19, No. 9, pp. 499-455, ISSN 0966-842X 
Branda, S.S., Vik, A., Friedman, L. & Kolter, R. (2005). Biofilm: the matrix revisited. TRENDS 

in Microbiology, Vol. 13, pp. 20-26, ISSN 0966-842X 
Breidenstein, E.B.M., De la Fuente-Núñez, C. & Hancock, R.E.W. (2011). Pseudomonas 

aeruginosa: all roads lead to resistance. TRENDS in Microbiology, Vol. 19, No. 8, pp. 
419-426, ISSN 0966-842X 

Brooun, A., Liu, S. & Lewis, K. (2000). A dose-response study of antibiotic resistance in 
Pseudomonas aeruginosa, Antimicrobial Agents and Chemotherapy, Vol. 44, No. 3, pp. 
640-646, ISSN 0066-4804 

Brown, M.R. & Barker, J. (1999). Unexplored reservoirs pathogenic bacteria: protozoa and 
biofilms. TRENDS in Microbiology, Vol. 7, No. 1, pp. 46-50, ISSN 0966-842X 

Brown, M.R.W. & Williams, P. (1985). The influence of environment on envelope properties 
affecting survival of bacteria in infections. Annual Review of Microbiology, Vol. 39, 
pp. 527-556, ISSN 0066-4227  

Bolla, J.-M., Alibert-Franco, S., Handzlik, J., Chevalier, J., Mahamoud, A., Boyer, G., Kieć-
Kononowicz, K. & Pagés, J.-M. (2011). Strategies for bypassing the membrane 
barrier in multidrug resistant gram-negative bacteria. Federation of European 

Biochemical Societes Letters, Vol. 585, pp. 1682-1690, DOI 10. 1016 
Bower, C.K., McGuire J. & Daeschel, M.A. (1996). The adhesion and detachment of bacteria 

and spores on food-contact surfaces. Trends in Food Sciences and Technology, Vol. 7, 
pp. 152-157, ISSN 0924-2244 

Bulter, M.T., Wang, Q. & Harshey, R.M. (2010). Cell density and mobility protect swarming 
bacteria against antibiotics. Proceedings of the National Academy of Sciences USA, 
Vol.107, No. 8, pp. 3776-3781, ISSN 0027-8424 

Carlson, G. & Silverstein, J. (1998). Effect of molecular size and charge on biofilm sorption of 
organic matter. Water Research, Vol. 32, No. 5, pp. 1580-1592, ISSN 0043-1354 



 
Mechanisms Determining Bacterial Biofilm Resistance to Antimicrobial Factors 

 

227 

Cloete, T.E. (2003). Resistance mechanisms of bacteria to antimicrobial compounds. 
International Biodeterioration & Biodegradation, Vol. 51, pp. 277-282, ISSN 0964-8305 

Chapman, J.S., Diehl, M.A. & Lyman, R.C. (1993). Biocide susceptibility and intracellular 
gluthatione in Escherichia coli. Journal of Industrial Microbiology, Vol. 12, pp. 403-407, 
ISSN 1476-5535 

Characklis, W.G. 1989. Bioengineering report, fouling biofilm development: a process 
analysis. Biotechnology and Bioengineering. Vol. 23, pp. 1923-1960, ISSN 1097-0290 

Cheng, W.-C. & Hardwick, J.M. (2007). A quorum of bacterial programmed cell death. 
Molecular Cell, Vol. 30, pp. 515-517, ISSN 1097-2765 

Chopp, D.L. (2003). The dependence of quorum sensing on the depth of a growing biofilm. 
Bulletin of Mathematical Biology, Vol. 65, pp. 1053-1079, ISSN 1522-9602 

Chuanchuen, R., Narasaki, C.T. & Schweizer, H.P. (2002). The MexJK efflux pump of 
Pseudomonas aeruginosa requires OprM for antibiotic efflux but not for efflux of 
triclosan. Journal of Bacteriology, Vol. 184, No. 18, pp. 5036-5044, ISSN 0021-9193 

Cochran, W.L., Suh, S.-J., McFeters, G.A. & Stewart, P.S. (2000). Role of RpoS and AlgT in 
Pseudomonas aeruginosa biofilm resistance to hydrogen peroxide and 
monochloramine. Journal of Applied Microbiology, Vol. 88, No. 3, pp. 546-553, ISSN 
1365-2672 

Cohen, S.P., Levy, S.B., Foulds, J. & Rosner, J.L. (1993). Salicylate induction of antibiotic 
resistance in Escherichia coli: activation of the mar operon and mar-independent 
pathway. Journal of Bacteriology, Vol. 175, No. 24, pp. 7856-7862, ISSN 0021-9193 

Costerton, J. W. (1988). Structure and plasticity at various organization levels in the bacterial 
cells. Canadian Journal of Microbiology, Vol. 34, pp. 513-521, ISSN 0008-4166 

Costerton, J.W., Lewadowski, D.E., Caldwell, D.R., Korber, D.R. & Lappin-Scott, H.M. 
(1995). Microbial biofilms. Annual Review of Microbiology, Vol. 49, pp. 711-745, ISSN 
0066-4227 

Costerton, J.W. (1999). Introduction to biofilm. International Journal of Antimicrobial Agents, 
Vol. 11, No.3-4, pp. 237-239, ISSN 0924-8579 

Costerton, J.W., Stewart, P.S. & Greenberg, E.P. (1999). Bacterial biofilms: A common cause 
of persistent infections. Science, Vol. 284, pp. 1318-1322, ISSN 1095-9203 

Czaczyk, K. & Myszka, K. (2007). Biosynthesis of extracellular polymeric substances (EPS) 
and its role in microbial biofilm formation. Polish Journal of Environmental Studies, 
Vol. 16, No. 6, pp. 799-806, ISSN 1230-1485 

Darouiche, R.O., Dhir, A., Miller, A.J., Landon, G.C., Raad, I.I. & Musher, D.M. (1994). 
Vancomycin penetration into biofilm covering infected prostheses and effect on 
bacteria. The Journal of Infectious Disease, Vol. 170, pp. 720-723, ISSN 0022-1899 

