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Bacteria in nature are “plagued“ by various unpredictable environmental stresses, being population diversity one of the 
strategies adopted to survive. Phenotypic switching is one of the evolution processes that causes commutation between 
phenotypic states. This phenomenon shows up as variation in colony morphology. Alterations in colony morphotype traits 
may reveal altered cellular basis phenotype which can confer ensured virulence, antimicrobial resistance and persistence. 
However, the specific correlation between those traits and the biological impact is unknown. Phenotypic switching also 
occurs during biofilm formation, in that, bacteria have to adapt to this mode of growth expressing different phenotype 
traits often distinct from those expressed during planktonic growth. Often, after severe stresses, it is observed the survival 
of a small non-growing population, the persisters cells. The persister-state is fully reversible under growth stimulating 
conditions and therefore does not depend on genetic alterations. Bacterial persistence has been pointed out as switching 
between growing and dormant cells. Nevertheless, not only the responsive switching to environmental changes is 
important for survival of bacteria. Inherent heterogeneity may also be of major importance in environmental adaptation 
and persistence. Control of stress-response gene expression determines whether bacteria can survive to changing 
conditions and compete for the resources it needs to proliferate. Reversible phenotypic switching offers considerable 
advantages over conventional irreversible mutations. This chapter discusses the impact of generating population-level 
diversity on important clinical issues as resistance, virulence and persistence. It highlights that even though the growing 
interest and relevance of this phenomenon and its impact on bacterial ecology, the evolutionary origins and adaptive 
significance remain poorly understood. 
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1. Introduction 

In natural habitats, microorganisms are continuously challenged by external factors, being environmental adaptability 
essential for their survival. In fact, microorganisms can face many stressful conditions, such as starvation, temperature 
shocks, pH alterations, hypoxia or anoxia conditions, UV exposure, predation, antimicrobial agents challenge 
(antibiotics, biocides and disinfectants) and immune host defences [1]. The ability of microorganisms to change 
according to environmental fluctuations is termed as adaptive response. When environmental conditions alter, 
microorganisms trigger a set of complex regulatory networks that enable their survival. This microbial adaptation 
involves physiological, behavioural and genetic changes and can be achieved by different mechanisms, being 
phenotypic switching one of them.  
 Phenotypic switching was first described in Candida albicans over 20 years ago and later for other fungi as 
Crytococcus neoformans and other Candida species [2]. Lately, it was also been observed in bacteria as Pseudomonas 
aeruginosa, Staphylococcus aureus, Escherichia coli, Salmonella spp. and Neisseria spp. Phenotypic switching is being 
described for both pathogenic and nonpathogenic species, therefore there are undeniable reasons to examine thoroughly 
its role in microbial survival, pathogenicity and persistence.  
 Phenotypic switching or phase variation refers to a reversible switch between two phenotypic states, analogue to a 
mechanism ON/OFF. It normally occurs in a small fraction of the population at much higher rates than the frequency of 
spontaneous mutations. Phenotypic switching leads to two subpopulations with different gene expression: one sub-
population with altered expression of one or more phase variable genes; and other expressing the full genes profile [3]. 
An interesting feature of phenotypic switching is the referred mechanism ON/OFF, i.e., microorganisms can enjoy 
interchange of states. Although microorganisms exhibit one of the phenotypic states, they retain the possibility to switch 
again, if advantageous, when new environmental stimuli occur, or switch back to the previous phenotype state when the 
external stressor, that had provoked the switching, vanishes.   
 It has been long recognized that a genetically identical population (or isogenic population), even in a homogenous 
environment, can often have two or more phenotypes, being this feature termed as inherent phenotype heterogeneity or 
individuality. This microbial phenotype heterogeneity is a non-genetic variation, i.e. that does not involve changes in 
the genome, and it can be due to “noise”, i.e., variations result of the stochasticity of chemical reactions, at DNA level, 
such as random alterations in the rates of protein synthesis and degradation [4, 5]. Inherent phenotype diversity into a 
genetically identical population becomes evident by heterogeneous responses to stress [6], being this fundamental to 
microbial fitness and development. Despite phenotypic switching can be, in part, a random event (stochastic switching), 
several reports demonstrated that it can be modulated by external factors (responsive switching) [3, 7]. The microbial 
heterogeneity produced by phenotypic switching generates phenotype variants that are “fitter”, since this sub-population 
is better adapted to new environment than the other members of the population [8]. However, the fraction of the 
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population that preserves its phenotype unaltered ensures the ability of the population to overcome future and new 
adverse conditions that may occur. According to the ecological model “insurance hypothesis”, more biodiversity 
ensures ecosystems to maintain or enhance their functioning against environmental fluctuations [9]. Several reports 
about microbial diversity have been supporting this theory [10-12]. 
 Antigenic variation, in part, resembles phenotypic switching because it is also a heritable and reversible mode of 
switch between two phenotypes. However, antigenic variation involves alternating expression of a set of conserved 
moieties that are antigenically distinct within an isogenic population [13]. Phenotypic switching can lead to antigenic 
variation, since, for instances, it can affect the expression of outer lipopolysaccharides (LPS), pili and flagella [14, 15]. 
Phenotypic switching and antigenic variation can be a mixed strategy adopted by microorganism to face hostile habitats. 
 This chapter presents a review about phenotypic switching and its impact on bacteria fitness and persistence, as well 
as its significance on clinical context. Insights about phenotypic switching may provide valuable inputs into the 
dynamic of bacterial life. 