Davey, M.E., Caiazza, N.C. & O’Toole, G.A. (2003). Rhamnolipid surfactant production 
affects biofilm architecture in Pseudomonas aeruginosa PAO1. Journal of Bacteriology, 
Vol. 185, No. 3, pp. 1027-1036, ISSN 0021-9193 

Davies, G.D., Parsek, M.R., Pearson, J.P., Iglewski, B.H., Costerton, J.W. & Greenberg, E.P. 
(1998). The involvement of cell-to-cell signals in the development of a bacterial 
biofilm. Science, Vol. 280, pp. 295-298, ISSN 1095-9203 

Davin-Regli, A., Bolla, J.M., James, C.E., Lavigne, J.P., Chevalier, J., Garnotel, E., Molitor, A. 
& Pagés, J.-M. (2008). Membrane permeability and regulation of drug “influx and 



 
Antimicrobial Agents 

 

228 

efflux” in enterobacterial pathogens. Current Drug Targets, Vol. 9, pp. 750-759, ISSN 
1389-4501 

DeBeer, D., Srinivasan, R. & Stewart, P.S. (1994). Direct measurement of chlorine penetration 
into biofilms during disinfection. Applied and Environmental Microbiology, Vol. 60, 
No. 12, pp. 4339-4344, ISSN 0099-2240 

De Kievit, T.R., Parkins, M.D., Gillis, R.J., Srikumar, R., Ceri, H., Poole, K., Iglewski, B.H. & 
Storey, D.G. (2001). Multidrug efflux pumps: expression patterns and contribution 
to antibiotic resistance in Pseudomonas aeruginosa biofilms. Antimicrobial Agents and 

Chemotherapy, Vol.45, No. 6, pp. 1761-1770, ISSN 0066-4804 
del Pozo, J.L. & Patel, R. (2007). The challenge of treating biofilm-associated bacterial 

infections. Clinical Pharmacology & Therapeutics, Vol. 82, pp. 204-209, ISSN 0009-9236 
Donlan, R.M. (2002). Biofilms: Microbial life on surfaces. Emerging Infectious Disease, Vol. 8, 

No. 9, pp. 881-890, ISSN 1080-6059 
Drenkard, E. (2003). Antimicrobial resistance of Pseudomonas aeruginosa biofilms. Microbes 

and Infections, Vol. 5, pp. 1213-1219, ISSN 1286-4579 
Duguid, I.G., Evans, E., Brown, M.R.W. & Gilbert, P. (1992). Growth-rate-independent 

killing by ciprofloxacin of biofilm-derived Staphylococcs epidermidis evidence for 
cell-cycle dependency. Journal of Antimicrobial Chemotherapy, Vol. 30, No. 6, pp. 791-
802, ISSN 1460-2091 

Dunne, W.M., Mason, E.O. & Kaplan, S.L. (1993). Diffusion of rifampin and vancomycin 
through a Staphylococcus epidermidis biofilm. Antimicrobial Agents and Chemotherapy, 
Vol. 37, No. 12, pp. 2522-2526, ISSN 0066-4804 

Dunne, W.M. (2002). Bacterial adhesion: seen any good biofilms lately?. Clinical Microbiology 

Reviwes, Vol. 15, No. 2, pp. 155-166, ISSN 0893-8512 
Eberhard, A., Longin, T., Widrig, C.A. & Stranick, S.J. (1991). Synthesis of the lux gene 

autoinducer in Vibrio fischeri is positively autoregulated. Archives of Microbiology, 
Vol. 155, No. 3, pp. 294-297, ISSN 1432-072X 

Eberl, L. (1999). N-acyl homoserine lactone-mediated gene regulation in gram-negative 
bacteria. Systematic and Applied Microbiology, Vol. 22., pp. 1-9, ISSN 0723-2020 

Evans, D.J., Brown, M.R.W., Allison, D.G. & Gilbert, P. (1989). Susceptibility of bacterial 
biofilms to tobramycin: role of specific growth rate and phase in the division cycle. 
Journal of Antimicrobial Chemotheraphy, Vol. 25, No. 4, pp. 585-591, ISSN 1460-2091 

Falla, T.J. & Chopra, I. (1998). Joint tolerance to beta-lactam and fluoroquinolone antibiotics 
in Escherichia coli results from overexpression of hipA. Antimicrobial Agents and 

Chemotheraphy, Vol. 42No. 12, pp. 3282-3284, ISSN 0066-4804 
Flemming, H.C. (1995). Sorption sites in biofilms. Water Sciences and Technology. Vol. 32, No. 

8, pp. 27-33, ISSN 0273-1223 
Flemming, H.C. & Wingender, J. (2001). Relevance of microbial extracellular polymeric 

substances (EPSs) – Part I: Structural and ecological aspects. Water Sciences and 

Technology, Vol.43, pp. 1-8, ISSN 0273-1223 
Gaylarde, C. & Videla, H.A. (1994). The control of corrosive biofilms by biocides. Corrosion 

Reviews, Vol. 2, pp. 85-94, ISSN 0048-7538 



 
Mechanisms Determining Bacterial Biofilm Resistance to Antimicrobial Factors 

 

229 

Gentry, D.R., Hernandez, V.J., Nguyen, L.H., Jensen, D.B. & Cashel, M. (1993). Synthesis of 
the stationary-phase sigma factor is positively regulated by ppGpp. Journal of 

Bacteriology, Vol. 175, No. 24, pp. 7982-7989, ISSN 0021-9193 
Gilbert, P., Allison, D.G., Evans, D.J., Handley, P.S. & Brown, M.R.W. (1989). Growth rate 

control of adherent bacterial populations. Applied and Environmental Microbiology, 
Vol. 55, pp. 1308-1311, ISSN 0099-2240 

Gilbert, P., Collier, P.J. & Brown, M.R. (1990). Influence of growth rate on susceptibility to 
antimicrobial agents: biofilms, cell cycle, dormancy, and stringent response. 
Antimicrobial Agents and Chemotherapy, Vol. 34, No. 10, pp. 1865-1868, ISSN 0066-
4804 

Gilbert, P., Allison, D.G. & McBain, A.J. (2002a). Biofilms in vitro and in vivo: do singular 
mechanisms imply cross-resistance? Journal of Applied Microbiology, Vol. 92, pp.98S-
110S, ISSN 1364-5072 

Gilbert, P., Maira-Litran, T., McBain, A.J., Rickard, A.H. & Whyte F.W. (2002b). The 
physiology and collective recalcitrance of microbial biofilm communities. Advances 

in Microbial Physiology, Vol. 46, pp. 202-256, ISSN 0065-2911 
González, J.E. & Keshavan, N.D. (2006). Messing with bacterial quorum sensing. Microbiology 

and Molecular Biology Reviwes, Vol. 70, No. 4, pp. 859-875, ISSN 1098-5557 
Gunduz, G.T. & Tuncel G. (2006). Biofilm formation in an ice cream plant. Antonie van 

Leeuwenhoek International Journal of General and Molecular Microbiology, Vol. 89, pp. 
329-336, ISSN 0003-6072 

Han, X., Geng, G., Zhang, L. & Lu. T. (2011). The role of Escherichia coli YrbB in the lethal 
action of quinolones. Journal of Antimicrobial Chemotheraphy, Vol. 66, No. 2, pp. 323-
331, ISSN 0305-7453 

Hassett, D.J., Ma, J-F., Elkins, J.G., McDermott, T.R., Ochsner, U.A., West, S.E.H., Huang, 
Ch-T., Fredericks, J., Burnett, S., Stewart, P.S., McFeters, G., Passador, L. & 
Iglewski, B.H. (1999). Quorum sensing in Pseudomonas aeruginosa controls 
expression of catalase and superoxide dismutase genes and mediates biofilm 
susceptibility to hydrogen peroxide. Molecular Microbiology, Vol. 34, No. 5, pp. 1082-
1093, ISSN 1365-2958 

Hengge-Aronis, R., Klein, W., Lange, R., Rimmele, M. & Boos, W. (1991). Trehalose synthesis 
genes are controlled by the putative sigma factors encoded by rpoS and are 
involved in stationary phase thermotolerance in Escherichia coli. Journal of 

Bacteriology, Vol. 173, No. 24, pp. 7918-7924, ISSN 0021-9193 
Hengge-Aronis, R., Lange, R., Henneberg, N. & Fischer, D. (1993). Osmotic regulation of 

rpoS-dependent genes in Escherichia coli. Journal of Bacteriology, Vol. 175, No. 1, pp. 
259-265, ISSN 0021-9193 

Hengge-Aronis, R. (1999). Interplay of global regulators in the general stress response of 
Escherichia coli. Current Opinion of Microbiology, Vol. 2, pp. 148-152, ISSN 1369-5274 

Hentzer, M., Teitzel, G.M., Balzer, G.J., Heydorn, A., Molin, S., Givskov, M. & Parsek, M.R. 
(2001). Alginate overproduction affects Pseudomonas aeruginosa biofilm structure 
and function. Journal of Bacteriology, Vol. 183, No. 18, pp. 5395-5401, ISSN 0021-9193 

Hill, D., Rose, B., Pajkos, A., Robinson, M., Bye, P., Bell, S., Elkins, M., Thompson, B., 
MacLeod, C., Aaron, S.D. & Harbour, C. (2005). Antibiotic susceptibilities of 



 
Antimicrobial Agents 

 

230 

Pseudomonas aeruginosa isolates derived from patients with cystic fibrosis under 
aerobic, anaerobic, and biofilm conditions. Journal of Clinical Microbiology, Vol. 43, 
no. 10, pp. 5085-5090, ISSN 1098- 660X 

Hogan, D. & Kolter, R. (2002). Why are bacteria refractory to antimicrobials? Current Opinion 

in Microbiology, Vol. 5, pp. 472-477, ISSN 1369-5274 
Hogt, A.H., Dankert, J., Hulstaert, C.E. & Feijen, J. (1986). Cell surface characteristics of 

coagulase-negative staphylococci and their adherence to fluorinated poly(ethylene 
propylene). Infection and Immunity, Vol. 51, pp. 294-301, ISSN 0019-9567 

Hoyle, B.D., Jass, J. & Costerton, J.W. (1990). The biofilm glycocalyx as a resistance factor. 
Journal of Antimicrobial Chemotherapy, Vol. 26, No. 1, pp. 1-2, ISSN 0305-7453 

Hoyle, B.D., Alcantara, J. & Costerton, J.W. (1992). Pseudomonas aeruginosa biofilm as a 
diffusion barrier to piperacillin. Antimicrobial Agents and Chemotheraphy, Vol. 36, No. 
9, pp. 2054-2056, ISSN 0066-4804 

Huber, B., Riedel, K., Hentzer, M., Heydorn, A., Gotschlich, A., Givskov, M., Molin, S. & 
Eberl, L. (2001). The cep quorum-sensing system of Brukholderia cepacia H111 controls 
biofilm formation and swarming motility. Microbiology, Vol. 147, pp. 2517-2528, 
ISSN 1465-2080 

Izano, E.A., Shah, S.M. & Kaplan, J.B. (2009). Intercellular adhesion and biocide resistance in 
nontypeable Haemophilus influenzae biofilms. Microbial Pathogenesis, Vol. 46, pp. 207-
213, ISSN 0882-4010 

Jang, L.K., Geesey, G.G., Lopez, S.L., Eastman, S.L. & Wichlacz, P.L. (1990). Use of a gel-
forming biopolymer directly dispensed into a loop fluidized bed reactor dissolved 
copper. Water Research, Vol. 26, pp. 1085-1092, ISSN 0043-1354 

Jefferson, K.K. (2004). What drives bacteria to produce biofilm?. FEMS Microbiology Letters, 
Vol. 236, pp. 163-173, ISSN 0378-1097 

Keren, I., Kaldalu, N., Spoering, A., Wang, Y. & Lewis, K. (2004a). Persister cell and 
tolerance to antimicrobials. FEMS Microbiology Letters, Vol. 230, pp. 13-18, ISSN 
1574-6968 

Keren, I., Shah, D., Spoering, A., Kaldalu, N. & Lewis, K. (2004b). Specialized persister cells 
and the mechanism of multidrug tolerance in Escherichia coli. Journal of Bacteriology, 
Vol. 186, No. 24, pp. 8172-8180, ISSN 0021-9193 

Kjelleberg, S. & Molin, S. (2002). Is a role for quorum sensing signals in bacterial biofilms? 
Current Opinion in Microbiology, Vol. 5, pp. 254-258, ISSN 1369-5274 