2. Colony morphology variants: the macroscopic feature of phenotypic switching 

The main consequence of phenotypic switching is the generation of heterogeneous and dynamic populations that can 
overcome stressful challenges. The most visible feature of phenotypic switching is colony morphology variation, 
termed as “dissociative behavior”, firstly described in 1964 by Zierdt et. al  [16]. Altered colony appearance were 
demonstrated for several bacteria as Burkholderia pseudomallei [17], Streptococcus pneumonia [18], Pseudomonas 
aeruginosa [19], Enterococcus faecalis [20] and Haemophilus influenzae [21]. Any modification in colony morphology, 
such as color, opacity and texture may be a sign of altered expression of one or more bacterial traits.  
Isolation and microbial identification through colony morphology are still methods of first line used by several 
laboratories and hospitals. The correlation between bacterial features and colony morphologies is just about unknown, 
however extremely important. Through colonies macroscopic visualization it may be possible to predict about which 
bacterial traits were probably altered and its relationship with external factors. Furthermore, the inspection of colonies 
will also help to establish relationships between colony morphology changes, virulence, antimicrobial resistance and 
persistence, which will be extremely useful on the design of biotechnological and therapeutic approaches. 
 Several colony mophotypes have been identified and described for several bacteria, being the best studied the small 
colony variants (SCV) [22, 23], the rugose small colony variants (RSCV) [24], and the mucoid morphotypes [25, 26]. 
Some of these morphotypes are associated with antimicrobial resistance, altered metabolism and reduced 
immunogenicity, contributing thus to increased bacterial pathogenicity and persistence. SCV have been implicated in 
persistent and recurrent human infections, such as cystic fibrosis (CF) [27] and device-related infections [28]. Deziel et 
al. [29] have characterized these variants as hyperpiliated and with increased ability to form biofilms in comparison 
with the fast growing wild morphotypes. Haussler et al. [19] have reported that, beyond hyperpiliated, SCV showed 
increased twitching motility, increased fitness under stationary growth and autoaggregative traits. Other features as 
auxotrophy [30], reduced respiration [31], resistance to aminoglycoside antibiotic [32] and ability to revert to normal 
morphotype [19], not always but often, have been also described. So far, the majority of studies concerning SCV are 
available for P. aeruginosa and S. aureus. The largest number of these laboratory-derived morphotypes may result from 
mutations. D´Argenio et al [33] have showed that a mutation in wspF of P. aeruginosa results in the arising of 
autoaggregative SCV with defects in swimming, twitching and swarming abilities. Drenkard and Ausubel [34] have 
reported the emergence of RSCV, a sub-group of SCV, after P. aeruginosa PA14 has been subjected to an antibiotic 
treatment with kanamycin. RSCV showed to be hyperadherent and possibly negatively controlled by the two-
component system response regulator homolog PvrR. RSCV are the unique variant of SCV described so far. However, 
recent work has identified several other subsets of SCV that are not mentioned in literature [35, 36]. Therefore, SCV 
may encompass a large number of variants possibly with important differences between each other in terms of virulence 
and resistance [36].  
 Besides SCV, particular attention has been also addressed to the mucoid phenotype. Mucoidy is associated to the 
overproduction of exopolysaccharides (EPS) and considered as a strongest virulence factor. P. aeruginosa mucoid 
variants overproduce alginate, a linear copolymer of 1,4-β-linked mannuronic acid and its epimer guluronic acid. 
Alginate has being ascribed as a significant virulent factor with various functions in the context of the pathogenesis of 
respiratory infections as in CF disease [26]. P. aeruginosa mucoid phenotype is closely associated with chronic 
infection and destruction of the lungs of patients with CF. During respiratory infection, P. aeruginosa converts from 
non-mucoid form (lower producer of alginate) to mucoid form (higher producer of alginate), being normally mutation in 
mucA responsible of this conversion [37]. The overproduction of EPS protects bacteria from host defences and 
antibiotic therapy extending the infection for a long time. 
 Apart from SCV and mucoid morphotype, other morphologies are underestimated, devaluated and poorly studied, 
being unknown their role and impact on diversity and dynamic of bacterial populations. In fact, there are several other 
morphologies that arise, for instance, after exposure to antimicrobial stress ensuring the bacterial response. As 
mentioned previously, stress response genes are triggered whenever bacteria need to adapt to adverse conditions. The 
rpoS and bolA genes are examples of those genes. RpoS, an alternative sigma factor of RNA polymerase, is the master 
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regulator of general stress response in E. coli and other proteobacteria. Its expression is susceptible to environmental 
alterations and is under strict control at transcriptional and post-transcriptional levels [38, 39]. The effect of rpoS on 
bacterial virulence is variable differing between species [40]. bolA is a morphogene of E. coli that causes round shape of 
bacteria and increased ability to form biofilms. bolA expression is induced by several types of stress factors such as heat 
shock, acid environment, oxidative and osmotic stress and carbon starvation [41, 42]. Colony morphologies of E. coli 
K12 with bolA and rpoS mutations were observed (Fig. 1) to assess the impact of these genes on phenotype 
determination. 

 

 

(a) 

 

(b) (c) 

Fig.1 Colony morphology of E. coli (a) wild-type, (b) rpoS mutant and (c) bolA mutant on TSA plates. Black bars = 1 mm. 
 
The observation of Fig. 1 allowed to denote important differences between the colony morphologies adopted by the 

three E. coli strains, confirming the influence of bolA and rpoS on morphology variation. rpoS mutation reduced 
significantly the size of the colonies and altered its texture. bolA mutation also altered the colony texture and induce a 
well defined circular shape. The impact of these genes on colony morphology when E. coli is exposed to antimicrobial 
stressors is under investigation. Preliminary results revealed that colony morphology variation between stressed mutants 
is even greater than that observed with un-stressed E.coli. 

3. Biofilm phenotypic switching 

In “real world” environments, bacteria prevail in organized communities entrapped in an exopolysaccharide matrix 
called biofilm [43]. Biofilm formation is an efficient microbial strategy to persist in unfavourable environments. 
Bacteria in biofilm benefit from various advantages over their planktonic counterparts, such as increased antimicrobial 
resistance and protection against predation, dehydration and phagocytose [44]. Biofilms are initiated when free-living 
bacteria attach irreversibly to an abiotic or biotic surface. Furthermore, bacteria grow and divide forming a mature 
biofilm. During biofilm growth, bacteria adopt a biofilm-specific phenotype, radically different from that expressed in 
the corresponding planktonic cells.  
 To switch from planktonic to biofilm mode of growth, bacteria undergo a number of complex physiological, 
metabolic and phenotypic differentiations [45]. Biofilm-growing bacteria undertake specific changes in physiological 
and protein regulation, especially those related with proteins involved in resistance to oxidative damage, 
exopolysaccharide production, phospholipids synthesis and membrane transport [46]. This switch to biofilm-specific 
phenotype can trigger mechanisms responsible for antimicrobial resistance, enhanced virulence and persistence [47]. 
Some genes are differentially expressed in biofilm mode of growth, such as those implicated in pili and flagella 
synthesis, signifying that these elements are no longer required in mature biofilms [45, 46].  
 Within biofilms there are a range of microniches with specific biological activities that may somewhat translate the 
well-known biofilm heterogeneity. This biofilm diversity can generate several distinct colony morphologies because of 
those sub-populations. The morphotypes resulting from clinical-isolated and wild-type P. aeruginosa biofilms (Fig 2) 
emphasize the diversity of colony morphologies presented by biofilm-growing cells.  
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(d) 

 

(e) 

 

(f) 

Fig. 2 Colony morphology diversity of 24-hour-old P. aeruginosa biofilms formed on TSB by ATCC10145 strain (top row) and by 
clinical isolate (down row).  Black bars = 1 mm, white bars = 0,5 mm 
 
 P. aeruginosa ATCC10145 biofilms generated three different colony morphotypes (Fig 2). This population 
variability can be the evidence of the well-described heterogeneity within biofilms imposed by chemical gradients, such 
as nutrients, oxygen and metabolic waste products. As Stewart and Franklin [48] reported, in a mature biofilm, at least 
three distinct physiological states can be anticipated: cells near the biofilm-bulk-fluid or in the more superficial layer, 
presenting similarities with planktonic cells; cells in the middle zone; and cells in the deeper zone. The three colony 
variants showed on the top row of Fig. 2 can be the macroscopic expression of the phenotypes of these different zones. 
In fact, it was verified that the colony variant represented by Fig 2a is similar to the morphotype commonly observed 
with P. aeruginosa planktonic cultures [35].  
 The biofilms formed by the isolated P. aeruginosa strain gave rise to a morphotype diversity almost 4-fold higher 
than the observed with P. aeruginosa wild-type (only few morphotypes are displayed in Fig. 2). The clinical isolate 
demonstrated to have a huge ability to generate new colony morphotypes, especially, in stressful conditions. 
Furthermore, the features of the colony variants were clearly different from those of the reference strain -  ATCC10145 
- (Fig 2 d, e and f), probably due to their different genetic backgrounds [35]. It was evident the prevalence of SCV 
resulting from the clinical-isolated P. aeruginosa biofilms. This occurrence has been associated with a better response 
of bacteria to environmental challenges. For instance, the antimicrobial resistance often exhibited by biofilms has been, 
in part, attributed to the biofilm-specific phenotype, where SCV play a key role [18, 19, 22, 34]. However, it was 
demonstrated that the SCV phenotype may not be exclusive of biofilms [49]. Therefore, it remains unclear the existence 
or not of a colony morphology that could represent exclusively a biofilm-specific phenotype. 
 Biofilm-colony diversity is also influenced by the stage of biofilm development [46]. Boles et. al [10] showed that 
biofilms over time were differently composed by “mini” and wrinkled colony variants. The different proportion of each 
variant during biofilm formation and, especially, after biofilm exposure to environmental stresses, suggests that colony 
variants have specialized functions in biofilm establishment and in its survival strategy that ensure the increased biofilm 
tolerance to stressors [12, 50, 51].  
 The phenotypic heterogeneity within biofilms is considered one of major reasons of biofilm recalcitrance. Many 
different colony morphologies can be isolated from biological samples from chronic infections such as CF sputum, in 
which bacteria reside in biofilms [52]. However, the study regarding biofilm phenotypic switching is recent and several 
questions still remain to be answered. Despite the progress obtained in this topic, several issues related, for instance, 
with polymicrobial biofilms are still an unexplored research area. In nature, biofilms are rarely composed by unique 
specie. In fact, biofilms are consortia of several species including bacteria, fungi and virus, being thus essential the 
characterization and study of the relationships and interplays between species and their adaptive responses.  
 From the evolutionary standpoint, biofilms represent an undeniable advantage to persist in hostile environments. The 
relationship between biofilms and biofilm-specific colony morphotypes is unclear. Hence, it is necessary to elucidate 
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the role of colony variants of the biofilm-associated bacteria for understanding hot issues related with the biofilm mode 
of growth, like chronic infections, ecological processes and antimicrobial resistance.  

4. Virulent phenotypic variants 

Phenotypic switching is traditionally considered as a mechanism to evade host immune defences because it has been 
associated with many human pathogens. In fact, phenotypic switching assists bacteria to escape to innate and acquired 
immune mechanisms during colonization and infection, by affecting the host-pathogen interactions [3]. The basis of this 
process is that the subpopulations generated by phenotypic switching exhibit different sets of antigens and the immune 
system only react against those antigens that recognize. Therefore, colony variants become a problem when the host 
immune system does not operate effectively in their elimination [53]. This concept of enhanced virulence is supported 
by antigenic variation principle. However, if bacteria switch OFF the expression of an antigen, it may means that they 
lose the biological function associated with this antigen. Hence, functional redundancy is required for bacteria not 
mislay the biological function of that antigen. The frequency by which antigenic variation occurs is unclear mainly due 
to limited number of studies about it [3]. 
 In a study related to systemic infection in animal model, Kim et. al [54] have reported that opaque colony variants of 
Streptococcus pneumoniae exhibited higher virulence than translucent variants in each three strains examined. This 
difference can be explained by the 6-fold amount of capsular polysaccharide and 2-fold less teichoic acid synthesis of 
opaque variants. Similar trends were observed for Helicobacter pylori [55], Salmonella enterica [56] and Pseudomonas 
fluorescens [7]. So far, it is unclear what prompts bacteria to switch despite some authors proposed that the host 
environment may exert bacterial selection pressure [57].  
 For some chronic infections, the switch of colony morphotype is one of the crucial stages. As previously mentioned, 
in CF lungs, P. aeruginosa colony morphology undergoes a conversion to mucoid form by overproduction of alginate. 
Alginate is thought to have a protective function in a relatively harsh environment in which the bacteria are continually 
subjected to oxidative stress and attacked by the immune system. Therefore, in the mucoid phenotype, bacteria become 
more difficult to eradicate [58], being able to survive for years with the most surface and virulence factors 
downregulated [59, 60]. The frustrated immunologic response, characterized by an influx of neutrophils to the lung, 
causes tissue damage over time, due to the indiscriminate release of reactive oxygen species during oxidative burst, 
resulting in significant morbidity and mortality [61, 62]. The conversion to mucoidy, together with biofilm formation, 
are both important virulence aspects of CF pathogenesis, however the relationship between them is at the present 
unclear. 
 Colony variants as SCV exhibit several particular characteristics that make them excellent opponents of the host 
defence agents. Besides the features abovementioned, SCV have better ability to develop biofilms and to adhere to 
epithelia, being sometimes more cytotoxic to macrophages [19, 34, 50]. The SCV emergence, for instance in CF lungs, 
may be caused by host environment selective pressure, namely by the presence of antibiotics, the action of host immune 
agents or by the synergy of the two factors [57]. The hyper-biofilm ability of any colony variant is an important 
virulence factor. Biofilms demonstrated reduced activation of the complement system and, as biofilm-growing bacteria 
are entrapped within the EPS matrix, they are less susceptible to phagocytosis. In some cases, biofilms are resistant 
even to humoral immune response [61].  