Kleerebezem, M., Quadri, L.E.N., Kuipers, O.P. & De Vos, W.M. (1997). Quorum sensing by 
peptide pheromones and two-component signal-transduction systems in gram-
positive bacteria. Molecular Microbiology, Vol. 24, No. 5, pp.895-904, ISSN 1365-2958 

Kordner, J.D. (2002). Streptomycin revisted: molecular action in the microbial cell. Medical 

Hypotheses. Vol. 58, No. 1, pp. 34-46, ISSN 0306-9877  
Kumar, A. & Schweizer, H.P. (2005). Bacterial resistance to antibiotics: active efflux and 

reduced uptake. Advanced Drug Delivery Reviews, Vol. 57, pp. 1486-1513, ISSN 0169-
409X 

Labbate, M., Zhu, H., Thung, L., Bandara, R., Larsen, M., Willcox, M., Givskov, M., Rice, S. & 
Kjelleberg, S. (2007). Quorum sensing regulation of adhesion in Serratia marcescens 



 
Mechanisms Determining Bacterial Biofilm Resistance to Antimicrobial Factors 

 

231 

MG1 is surface dependent. Journal of Bacteriology, Vol. 189, No. 7, pp. 2702-2711, 
ISSN 0021-9193  

Lange, R. & Hengge-Aronis, R. (1991). Growth phase-regulated expression of bolA and 
morphology of stationary phase Escherichia coli cells is controlled by the novel 
sigma factor (rpoS). Journal of Bacteriology, Vol. 173, No. 14, pp. 4474-4481, ISSN 
0021-9193 

Lawrence, J.R., Korber, D.R., Hoyle, B. D., Costerton, J.W. & Caldwell, D.E. (1991). Optical 
sectioning of microbial biofilms. Journal of Bacteriology, Vol. 173, pp. 6558-6567, ISSN 
0021-9193 

Lee, I., Lin, J., Hall, H.K., Bearson, B. & Foster, J.W. (1995). The stationary-phase sigma factor 
(RpoS) is required for a sustained acid tolerance response in virulent Salmonella 

typhimurium. Molecular Microbiology, Vol. 17, No. 1, pp. 155-167, ISSN 1365-2958 
Lee, S., Hinz, A., Bauerle, E., Angermeyer, A., Juhaszova, K., Kaneko, Y., Singh, P.K. & 

Manoil, C. (2009). Targeting a bacterial stress response to enhance antibiotic action. 
Proceedings of the National Academy of Sciences USA, Vol. 106, No. 34, pp. 14570-
14575, ISSN 0027-8424 

Leid, F.G., Willson, C.J., Shritliff, M.E., Hassett, D.J., Parsek, M.R. & Jeffers, A.K. (2005). The 
exopolysaccharide alginate protects Pseudomonas aeruginosa biofilm bacteria from 
IFN-γ-mediated macrophage killing. The Journal of Immunology. Vol. 175, pp. 7512-
7518, ISSN 0022-1767 

Lewis, K. (2000). Programmed death in bacteria. Microbiology and Molecular Biology Reviews, 
Vol. 64, No. 3, pp. 503-514, ISSN 1098-5557 

Lewis, K. (2001). Riddle of biofilm resistance. Antimicrobial Agents and Chemotheraphy, Vol. 
45, pp. 999-1007, ISSN 0066-4804 

Lewis, K. (2005). Persister cells and the riddle of biofilm survival. Biochemistry, Vol. 70, No. 
2, pp. 327-336, ISSN 0006-2979 

Lewis, K. (2007). Persister cells, dormancy, and infectious disease. Nature, Vol. 5, pp. 48-56, 
DOI: 10.1038 

Lewis, K. (2008). Multidrug tolerance of biofilms and persister cells. Current Topics in 

Microbiology and Immunology, Vol. 322, pp. 107-131, ISSN 0070-217X 
Levy, S.B. (1992). Active efflux mechanisms for antimicrobial resistance. Antimicrobial Agents 

and Chemotherapy, Vol. 36, No. 4, pp. 695-703, ISSN 0066-4804 
Li, X.Z. & Nikaido, H. (2004). Efflux-mediated drug resistance in bacteria. Drugs, Vol. 69, pp. 

159-204, ISSN 0012-6667 
Li, X.Z. & Nikaido, H. (2009). Efflux-mediated drug resistance in bacteria: an update. Drugs, 

Vol. 69, pp. 1555-1623, ISSN 0012-6667 
Liaw, S.-J., Lee, Y.-L. & Hsueh, P.-R. (2010). Multidrug resistance in clinical isolates of 

Stenotrophomonas maltophilia: roles of integrons, efflux pumps, phosphoglucomutase 
(SpgM), and melanin and biofilm formation. International Journal of Antimicrobial 

Agents, Vol. 35, pp. 126-130, ISSN 0924-8579 
Lindsay, D. & von Holy, A. (2006). Bacterial biofilms within the clinical setting: what 

healthcare professionals should know. Journal of Hospital Infection, Vol. 64, pp. 313-
325, ISSN 0195-6701 



 
Antimicrobial Agents 

 

232 

Liu, X., Ng, C. & Ferenci, T. (2000). Global adaptations resulting from high population 
densities in Escherichia coli cultures. Journal of Bacteriology, Vol. 182, No. 15, pp. 
4158-4164, ISSN 0021-9193 

Lynch, N.J., Swift, S., Kirke, D.F., Keevil, C., Dodd, C.E. & Williams, P. (2002). The 
regulation of biofilm development by quorum-sensing in Aeromonas hydrophila. 
Environmental Microbiology, Vol. 4, No. 1, pp. 18-28, ISSN 1462-2920 

Ma, D., Cook, D.N., Alberti, M., Pong, N.G., Nikaido, H., & Hearst, J.E. (1993). Molecular 
cloning and characterisation of arcAB and acrE genes of Escherichia coli Journal of 

Bacteriology, Vol. 175, pp. 6299-6313, ISSN 0021-9193 
Ma, D., Cook, D.N., Alberti, M., Pon, N.G., Nikaido, H. & Hearst, J.E. (1995). Genes acrA and 

acrB encode a stress-induced efflux system of Eschericha coli. Molecular Microbiology, 
Vol. 16, No. 1, pp. 45-55, ISSN 1365-2958 