5. Phenotypic variants resistant to antimicrobial agents 

Phenotypic switching does not only help bacteria to evade the host immune defences, but also have impact on other 
biological features. As aforesaid, for some microorganisms the relationship between phenotypic switching and 
microbial virulence are already established, however, it is urgent to re-examine phenotypic switching as a phenomenon 
with impact on other biological processes, as antimicrobial resistance.  
 Nowadays, disinfection procedures and antimicrobial therapeutic treatments are usually noneffective. It is well-
known that the use and over-use of antimicrobial agents have amplified the emergence of resistant bacteria [63]. 
Antimicrobial research has been focused essentially on antibiotics because the huge impact of recalcitrant infections 
caused by antibiotic-resistant strains on humans. The several resistance mechanisms adopted by bacteria include 
modification of the target site, degradation of the antibiotic molecule and reduction of effective intracellular antibiotic 
concentration through decreased permeability and efflux pumps [64, 65]. Antibiotic resistance is generally associated 
with fitness costs for bacteria, however, Massey et al. [66] demonstrated a mechanism that contradicts those bacterial 
costs, the arising of SCV. According to the latter authors, S. aureus exposure to gentamicin both in vitro and in vivo 
resulted in the emergence of SCV. In the absence of antibiotic pressure, the SCV reverts to normal phenotype, avoiding 
thus the disadvantageous fitness costs associated with irreversible resistance mutation. The typical characteristics of 
SCV, such as small size, slow growth rate, pigmentation and higher resistance to antibiotics and cell-wall inhibitors, are 
due to defects in electron transport chain [28, 67] caused by genetic mutations as menD, hemB and ctaA [28].  
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 The majority of SCV are isolated from biofilms either under stresse or not. Actually, biofilms have been increasingly 
recognized as an important issue in human disease due to their notoriously resistance, achieving 10 to 1000 fold higher 
tolerance to antimicrobial agents than corresponding planktonic bacteria. This resistance has multifactorial nature, i.e., 
results from the combination of several mechanisms including restricted penetration of antimicrobials through the 
exopolysacharide matrix, slow growth of bacteria within biofilms caused by nutrient and oxygen restriction and 
accumulated metabolic wastes and quorum-sensing molecules that leads to biofilm recalcitrance [61]. 
 In the field of antimicrobial resistance, research related with bacterial resistance to disinfectants and biocides has 
been undervalued. Clinical settings are a particular environment that shelters a lot of pathogens mainly in abiotic 
environmental surfaces, air and water. Surface disinfection is one of the most important clinical procedures that can 
effectively reduce the number of healthcare-associated infections [68]. This kind of infections is somewhat caused by 
the spreading of pathogens through surfaces surrounding patients and healthcare professionals. Unfortunately, 
disinfection procedures are not always performed in an accurate way. In fact, inadequate agents and doses are 
frequently used which may contribute to the development of resistant bacteria [63]. Although there is much concern 
regarding the risks of antibiotic resistance, there is a lack of studies evaluating the performance of disinfectants and 
biocides against planktonic and sessile bacteria and the tolerance induced by the use of those agents. Studies that relate 
the phenotypic switching and the development of tolerance by biofilm-growing bacteria towards disinfectants and 
biocides are even less. Recent work showed that disinfectant exposure altered biofilm population diversity [35, 36]. In 
order to attempt comprehending the relationship between disinfectant stress and biofilm diversity, 24-hour-old biofilms 
were exposed to several different disinfectants of clinical use and bacterial colony diversity was assessed. Data 
demonstrated that biofilm diversity was altered for all disinfectants tested but with different proportions of colony 
variants. Given the variety of phenotypes observed in the unstressed and stressed biofilms, it is likely that those variants 
an important play a role in the biofilm adaptive response and community survival.  

6. Phenotypic persisters  

One the most remarkable feature of bacteria is their ability to persist after severe stressful situations. When an isogenic 
population is exposed to lethal conditions, such as a bactericidal dose, most of the cells are killed. However, a small 
fraction of the bacterial population, called as persister cells, can survive. Persisters are not resistant cells and do not 
have genetically acquired antimicrobial resistance. They are dormant cells, i.e., they remain metabolically inactive in 
stressful conditions, in a “non-dividing state” [69]. After removal of the lethal conditions, they can resort to normal 
growth rates and generate a new population that is equally susceptible. It has been proposed that the persister cells 
ability to revert to original population is a sign of phenotypic switching. 
 Despite the discovery of persister cells over 60 years by Bigger et. al [70], the knowledge about them is still too 
young mainly due to technical difficulties of working with a such small amount of cells, normally range from 10-6 to 10-

4 of the entire population. The fact of such important phenotype be expressed only temporarily may also account for the 
lack of studies related with persister cells. Therefore, the mechanisms underlying bacterial persistence remain a puzzle 
and the knowledge about the traits of colonies formed by persisters is unknown.  
 Currently, there are in literature various hypotheses explaining persisters formation. The most important is related to 
the assumption that persistence is a phenotypic state [71]. In previous works developed by Lewis [72, 73], it is 
suggested that stochastic switching or “noise” in toxin-antitoxin balance could be responsible for the switch to persister 
state. Prokaryotes have in its genome and plasmids genetic elements designed as toxin-antitoxin modules (TA). TA are 
generally two genes operons: one  encoding a stable toxin that inhibits some important cellular functions; and  another 
one encoding  an unstable antitoxin that neutralizes the toxin and also acts as an autoregulator of expression [74, 75]. 
The role of TA in programmed cell death is controversy. The most recent hypothesis proposed that toxins target 
essential biological processes such as DNA replication and protein translation promoting by this way, bacteriostasis. 
Some studies have been proposed that stochastic fluctuations in TA ratios can lead to transient growth states and 
antibiotic resistance. Thus, evolution seems to have favoured stochastic switching rather than responsive switching that, 
in some stressful situations, may not occur convicting the whole population to death [76]. In addition, if the population 
were diverse or “insure”, the probability of bacteria survive further increase with the diversity degree.  
 Persisters have been greatly associated with antibiotic resistance because antibiotics failure to kill this residual 
fraction of cells. In general, non-growing or slow-growing cells are not, or at least are less, susceptible to antibiotic 
action. Thus, persisters can prevent clearance of bacteria, especially when bacteria are within biofilms. The occurrence 
of persisters cells within a biofilm population has been pointed out as a mechanism of biofilm resistance towards 
antimicrobials In fact, the enhanced antimicrobial resistance of biofilms has been associated not only to SCV phenotype 
but also to the presence of the persister phenotype [77, 78]. Singh et. al [22] reported that biofilms harbour a increased 
number of  persisters cells when compared with planktonic counterparts and those persisters were more difficult to 
eradicate due to the exopolysaccharide matrix protection. So far, only the operon hipAB is known to affect the 
development of persisters [79].  
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7. Phenotype plasticity: mechanisms of phenotypic switching 