Ma, D., Alberti, M., Lynch, C., Nikaido, H. & Hearst, J.E. (1996). The local repressor AcrR 
plays a modulation role in the regulation of acrAB genes of Escherichia coli by global 
stress signals. Molecular Microbiology, Vol. 19, No. 1, pp. 101-112, ISSN 1365-2958 

Maira-Litran, T., Allison, D.G. & Gilbert, P. (2000). An evaluation of the potential of the 
multiple antibiotic resistance operon (mar) and the multidrug efflux pump acrAB to 
moderate resistance towards ciprofloxacin in Escherichia coli biofilms. Journal of 

Antimicrobial Chemotherapy, Vol. 45, No. 6, pp. 789-795, ISSN 1460-2091 
Markham, P.N. & Neyfakh, A.A. (2001). Efflux-mediated drug resistance in gram-positive 

bacteria. Current Opinion in Microbiology, Vol. 4, pp. 509-514, ISSN 1369-5274 
Marschall, C., Labrousse, V., Kreimer, M., Weichart, D., Kolb, A. & Hengge-Aronis, R. 

(1998). Molecular analysis of the regulation of csiD, a carbon starvation inducible 
gene in Escherichia coli that is exclusively dependent αs and requires activation by 
cAMP-CRP. Journal of Molecular Biology, Vol 276, pp. 339-353, ISSN 0022-2836 

Mayer, C., Moritz, R, Kirschner, C., Borchard, W., Maibaum, R., Wingender, J. & Flemming, 
H.-C. (1999). The role of intermolecular interactions: studies on model systems for 
bacterial biofilms. International Journal of Biological Macromolecules, Vol. 26, pp. 3-16, 
ISSN 0141-8130 

McCann, M.P., Kidwell, J.P. & Matin, A. (1991). The putative α factor KatF has a central role 
in development of starvation-mediated general resistance in Escherichia coli. Journal 

of Bacteriology, Vol. 173, No. 13, pp. 4188-4194, ISSN 0021-9193  
Menninger, J.R. & Otto, D.P. (1982). Erythromycin, carbomycin, and spiramycin inhibit 

protein synthesis by stimulating the dissociation of peptidyl-tRNA from ribosomes. 
Antimicrobial Agents and Chemotheraphy, Vol. 21, No. 5, pp. 811-818, ISSN 0066-4804  

Mentag, R., Luckevich, M., Morency, M.-J. & Séguin, A. (2003). Bacterial disease resistance of 
transgenic hybrid poplar expressing the synthetic antimicrobial peptide D4E1. Tree 

Physiology, Vol. 23, No. 6, pp. 405-411, ISSN 0829-318X 
Mitchison, J.M. (1969). Enzyme synthesis in synchronous cultures. Science, Vol. 165, pp. 657-

663, ISSN 1095-9203 
Moré, M.I., Finger, L.D., Stryker, J.L., Fuqua, C., Eberhard, A. & Winans, S.C. (1996). 

Enzymatic synthesis of a quorum sensing autoinducer through use of defined 
substrates. Sciences, Vol. 272, No. 5268, pp. 1655-1658, ISSN 1095-9203 



 
Mechanisms Determining Bacterial Biofilm Resistance to Antimicrobial Factors 

 

233 

Morton, L.H.G., Greenway, D.L.A., Gaylarde, C.C. & Surman, S.B. (1998). Consideration of 
some implications of the resistance of biofilms to biocides. International 

Biodeterioration & Biodegradation, Vol. 41, pp. 247-259, ISSN 0964-8305 
Moyed, H.S. & Bertrand, K.P. (1983). hipA, a newly recognized gene of Escherichia coli K-12 

that affects frequency of persistence after inhibition of murein synthesis. Journal of 

Bacteriology, Vol. 155, No. 2, pp. 768-775, ISSN 0021-9193 
Myszka, K. & Czaczyk, K. (2009). Characterization of adhesive exopolysaccharide (EPS) 

produced by Pseudomonas aeruginosa under starvation conditions. Current 

Microbiology, Vol. 58, pp.541-546, ISSN 1432-0991 
Myszka, K. & Czaczyk, K. (2011). Bacterial biofilms on food contact surfaces – a review. 

Polish Journal of Food Sciences and Nutrition, Vol. 61, No. 3, pp. 173-180, ISSN 1230-
0322 

Newton, J.A. & Fray, R.G. (2004). Integration of environmental and host-derived signals 
with quorum sensing during plant microbe interactions. Cellular Microbiology, Vol. 
6, No. 3, pp. 213-224, ISSN 1462-5822 

Nikaido, H. & Vaara, M. (1985). Molecular basis of bacterial outer membrane permeability. 
Microbiological Reviews, Vol. 49, No. 1, pp. 1-32, ISSN 0146-0749 

Nikaido, H. (1989). Outer membrane barrier as a mechanism of antibacterial resistance. 
Antimicrobial Agents and Chemotheraphy, Vol. 33, No. 11, pp. 1831-1836, ISSN 0066-
4804 

Nikaido, H. (1992). Porins and specific channels of bacterial outer membranes. Molecular 

Microbiology, Vol. 6, No. 4, pp. 435-442, ISSN 1365-2958 
Nikaido, H. (1996). Multidrug efflux pumps of gram-negative bacteria. Journal of 

Bacteriology, Vol. 178, No. 20, pp. 5853-5859, ISSN 0021-9193 
Nobile, C.J. & Mitchell, A.P. (2007). Microbial biofilms: e pluribus unum. Current Biology, 

Vol. 17, pp. R349-R353, ISSN 0960-9822 
O’Toole, G., Kaplan, H.B. & Kolter, R. (2000). Biofilm formation as microbial development. 

Annual Review of Microbiology, Vol. 54, pp. 49-79, ISSN 0066-4227 
Pagés, J.-M., James, C.E. & Winterhalter, M. (2008). The porin and the permeating antibiotic: 

a selective diffusion barrier in gram-negative bacteria. Nature Reviews Microbiology, 
Vol. 6, pp. 893-903, ISSN 1740-1526 

Pagés, J.-M., Alibert-Franco, S., Mahamoud, A., Bolla, J.M., Davin-Regli, A., Chevalier, J. & 
Garnotel, E. (2010). Efflux pumps of gram-negative bacteria, a new target for new 
molecules. Current Topics of Medicinal Chemistry, Vol. 8, pp. 1848-1857, ISSN 1568-
0266  

Parsek, M.R., Val., D.L., Hanzelka, B.L., Cronan, J.E. & Greenberg, E.P. (1999). Acyl 
homoserine-lactone quorum-sensing signal generation. Proceedings of the National 

Academy of Sciences USA, Vol. 96, No. 8, pp. 4360-4365, ISSN 0027-8424 
Parsek, M.R. & Greenberg, E.P. (2005). Sociomicrobiology: the connections between quorum 

sensing and biofilms. TRENDS in Microbiology, Vol. 13, No. 1, pp. 27-33, ISSN 0966-
842X 

Pisbarro, A.G., De Petro, M.A. & Ishiguro, E.E. (1990). Dissociation of the ampicilin-induced 
lysis of amino acid-deprived Escherichia coli into two stages. Journal of Bacteriology, 
Vol. 172, No. 4, pp. 2187-2190, ISSN 0021-9193 



 
Antimicrobial Agents 

 

234 

Platt, T.G & Fuqua, C. (2010). What’s in a name? The semantics of quorum sensing. TRENDS 

in Microbiology, Vol. 18, No. 9, pp. 383-387, ISSN 0966-842X  
Plésiat, P. & Nikaido, H. (1992). Outer membranes of gram-negative bacteria are permeable 

to steroid probes. Molecular Microbiology, Vol. 6, No. 10, pp. 1323-1333, ISSN 1365-
2958 

Poole, K. (2001). Multidrug resistance in Gram-negative bacteria. Current Opinion in 

Microbiology, Vol. 4, pp. 500-508, ISSN 1369-5274  
Poole, K. & Srikumar, R. (2001). Multidrug efflux in Pseudomonas aeruginosa: components, 

mechanisms and clinical significance. Current Topics in Medicinal Chemistry, Vol. 1, 
pp. 59-71, ISSN 1862-2461 

Poole, K. (2005). Efflux-mediated antimicrobial resistance. Journal of Antimicrobial 

Chemotherapy, Vol. 56, pp. 20-51, ISSN 1460-2091 
Potera, C. (1999) Forging a link between biofilms and disease. Science, Vol. 283, pp. 1837-

1839, ISSN 10950-9203 
Poulsen, L.K., Ballard, G. & Stahl, D.A. (1993). Use of rRNA fluorescence in situ 

hybridization for measuring the activity of single cells in young and established 
biofilms. Applied and Environmental Microbiology, Vol. 59, No. 5, pp. 1354-1360, ISSN 
0099-2240 

Rodionov, D.G. & Ishiguro, E.E. (1995). Direct correlation between overproduction of 
guanosine 3’,5’-bispyrophosphate (ppGpp) and penicillin tolerance in Escherichia 

coli. Journal of Bacteriology, Vol. 177, No. 15, pp. 4224-4229, ISSN 0021-9193 
Roeder, R.S., Lenz, J., Tarne, P., Gebel, J., Exner, M. & Szewzyk, U. (2010). Long-term effects 

of disinfectants on the community composition of drinking water biofilms. 
International Journal of Hygiene and Environmental Health, Vol. 213, pp. 183-189, ISSN 
1438-4639  

Römling,U., Sierralta, W.D., Eriksson, K. & Normark, S. (1998). Multicellular and 
aggregative behaviour of Salmonella typhimurium strains is controlled by mutations 
in the agfD promoter. Molecular Microbiology, Vol. 28, pp. 249-264, ISSN 0950-382X 

Russell, A.D. (1999). Bacterial resistance to disinfectants: present knowledge and future 
problems. Journal of Hospital Infectious, Vol. 43, pp. S57-S68, ISSN 0195-6701 

Russell, A.D. (2002). Antibiotic and biocide resistance in bacteria: introduction. Journal of 

Applied Microbiology, Vol. 92, pp. 1S-3S, ISSN 1364-5072 
Sakuragi, Y. & Kolter, R. (2007). Quorum sensing regulation of the biofilm matrix genes (pel) 

of Pseudomonas aeruginosa. Journal of Bacteriology, Vol. 189, No. 14, pp. 5383-5386, 
ISSN 0021-9193 

Sauer, K., Camper, A.K., Ehrlich, G.D., Costerton, J.W. & Davies, D.G. (2002). Pseudomonas 

aeruginosa displays mulrtiple phenotypes during development as a biofilm. Journal 

of Bacteriology, Vol. 184, No. 4, pp. 1140-1154, ISSN 0021-9193  
Schaefer, A.L., Val, D.L., Hanzelka, B.L., Cronan, J.E. & Greenberg, E.P. (1996). Generation of 

cell-to-cell signals in quorum sensing: acyl homoserine lactone synthase activity of a 
purified Vibrio fischeri LuxI protein. Proceedings of the National Academy of Sciences 

USA, Vol. 93, No. 18, pp. 9505-9509, ISSN 0027-8424 



 
Mechanisms Determining Bacterial Biofilm Resistance to Antimicrobial Factors 

 

235 

Schertzer, J.W., Boulette, M.L. & Whiteley, M. (2009). More than a signal: non-signaling 
properties of quorum sensing molecules. TRENDS in Microbiology, Vol. 17, No. 5, 
pp. 189-195, ISSN 0966-842X 

Schockman, G.D., Daneo-Moore, L., Kariyama, R. & Massidda, O. (1996). Bacterial walls, 
peptydoglycan hydrolases, and autolysin. Microbial Drug Resistance, Vol. 2, pp.95-
98, ISSN 1931-8448  

Senior, K. (2004). Navigating the hidden depths of biofilms. The Lancet Infectious Diseases, 
Vol. 4, pp. 196 

Seoane, A.S. & Levy, S.B. (1995). Characterization of MarR, the repressor of the multiple 
antibiotic resistance (mar) operon in Escherichia coli. Journal of Bacteriology, Vol. 177, 
No. 12, pp. 3414-3419, ISSN 0021-9193 

Shafahi, M. & Vafai, K. (2009). Biofilm affected characteristics of porous structures. 
International Journal of Heat and Mass Transfer, Vol. 52, pp. 574-581, ISSN 0017-9310 

Shih, P.-C. & Huang, C.-T. (2002). Effects of quorum sensing deficiency on Pseudomonas 

aeruginosa biofilm formation and antibiotic resistance. Journal of Antimicrobial 

Chemotheraphy, Vol. 49, pp. 309-314, ISSN 1460-2091 
Shirtliff, M.E., Mader, J.T. & Camper, A.K. (2002). Molecular interactions in biofilms. 