Despite the increasing number of studies about phenotypic switching, the molecular mechanisms underlying this 
phenomenon are poorly understood. In some bacterial species, specific phenotypic switching mechanisms with genetic 
basis seem to be more prevalent and, in other species, mechanisms with no genetic basis, as epigenetic regulation, have 
been identified [6, 13]. 
 Bacteria can respond to environmental stresses by modulating gene expression through sigma factors, proteolysis and 
other mechanisms [80]. Nevertheless, bacteria can experience many, in number and variety, unpredictable stimuli that 
gene regulation system cannot foresee. Thus, in absence of any pre-determined mechanism, the classical genetic view of 
a sensor-effect regulatory system, as bacteria strategy to respond to environmental stresses, seems to be inadequate [14, 
80].  In addition, classical genetics does not explain the phenotype heterogeneity into an isogenic population.  
 The best approach to bacteria achieve adaptation by genetic strategies is through mutations and/or horizontal gene 
transfer. However, adaptation through spontaneous mutations is difficult, although not impossible, since these mutations 
occur at very low frequency. Increased mutation rates, known as hypermutability, could be an efficient approach to 
acquired genetic diversity [80, 81]. Hypermutability could be beneficial or adverse since bacteria, in the long run, will 
face a high risk of accumulation of unwanted and deleterious mutations or antagonistic pleiotropy or both. The 
mechanisms of hypermutability have exhaustively reviewed by Jayaraman [82].  
 As previously mentioned, phenotypic switching is an efficient strategy of generate a diverse population, able to 
survive in hostile environments, by high frequency and reversible switch (ON/OFF) of the expression of one or more 
genes. This class of genes that are expressed in a phase variable manner is called as “phase variable genes” or, more 
often, as “contingency genes”. Contingency genes are genomic regions able to reversibly alter between two forms at 
high frequency. Most of the contingency genes are involved in the synthesis or modification of surface-associated 
structures and enzymes. Thus, mutations in those genes cause modifications in protein regulation and in bacterial 
phenotype [13-15], being the majority of them located in coding sequence of virulent factors. The reversible switch of 
phenotypes has been explained by a mechanism called “slipped strand mispairing” (SSM) [8, 83]. SSM has been 
identified in several bacterial species [83]. This process can occur during DNA synthesis, as replication, repair and 
recombination. Short sequence repeats (SSRs), homopolymeric tracts (e.g TTTTTTTTTTTTT) or multimeric repeats 
(e.g. TAATAATAATAATAATAA), associated with SSM regulate gene expression at the translational or 
transcriptional level. SSR associated with a single locus, located in the promoter region or in coding region, can then 
alter gene expression and lead to phenotypic switching [80, 81, 83]. SSM occurs when a repeat sequence pair out of the 
original complementary part of the opposing strand (template), but with some other area containing the complementary 
base. A loop is formed in the template or nascent DNA, as the mismatching occurs, if it is a forward or a backward 
slipping, resulting in a contraction or expansion of the length of repeats, respectively. The altered DNA repeat length 
can result in altered translation of an encoded protein or different transcriptional activity of a determined gene.   
 SSM is the most common mechanism underlying phenotypic switching, but not the only one. Other mechanisms, 
including homologous recombination, site specific recombination, transposon insertion/excision and differential DNA 
methylation, may cause phenotypic switching [80]. In this review, only a brief description of the features of those 
mechanisms will be presented. Additional information can be obtained in literature [8, 81, 84]. 
 The switch of phenotype determines the presence or absence of several surface structures. At simplest outlook, 
homologous recombination is the breaking out of two DNA molecules at a single point and the crossing between each 
other. The result is two DNA molecules, called recombinant DNA, with a part of parental molecule. This mechanism 
requires some homology between sequences to happen. An example of phenotypic switching by homologous 
recombination is the transcriptionally interchange between active gene pilE and silent of pilS gene. In contrast, site-
specific recombination requires little or no homology between molecules since it works with specific sequences. In site-
specific recombination occurs the inversion (flipping) of short DNA segments encompassing the promoter of a phase 
variable gene which is recognized by the corresponding recombinase. The activity of the recombinase may be 
influenced by environmental factors. The switch of phenotypes occurs when the inversion changes the transcription or 
translation of a gene. In one orientation the gene is expressed (ON state) and in the other not (OFF state) [8, 80, 84]. 
The best characterized example of site-specific recombination is the phase variable expression of E. coli type 1 fimbria 
expressed by the fimA gene. Phenotypic switching can be the result of insertion and excision of transposable elements. 
Transposons are mobile genetic elements able to move (transpose) from one DNA site to another. Some transposons 
target site seems to be more or less random and others seem have target specificity. For instance, the insertion of 
IS2561transposon causes phase variable expression of the cca gene in S. epidermidis [13]. DNA methylation is a 
pseudo-genetic mechanism because is a process of regulation of gene expression but, as it acts directly on DNA, it can 
be considered on the set of genetic mechanisms. Phenotypic switching by this mechanism results from differential 
methylation patterns carried out by deoxyadenosine methyolase (Dam) which methylates 5’-GATC sequences. The 
competition between Dam and transcriptional regulatory proteins for DNA binding sites cause changes in methylation 
and, consequently, they can be used by bacteria to regulate the expression of certain genes in a phase-variable manner. 
The type of the binding regulator determines the ON and OFF state [8, 83]. The phase variable expression of the E. coli 
pap pilin is a well-known example of the Dam-mediated phenotype variation. 
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 Phenotype variation can also be due to stochastic variation or “noise” at transcriptional and translational level [5, 6]. 
Although all population members have the same genome, noise can wrest differently the information in each individual 
cells. Some biological reactions are, in fact, inherently noisy because mainly the reduced number of participating 
molecules. For instance, transcription and translation are processes involving low-abundance molecules in comparison 
with protein-protein interactions [4, 5]. Noise with amplification, i.e., in the presence of positive feedback, can originate 
at population level the switch-like behaviour, resulting in two or more different sub-populations. This process is called 
bistability, if there are two stable genetic states, or multistationarity, if there are multiple stable genetic states [4]. 
However, not always noise can be translated in phenotype variation. In some cases, the biochemical network, in which 
the gene product is inserted compensates the fluctuations without alter the phenotype [5]. 
 Currently, there are still a lot of gaps about molecular mechanisms related with phenotypic switching. New 
experimental approaches to study the phase variable systems are being developed and promising data will soon arise.   