Chemistry & Biology, Vol. 9, pp. 859-871, ISSN 1074-5521 
Siegrist, H. & Gujer, W. (1985). Mass transfer mechanisms in a heterotrophic biofilm. Water 

Research, Vol. 19, pp. 1369-1378 
Simões, M., Simões, L.C. & Vieira, M.J. (2009). Species association increases biofilm 

resistance to chemical and mechanical treatments. Water Research, Vol. 43, pp. 229-
237, ISSN 0043-1354 

Singh, R., Paul, D. & Jain, R.K. (2006). Biofilms: implications in bioremediation. TRENDS in 

Microbiology, Vol. 14, No. 9, pp. 389-397, ISSN 0966-842X 
Spoering, A.L. & Lewis, K. (2001). Biofilm and planktonic cells of Pseudomonas aeruginosa 

have similar resistance to killing by antimicrobials. Journal of Bacteriology, Vol. 183, 
No. 23, pp. 6746-6751, ISSN 0021-9193 

Steidla, A., Allesen-Holm, M., Riedel, K., Berg, G., Givskov, M., Molin, S. & Eberl, L. (2002). 
Identification and characterization of N-acylhomoserine lactone-dependent 
quorum-sensing system in Pseudomonas putida strain IsoF. Applied and Environmental 

Microbiology, Vol. 68, No. 12, pp. 6371-6382, ISSN 1098-5336 
Stewart, P.S. (1996). Theoretical aspects of antibiotic diffusion into microbial biofilms. 

Antimicrobial Agents and Chemotheraphy, Vol. 40, No. 11, pp. 2517-2522, ISSN 0066-
4804 

Stewart, P.S., Roe, F., Rayner, J., Elkins, J.G., Lewandowski, Z, Ochsner, U.A. & Hassett, D.J. 
(2000). Effect of catalase on hydrogen peroxide penetration into Pseudomonas 

aeruginosa biofilms. Applied and Environmental Microbiology, Vol. 66, No. 2, pp. 836-
838, ISSN 0099-2240 

Stewart, P.S. (2003). Diffusion in biofilms. Journal of Bacteriology, Vol. 185, No. 5, pp. 1485-
1491, ISSN 0021-9193 

Sternberg, C., Christensen, B.B., Johansen, T.,Nielsen, A.T., Andersen, J.B., Givskov, M. & 
Molin, S. (1999). Distribution of bacterial growth activity in flow-chamber biofilms. 



 
Antimicrobial Agents 

 

236 

Applied and Environmental Microbiology, Vol., 65, No. 9, pp. 4108-4117, ISSN 0099-
2240 

Stover, C.K., Pham, X.Q., Erwin, A.L., Mizoguchi, S.D., Warrener, P., Hickey, M.J., 
Brinkman, F.S., Hufnagle, W.O., Kowalik, D.J., Lagrou, M., Garber, R.L., Goltry, L., 
Tolentino, E., Westbrock-Wadman, Y., Yuan, Y., Brody, L.L., Coulter, S.N., Folger, 
K.R., Kas, A., Larbig, R., Lim, R., Smith, K., Spencer, D., Wong, G.K., Wu, Z., 
Paulsen I.T., Reizer, J., Saier, M.H., Hancock, R.E., Lory, S. & Olson, M.V. (2000). 
Complete genome sequence of Pseudomonas aeruginosa PA01, an opportunistic 
pathogen. Nature, Vol. 406, pp. 959-964, ISSN 0028-0836 

Strøm, A.R. & Kaasen, I. (1993). Trehalose metabolism in Escherichia coli: stress protection 
and stress regulation of gene expression. Molecular Microbiology, Vol. 8, pp. 205-210, 
ISSN 1365-2958 

Suci, P.A., Mittelman, M.W., Yu, F.P. & Geesey, G.G. (1994). Investigation of ciprofloxacin 
penetration into Pseudomonas aeruginosa biofilms. Antimicrobial Agents and 

Chemotherapy, Vol. 38, No. 9., pp. 2125-2133, ISSN 0066-4804  
Suntharalingam, P. & Cvitkovitch, D.G. (2005). Quorum sensing in streptococcal biofilm 

formation. TRENDS in Microbiology, Vol. 13, No. 1, pp. 3-6, ISSN 0966-842X  
Sutherland, I.W. (2001). The biofilm matrix – an immobilized but dynamic microbial 

environment. TRENDS in Microbiology, Vol. 9, No. 5, pp. 222-227, ISSN 0966-842X 
Tanaka, G., Shigeta, M., Komatsuzawa, H., Sugai, M., Suginaka, H. & Usui, T. (1999). Effect 

of the growth rate of Pseudomonas aeruginosa biofilms on the susceptibility to 
antimicrobial agents: beta-lactams and fluoroquinolones. Chemotherapy, Vol. 45, pp. 
28-36, ISSN 0009-3157 

Tolker-Nielsen,T. & Molin, S. (2000). Spatial organization of microbial biofilm communities. 
Microbial Ecology, Vol. 40, pp. 75-84, ISSN 0095-3628  

Toumanen, E., Cozens, R., Tosch, W., Zak, O. & Tomasz, A. (1989). The rate of killing of 
Escherichia coli by beta-lactam antibiotics is strictly proportional to the rate of 
bacterial growth. Journal of General Microbiology, Vol. 132, pp. 1297-1304, ISSN 1350-
0872 

Tresse, O., Jouenne, T. & Junter, G.-A. (1995). The role of oxygen limitation in the resistance 
of agar-entrapped, sessile-like Escherichia coli to aminoglycoside and β-lactam 
antibiotics. Journal of Antimicrobial Chemotheraphy, Vol. 35, pp. 521-526, ISSN 1460-
2091 