8. Concluding Remarks 

To successful colonized new environments or simply to survive to stressors, bacteria need to recur to evolution and 
diversification. Phenotypic switching provides a source of microbial diversity fundamental to bacterial fitness and 
development. Through phenotypic switching, bacteria have the potential to better survive in hostile environments due to 
the creation of several variants equipped to persist to stresses. In addition, bacteria have not the costs of an irreversible 
state, as mutations, allowing, if more advantageous, to revert to the previous phenotype. There are numerous phenotypic 
variants that have been recovered after in vitro stresses or even isolated from patients with different infections. This 
huge diversity is the evidence of the significance of phenotypic switching. 
 Phenotypic switching has been shown to influence bacterial virulence and also antimicrobial resistance. SCV are the 
best example of how phenotypic switching can alter the antimicrobial resistance profile and virulence ability. SCV has 
been isolated from several types of disease, as respiratory, urinary and device-related infections demonstrating their 
great adaptability in such different environments.  
 Biofilm development is an important strategy to bacterial survival. To form biofilms, bacteria have to switch to the 
biofilm-specific phenotype. The study of phenotypic switching in the scope of biofilms is still limited. It is essential 
understanding how phenotype conversion contributes to better form biofilms and the impact of this conversion on 
infectious disease, antimicrobial resistance and persistence. Biofilm studies are not simple because the multifaceted 
nature and adaptive plasticity exhibited by bacteria in response to external factors. Simulating real conditions with 
collection and clinical microbial specimens will be useful towards the understanding of the evolved concepts in 
biofilms.  
 The concept of on-off switching of phenotypic states is a quite simple view of a complex process. Phenotypic 
diversity can be mediated by specific genetic alterations or by epigenetic mechanisms. Hence, it has been difficult to 
demonstrate whether the mechanisms attributed to phenotypic switching in vitro are the same at play in vivo. The 
majority of experimental reports regarding phenotypic variation have studied new and constant environmental changes. 
However, in real situations changes occur instantaneously and are unlikely to remain constant over the time for the 
fixation of the mutations. It starts now to be evident some differences between in vitro and in vivo emergence of 
microbial colony variants. Because of this discrepancy between laboratory studies and real situations, the knowledge 
about phenotypic variation is delayed. Therefore, it is necessary to perform in vivo studies to test hypotheses raised by 
the in vitro experiences and to draw correlations between morphotypes generated in vitro and in vivo. 
 Apart from phenotypic switching, it is evident another important phenomenon, the bacterial individuality or inherent 
phenotypic variation. The cell-to-cell phenotypic variability within an isogenic population also provides a dynamic 
source of diversity. It has received attention from the scientific community due to their implications on the treatment of 
chronic infections. Inherent heterogeneity is often masked in experimental conventional, since they generally used data 
average population-level phenotypic responses from thousand or even millions of bacteria in a single sample. Bacterial 
individuality has been proposed to be owed to “genetic noise”, i.e., cell-to-cell fluctuation in gene expression. The 
development of diverse phenotypes independently of environmental factors is a relevant issue from the evolutionary and 
adaptation standpoints. 
 Taking into account all the information available so far, it is difficult to argue against the great importance of 
phenotypic switching. However, there is still a lack of knowledge about phenotypic varying systems. The understanding 
of the phenotypic switching processes and the response of the bacterial population to environmental stresses is 
fundamental to develop adequate disinfection protocols and therapeutic treatments. The knowledge of the determinants 
of phenotypic switching can be of greater significance to solve real problems, such as multi-antimicrobial resistance, to 
design therapeutic approaches and vaccine development for some clinical diseases. 
 
 
 

259©FORMATEX 2011

Science against microbial pathogens: communicating current research and technological advances 
                                                                                                                         A. Méndez-Vilas (Ed.)_______________________________________________________________________________



  

 
 

References 

[1] Costerton JW, Cheng KJ, Geesey GG, Ladd TI, Nickel JC, Dasgupta M, Marrie TJ. Bacterial Biofilms in Nature and Disease. 
Annual Review of Microbiology 41(435-464, 1987. 

[2] Fries BC, Goldman DL, Casadevall A. Phenotypic switching in Cryptococcus neoformans. Microbes Infect 4(13): 1345-52, 2002. 
[3] van der Woude MW. Re-examining the role and random nature of phase variation. FEMS Microbiol Lett 254(2): 190-7, 2006. 
[4] Veening JW, Smits WK, Kuipers OP. Bistability, epigenetics, and bet-hedging in bacteria. Annu Rev Microbiol 62(193-210, 

2008. 
[5] Davidson CJ, Surette MG. Individuality in bacteria. Annu Rev Genet 42(253-68, 2008. 
[6] Avery SV. Microbial cell individuality and the underlying sources of heterogeneity. Nat Rev Microbiol 4(8): 577-87, 2006. 
[7] Rossignol G, Sperandio D, Guerillon J, Duclairoir Poc C, Soum-Soutera E, Orange N, Feuilloley MG, Merieau A. Phenotypic 

variation in the Pseudomonas fluorescens clinical strain MFN1032. Res Microbiol 160(5): 337-44, 2009. 
[8] Bayliss CD. Determinants of phase variation rate and the fitness implications of differing rates for bacterial pathogens and 

commensals. FEMS Microbiol Rev 33(3): 504-20, 2009. 
[9] Yachi S, Loreau M. Biodiversity and ecosystem productivity in a fluctuating environment: the insurance hypothesis. Proc Natl 

Acad Sci U S A 96(4): 1463-8, 1999. 
[10] Boles BR, Thoendel M, Singh PK. Self-generated diversity produces 'insurance effects' in biofilm communities. Proceedings of 

the National Academy of Sciences of the United States of America 101(16630-16635, 2004. 
[11] Goerke C, Gressinger M, Endler K, Breitkopf C, Wardecki K, Stern M, Wolz C, Kahl BC. High phenotypic diversity in 

infecting but not in colonizing Staphylococcus aureus populations. Environ Microbiol 9(12): 3134-42, 2007. 
[12] Boles BR, Singh PK. Endogenous oxidative stress produces diversity and adaptability in biofilm communities. Proc Natl Acad 

Sci U S A 105(34): 12503-8, 2008. 
[13] van der Woude MW, Baumler AJ. Phase and antigenic variation in bacteria. Clin Microbiol Rev 17(3): 581-611, table of 

contents, 2004. 
[14] Hallet B. Playing Dr Jekyll and Mr Hyde: combined mechanisms of phase variation in bacteria. Curr Opin Microbiol 4(5): 570-

81, 2001. 
[15] Henderson IR, Owen P, Nataro JP. Molecular switches--the ON and OFF of bacterial phase variation. Mol Microbiol 33(5): 

919-32, 1999. 
[16] Zierdt CH, Schmidt PJ. Dissociation in Pseudomonas aeruginosa. J Bacteriol 87(5): 1003-10, 1964. 
[17] Chantratita N, Wuthiekanun V, Boonbumrung K, Tiyawisutsri R, Vesaratchavest M, Limmathurotsakul D, Chierakul W, 

Wongratanacheewin S, Pukritiyakamee S, White NJ, Day NP, Peacock SJ. Biological relevance of colony morphology and 
phenotypic switching by Burkholderia pseudomallei. J Bacteriol 189(3): 807-17, 2007. 

[18] Allegrucci M, Sauer K. Characterization of colony morphology variants isolated from Streptococcus pneumoniae biofilms. 
Journal of Bacteriology 189(5): 2030-2038, 2007. 

[19] Haussler S, Ziegler I, Lottel A, von Gotz F, Rohde M, Wehmhohner D, Saravanamuthu S, Tummler B, Steinmetz I. Highly 
adherent small-colony variants of Pseudomonas aeruginosa in cystic fibrosis lung infection. J Med Microbiol 52(Pt 4): 295-301, 
2003. 

[20] Wellinghausen N, Chatterjee I, Berger A, Niederfuehr A, Proctor RA, Kahl BC. Characterization of clinical Enterococcus 
faecalis small-colony variants. J Clin Microbiol 47(9): 2802-11, 2009. 

[21] Roche RJ, Moxon ER. Phenotypic variation in Haemophilus influenzae: the interrelationship of colony opacity, capsule and 
lipopolysaccharide. Microb Pathog 18(2): 129-40, 1995. 

[22] Singh R, Ray P, Das A, Sharma M. Role of persisters and small-colony variants in antibiotic resistance of planktonic and 
biofilm-associated Staphylococcus aureus: an in vitro study. J Med Microbiol 58(Pt 8): 1067-73, 2009. 