Turovsky, Y., Kashtanov, D., Paskhover, B. & Chikindas, M.L. (2007). Quorum sensing: fact, 
fiction and everything in between. Advences in Applied Microbiology, Vol. 62, pp. 191-
234, ISSN 0065-2164 

Yasuda, H., Ajiki, Y., Koga, T. & Yokota T. (1994). Interaction between clarithromycin and 
biofilms fordem by Staphylococcus epidermidis. Antimicrobial Agents and 

Chemotherapy, Vol. 38, No. 9., pp. 2138-2141, ISSN 0066-4804 
Yoon, S.S., Hennigan, R.F., Hilliard, G.M., Ochsner, U.A., Parvatiyar, K., Kamani, M.C., 

Allen, H.L., DeKievit, T.R., Gardner, P.R., Schwab, U., Rowe, J.J., Iglewski, B.H., 
McDermott, T.R., Mason, R.P., Wozniak, D.J., Hancock, R.E., Parsek, M.R., Noah, 
T.L., Boucher R.C. & Hassett. (2002). Pseudomonas aeruginosa anaerobic respiration 



 
Mechanisms Determining Bacterial Biofilm Resistance to Antimicrobial Factors 

 

237 

in biofilms: relationships to cystic fibrosis pathogenesis. Developmental Cell, Vol. 3, 
pp.593-603, ISSN 1534-5807 

Walters III, M.C., Roe, F., Bugnicourt, A., Franklin, M.J. & Stewart, P.S. (2003). Contributions 
of antibiotic penetration, oxygen limitation, and low metabolic activity to tolerance 
of Pseudomonas aeruginosa biofilms to ciprofloxacin and tobramycin. Antimicrobial 

Agents and Chemotherapy, Vol. 47, No. 1, pp. 317-323, ISSN 0066-4804  
Watnick, P. & Kolter, R. (2000). Biofilm, city of microbes. Journal of Bacteriology, Vol. 182, No. 

10, pp. 2675-2679, ISSN 0021-9193 
Webb, J.S., Thompson, L.S., James, S., Charlton, T., Tolker-Nielsen, T., Koch, B., Givskov, M. 

& Kjelleberg, S. (2003). Cell death in Pseudomonas aeruginosa biofilm development. 
Journal of Bacteriology, Vol. 185, No. 15, pp. 4585-4592, ISSN 0021-9193 

Weinberg, E.D. (2008). Iron availability and infections. Biochimica et Biophysica Acta, DOI: 
10.10.16/j.bbagen.2008.07.002 

Welsh, D.T. & Herbert, R.A. (1999). Osmotically induced intracellular trehalose, but not 
glycine betaine accumulation promotes desiccation tolerance in Escherichia coli. 
FEMS Microbiology Letters, Vol. 174, No. 1, pp. 57-63, ISSN 1574-6968  

Wentland, E.J., Stewart, P.S., Huang, C.-T. & McFeters, G.A. (1996). Spartial variations in 
growth rate within Klebsiella pneumoniae colonies and biofilm. Biotechnology Progress, 
Vol. 12, pp. 316-321, ISSN 1520-6033 

White, D.G. & McDermott, P.F. (2001). Biocides, drug resistance and microbial evolution. 
Current Opinion in Microbiology, Vol. 4, No. 3, pp. 313-317, ISSN 1369-5274 

Whitehead,N.A., Barnard, A.M.L., Slater H., Simpson, N.J.L. & Salmond, G.P.C. (2001). 
Quorum sensing in gram-negative bacteria. FEMS Microbiology Reviews, Vol. 25, pp. 
365-404, ISSN 1574-6976 

Whiteley, M., Parsek, M.R. & Greenberg, E.P. (2000). Regulation of quorum sensing by RpoS 
in Pseudomonas aeruginosa. Journal of Bacteriology, Vol. 182, No. 15, pp. 4356-4360, 
ISSN 0021-9193  

Whiteley, M., Bangera, M.G., Bumgarner, R.E., Parsek, G.M., Teitzel, G.M., Lory, S. & 
Greenberg, E.P. (2001). Gene expression in Pseudomonas aeruginosa biofilm. Nature, 
Vol. 413, pp. 860-864, ISSN 0028-0836 

Williams, P., Winzer, K., Chan, W.C. & Cámara, M. (2007). Look who’s talking: 
communication and quorum sensing in the bacterial world. Philosophical Transactions 

of the Royal Society B: Biological Sciences, Vol. 262, No. 1483, pp. 1119-1134, DOI: 
10.1098/rstb.2007.2039 

Wimpenny, J., Manz, W. & Szewzyk, U. (2000). Heterogeneity in biofilms. FEMS 

Microbiology Reviews, Vol. 24, pp. 661-671, ISSN 1574-6976 
Wood, T.K., Hong, S.H. & Ma, Q. (2011). Engineering biofilm formation and dispersal. 

TRENDS in Biotechnology, Vol. 29, No. 2, pp. 87-94, ISSN 0167-7799  
Xu, K.D., Stewart, P.S., Xia, F., Huang, C.-T. & McFeters, G.A. (1998). Spatial physiological 

heterogeneity in Pseudomonas aeruginosa biofilms is determined by oxygen 
availability. Applied and Environmental Microbiology, Vol. 64, No. 10, pp. 4035-4039, 
ISSN 0099-2240 

Xu, K.D., McFeters, G.A. & Stewart, P.S. (2000). Biofilm resistance to antimicrobial agents. 
Microbiology, Vol. 146, pp. 547-549, ISSN 1465-2080 



 
Antimicrobial Agents 

 

238 

Xu, K.D., Franklin, M.J., Park, C.H., McFeters, G.A. & Stewart, P.S. (2001). Gene expression 
and protein levels of the stationary phase sigma factor, RpoS, in continuously-fed 
Pseudomonas aeruginosa biofilms. FEMS Microbiology Letters, Vol. 199, No. 1, pp. 67-
71, ISSN 1574-6968 

Zgurskaya, H.I. & Nikaido, H. (2000). Multidrug resistance mechanism: drug efflux across 
two membranes. Molecular Microbiology, Vol. 37, No. 2, pp. 219-225 



© 2012 The Author(s). Licensee IntechOpen. This is an open access article

distributed under the terms of the Creative Commons Attribution 3.0

License, which permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.