[23] Malone JG, Jaeger T, Spangler C, Ritz D, Spang A, Arrieumerlou C, Kaever V, Landmann R, Jenal U. YfiBNR mediates cyclic 
di-GMP dependent small colony variant formation and persistence in Pseudomonas aeruginosa. PLoS Pathog 6(3): e1000804, 
2010. 

[24] Starkey M, Hickman JH, Ma L, Zhang N, De Long S, Hinz A, Palacios S, Manoil C, Kirisits MJ, Starner TD, Wozniak DJ, 
Harwood CS, Parsek MR. Pseudomonas aeruginosa rugose small-colony variants have adaptations that likely promote 
persistence in the cystic fibrosis lung. J Bacteriol 191(11): 3492-503, 2009. 

[25] Kirov SM, Webb JS, O'May C Y, Reid DW, Woo JK, Rice SA, Kjelleberg S. Biofilm differentiation and dispersal in mucoid 
Pseudomonas aeruginosa isolates from patients with cystic fibrosis. Microbiology 153(Pt 10): 3264-74, 2007. 

[26] Govan JR, Deretic V. Microbial pathogenesis in cystic fibrosis: mucoid Pseudomonas aeruginosa and Burkholderia cepacia. 
Microbiol Rev 60(3): 539-74, 1996. 

[27] Haussler S, Tummler B, Weissbrodt H, Rohde M, Steinmetz I. Small-colony variants of Pseudomonas aeruginosa in cystic 
fibrosis. Clin Infect Dis 29(3): 621-5, 1999. 

[28] Proctor RA, von Eiff C, Kahl BC, Becker K, McNamara P, Herrmann M, Peters G. Small colony variants: a pathogenic form of 
bacteria that facilitates persistent and recurrent infections. Nat Rev Microbiol 4(4): 295-305, 2006. 

[29] Deziel E, Comeau Y, Villemur R. Initiation of biofilm formation by Pseudomonas aeruginosa 57RP correlates with emergence 
of hyperpiliated and highly adherent phenotypic variants deficient in swimming, swarming, and twitching motilities 1. Journal of 
Bacteriology 183(4): 1195-1204, 2001. 

[30] Samuelsen O, Haukland HH, Kahl BC, von Eiff C, Proctor RA, Ulvatne H, Sandvik K, Vorland LH. Staphylococcus aureus 
small colony variants are resistant to the antimicrobial peptide lactoferricin B. J Antimicrob Chemother 56(6): 1126-9, 2005. 

[31] Hoffman LR, Deziel E, D'Argenio DA, Lepine F, Emerson J, McNamara S, Gibson RL, Ramsey BW, Miller SI. Selection for 
Staphylococcus aureus small-colony variants due to growth in the presence of Pseudomonas aeruginosa. Proc Natl Acad Sci U S 
A 103(52): 19890-5, 2006. 

[32] Norstrom T, Lannergard J, Hughes D. Genetic and phenotypic identification of fusidic acid-resistant mutants with the small-
colony-variant phenotype in Staphylococcus aureus. Antimicrob Agents Chemother 51(12): 4438-46, 2007. 

260 ©FORMATEX 2011

Science against microbial pathogens: communicating current research and technological advances 
A. Méndez-Vilas (Ed.)______________________________________________________________________________



  

 
 

[33] D'Argenio DA, Calfee MW, Rainey PB, Pesci EC. Autolysis and autoaggregation in Pseudomonas aeruginosa colony 
morphology mutants. J Bacteriol 184(23): 6481-9, 2002. 

[34] Drenkard E, Ausubel FM. Pseudomonas biofilm formation and antibiotic resistance are linked to phenotypic variation. Nature 
416(6882): 740-743, 2002. 

[35] Sousa AM, Loureiro J, Machado I, Pereira MO. The role of antimicrobial stress on Pseudomonas aeruginosa colony morphology 
diversity, tolerance and virulence. In International Conference on Antimicrobial Research,vol Valladolid, Spain, 2010. 

[36] Sousa AM, Loureiro J, Machado I, Pereira MO. In vitro adaptation of P. aeruginosa: colony morphology variants selection and 
virulence characterization. In BIOFILMS IV, International Conference,vol Winchester, England, 2010. 

[37] Qiu D, Eisinger VM, Rowen DW, Yu HD. Regulated proteolysis controls mucoid conversion in Pseudomonas aeruginosa. Proc 
Natl Acad Sci U S A 104(19): 8107-12, 2007. 

[38] Hengge-Aronis R. Signal transduction and regulatory mechanisms involved in control of the sigma(S) (RpoS) subunit of RNA 
polymerase. Microbiol Mol Biol Rev 66(3): 373-95, table of contents, 2002. 

[39] Dong T, Kirchhof MG, Schellhorn HE. RpoS regulation of gene expression during exponential growth of Escherichia coli K12. 
Mol Genet Genomics 279(3): 267-77, 2008. 

[40] Dong T, Schellhorn HE. Role of RpoS in Virulence of Pathogens. Infect Immun 78(3): 887-97, 2010. 
[41] Vieira HL, Freire P, Arraiano CM. Effect of Escherichia coli morphogene bolA on biofilms. Appl Environ Microbiol 70(9): 

5682-4, 2004. 
[42] Santos JM, Freire P, Vicente M, Arraiano CM. The stationary-phase morphogene bolA from Escherichia coli is induced by 

stress during early stages of growth. Mol Microbiol 32(4): 789-98, 1999. 
[43] Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappinscott HM. Microbial Biofilms. Annual Review of 

Microbiology 49(711-745, 1995. 
[44] Dunne WM. Bacterial adhesion: Seen any good biofilms lately? Clinical Microbiology Reviews 15(2): 155-+, 2002. 
[45] Drenkard E. Antimicrobial resistance of Pseudomonas aeruginosa biofilms. Microbes Infect 5(13): 1213-9, 2003. 
[46] Sauer K, Camper AK, Ehrlich GD, Costerton JW, Davies DG. Pseudomonas aeruginosa displays multiple phenotypes during 

development as a biofilm. Journal of Bacteriology 184(4): 1140-1154, 2002. 
[47] Mah TFC, O'Toole GA. Mechanisms of biofilm resistance to antimicrobial agents. Trends in Microbiology 9(1): 34-39, 2001. 
[48] Stewart PS, Franklin MJ. Physiological heterogeneity in biofilms. Nature Reviews Microbiology 6(3): 199-210, 2008. 
[49] Williams I, Venables WA, Lloyd D, Paul F, Critchley I. The effects of adherence to silicone surfaces on antibiotic susceptibility 

in Staphylococcus aureus. Microbiology 143 ( Pt 7)(2407-13, 1997. 
[50] Davies JA, Harrison JJ, Marques LL, Foglia GR, Stremick CA, Storey DG, Turner RJ, Olson ME, Ceri H. The GacS sensor 

kinase controls phenotypic reversion of small colony variants isolated from biofilms of Pseudomonas aeruginosa PA14. FEMS 
Microbiol Ecol 59(1): 32-46, 2007. 

[51] Harrison JJ, Ceri H, Turner RJ. Multimetal resistance and tolerance in microbial biofilms. Nat Rev Microbiol 5(12): 928-38, 
2007. 

[52] Hogardt M, Heesemann J. Adaptation of Pseudomonas aeruginosa during persistence in the cystic fibrosis lung. Int J Med 
Microbiol 300(8): 557-62, 2010. 

[53] Deitsch KW, Moxon ER, Wellems TE. Shared themes of antigenic variation and virulence in bacterial, protozoal, and fungal 
infections. Microbiol Mol Biol Rev 61(3): 281-93, 1997. 

[54] Kim JO, Weiser JN. Association of intrastrain phase variation in quantity of capsular polysaccharide and teichoic acid with the 
virulence of Streptococcus pneumoniae. J Infect Dis 177(2): 368-77, 1998. 

[55] Tannaes T, Grav HJ, Bukholm G. Lipid profiles of Helicobacter pylori colony variants. APMIS 108(5): 349-56, 2000. 
[56] Isaacson RE, Argyilan C, Kwan L, Patterson S, Yoshinaga K. Phase variable switching of in vivo and environmental phenotypes 

of Salmonella typhimurium. Adv Exp Med Biol 473(281-9, 1999. 
[57] Nelson LK, Stanton MM, Elphinstone RE, Helwerda J, Turner RJ, Ceri H. Phenotypic diversification in vivo: Pseudomonas 

aeruginosa gacS- strains generate small colony variants in vivo that are distinct from in vitro variants. Microbiology 156(Pt 12): 
3699-709, 2010. 

[58] Martin DW, Schurr MJ, Mudd MH, Govan JR, Holloway BW, Deretic V. Mechanism of conversion to mucoidy in 
Pseudomonas aeruginosa infecting cystic fibrosis patients. Proc Natl Acad Sci U S A 90(18): 8377-81, 1993. 

[59] Williams BJ, Dehnbostel J, Blackwell TS. Pseudomonas aeruginosa: host defence in lung diseases. Respirology 15(7): 1037-56, 
2010. 

[60] Sadikot RT, Blackwell TS, Christman JW, Prince AS. Pathogen-host interactions in Pseudomonas aeruginosa pneumonia. Am J 
Respir Crit Care Med 171(11): 1209-23, 2005. 

[61] Davies D. Understanding biofilm resistance to antibacterial agents. Nat Rev Drug Discov 2(2): 114-22, 2003. 
[62] Jensen PO, Givskov M, Bjarnsholt T, Moser C. The immune system vs. Pseudomonas aeruginosa biofilms. FEMS Immunol 

Med Microbiol 59(3): 292-305, 2010. 
[63] Hawkey PM. The growing burden of antimicrobial resistance. J Antimicrob Chemother 62 Suppl 1(i1-9, 2008. 
[64] Poole K. Mechanisms of bacterial biocide and antibiotic resistance. Journal of Applied Microbiology 92(55S-64S, 2002. 
[65] Russell AD. Plasmids and bacterial resistance to biocides. J Appl Microbiol 83(2): 155-65, 1997. 
[66] Massey RC, Buckling A, Peacock SJ. Phenotypic switching of antibiotic resistance circumvents permanent costs in 

Staphylococcus aureus. Curr Biol 11(22): 1810-4, 2001. 
[67] McNamara PJ, Proctor RA. Staphylococcus aureus small colony variants, electron transport and persistent infections. Int J 

Antimicrob Agents 14(2): 117-22, 2000. 
[68] Rutala WA, Weber DJ. The benefits of surface disinfection. Am J Infect Control 32(4): 226-31, 2004. 
[69] Lewis K. Persister cells. Annu Rev Microbiol 64(357-72, 2010. 
[70] Bigger J. TREATMENT OF STAPHYLOCOCCAL INFECTIONS WITH PENICILLIN BY INTERMITTENT 

STERILISATION. The Lancet 244(6320): 497-500, 1944. 

261©FORMATEX 2011

Science against microbial pathogens: communicating current research and technological advances 
                                                                                                                         A. Méndez-Vilas (Ed.)_______________________________________________________________________________



  

 
 

[71] Balaban NQ, Merrin J, Chait R, Kowalik L, Leibler S. Bacterial persistence as a phenotypic switch. Science 305(5690): 1622-
1625, 2004. 

[72] Lewis K. Persister cells and the riddle of biofilm survival. Biochemistry-Moscow 70(2): 267-+, 2005. 
[73] Lewis K. Programmed death in bacteria. Microbiol Mol Biol Rev 64(3): 503-14, 2000. 
[74] Hayes F. Toxins-antitoxins: plasmid maintenance, programmed cell death, and cell cycle arrest. Science 301(5639): 1496-9, 

2003. 
[75] Buts L, Lah J, Dao-Thi MH, Wyns L, Loris R. Toxin-antitoxin modules as bacterial metabolic stress managers. Trends Biochem 

Sci 30(12): 672-9, 2005. 
[76] Dhar N, McKinney JD. Microbial phenotypic heterogeneity and antibiotic tolerance. Current Opinion in Microbiology 10(1): 

30-38, 2007. 
[77] Spoering AL, Lewis K. Biofilms and planktonic cells of Pseudomonas aeruginosa have similar resistance to killing by 

antimicrobials 1. Journal of Bacteriology 183(23): 6746-6751, 2001. 
[78] Brooun A, Liu SH, Lewis K. A dose-response study of antibiotic resistance in Pseudomonas aeruginosa biofilms. Antimicrobial 

Agents and Chemotherapy 44(3): 640-646, 2000. 
[79] Keren I, Kaldalu N, Spoering A, Wang YP, Lewis K. Persister cells and tolerance to antimicrobials. Fems Microbiology Letters 

230(1): 13-18, 2004. 
[80] Jayaraman R. Phase variation and adaptation in bacteria: A 'Red Queen's Race'. Current Science 2011. 
[81] van der Woude MW. Phase variation: how to create and coordinate population diversity. Curr Opin Microbiol 2011. 
[82] Jayaraman R. Mutators and hypermutability in bacteria: the Escherichia coli paradigm. J Genet 88(3): 379-91, 2009. 
[83] van den Broek D, Bloemberg GV, Lugtenberg B. The role of phenotypic variation in rhizosphere Pseudomonas bacteria. 

Environ Microbiol 7(11): 1686-97, 2005. 
[84] Wisniewski-Dye F, Vial L. Phase and antigenic variation mediated by genome modifications. Antonie Van Leeuwenhoek 94(4): 

493-515, 2008. 
 
 

262 ©FORMATEX 2011

Science against microbial pathogens: communicating current research and technological advances 
A. Méndez-Vilas (Ed.)______________________________________________________________________________




