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ABSTRACT 
 

 
This dissertation work provides evidence of heterogeneity in the distribution of 

gene expression and growth rates among surface associated cells of Pseudomonas 
aeruginosa. Currently, methodologies used for characterizing biofilm heterogeneity are 
constrained by the need of in vitro biofilm growth and by the need to genetically 
manipulate bacteria.  

This dissertation describes findings obtained by using LCMM, qRT-PCR, qPCR 
and microarrays. Through combining LCMM with qRT-PCR a housekeeping gene and 
two quorum sensing induced genes were found to be differentially expressed at the 
periphery of P. aeruginosa biofilms. qPCR also enabled the growth rate of cells in 
discrete locations of biofilms to be determined. Cells localized to the deep layers of 
biofilms were found in a growth state analogous to stationary phase in planktonic 
cultures, while cells localized to the biofilm periphery were slightly more active with 
growth rates that approached cells growing exponentially in planktonic cultures. By 
elucidating the growth rates of subpopulations within the biofilm it was subsequently 
possible to determine that the most active cells had approximately 7 copies of the mRNA 
of housekeeping and stationary phase associated genes. Each of the least active cells, 
those found in the deeper sections of the biofilms, had less than one copy of any of the 
mRNAs measured. No significant differences in the distribution of 16S rRNA were found 
along the sections analyzed. The microarray studies revealed several genes, known to be 
involved in the pathogenesis of P. aeruginosa, to be undergoing active transcription in 
young biofilms under conditions of low calcium concentrations. This is significant 
because calcium homeostasis is known to be out of balance in the lungs of cystic fibrosis 
patients, where P. aeruginosa biofilms grow causing life threatening infections.  

These results suggest that spatial and temporal heterogeneity within biofilms 
underscores their ability to not only survive in diverse and sometimes harsh 
environmental conditions, but to exploit those environments.  The methods described in 
this work are suitable for characterizing heterogeneity of gene expression and growth rate 
in biofilms collected from their natural environment. These also represent an alternative 
method for assessing the distribution of populations in multispecies biofilms.  
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CHAPTER 1 
 
 

HETEROGENEITY OF PSEUDOMONAS AERUGINOSA BIOFILMS 
 
 

Introduction 
 
 

Bacteria are equipped with a variety of survival strategies that allow them to 

proliferate in most environments they encounter. For example, the same bacterium can 

grow planktonically, freely swimming in liquid bodies or humid environments, or 

attached to surfaces as part of a sessile community. To successfully colonize either 

environment, cells must be able to express a suitable set of phenotypic traits. When 

planktonic cells attach to a surface,  they begin to form clonal microcolonies and grow at 

relatively constant rates as they undergo a series of phenotypic switches leading to the 

formation of a biofilm (56). They cease to make flagella, switch to Type IV pili, and 

synthesize copious amounts of extracellular polymeric substances (63). In comparison to 

planktonic organisms, biofilms show decreased antimicrobial and antibiotic 

susceptibility, are more resistant to host mediated immune responses, and are able to 

withstand a wider range of environmental challenges. A considerable body of literature 

has been devoted to the characterization of many species and their ability to colonize 

specialized niches of medical or environmental relevance (14, 18, 26, 27, 52  48). 

However, the implications of biofilm growth require further exploration since 

physiological characteristics appear to be complicated by the heterogeneous nature of 

these communities.  
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In biofilms, uneven distribution of nutrients and environmental cues, such as 

signaling compounds, influence cellular physiology and metabolic activity (63). 

Additionally, as waste products and endogenous signaling compounds are secreted in 

response to the stratified conditions, complexity is increased and steeper chemical 

gradients are formed. The formation of complex structures such as microcolonies or 

mushroom like cell aggregates and the formation of channels also contribute to the 

formation of heterogeneous conditions at the microscale level. Therefore, many of the 

unique properties attributed to biofilms may be explained by the resulting heterogeneous 

physiological states adopted by these cells.  

The environmental heterogeneity within biofilms may provide an adaptation 

advantage to the biofilm by encouraging phenotypic differentiation among members of 

the same genotype. Consequently, within short distances of each other, subpopulations of 

cells can form which are able to withstand various environmental challenges. More 

research is needed to address the effect of various environmental pressures at the cellular 

level in biofilms. As attempts are made to improve the management of biofilm related 

issues, it is paramount that we continue to seek to understand biofilm physiology and the 

adaptation strategies used by these cells. 

In the clinical setting, the majority of persistent bacterial infections are thought to 

be in association with biofilms (9), making these infections a leading cause of health-

related problems (14, 15). The opportunistic pathogen P. aeruginosa forms biofilms with 

significant prevalence in hospital acquired infections. It is also the primary 

microorganism responsible for severe lung infections in patients with cystic fibrosis (CF).  



 
 

3

Since important lessons have been learned from studying the ability of P. 

aeruginosa to form biofilms, this organism will be used as a model to address biofilm 

related issues in the following sections of this chapter. The role of P. aeruginosa in the 

clinical setting and its ability to inflict biofilm associated infections will be described. 

The physiological heterogeneity among biofilm cells, its implications, and the methods 

available to study localized metabolic activities of biofilms will also be addressed. 

 
Pseudomonas aeruginosa: an Overview 

 
 

Pseudomonas aeruginosa is a gram-negative rod of approximately 1 um3 that is 

ubiquitous in soil, plants, water and other humid environments (17). In order to meet its 

nutritional requirements, this bacterium is capable of utilizing many organic compounds. 

In the absence of oxygen, it can use nitrate as electron acceptor.  Due to its ability to 

infect compromised tissues, P. aeruginosa is considered an opportunistic pathogen and is 

responsible for as much as 10% of nosocomial infections (21, 42, 54). Within the 6.3 

Mbp of the P. aeruginosa genome is a complex collection of genes dedicated to enhance 

its adaptability to a number of growth conditions. In the hospital setting, P. aeruginosa 

has been isolated from flowers, vegetables, respiratory equipment, medicines, sinks, 

mops, and even disinfectant solutions (58). Biofilms comprised of this pathogen have 

become an increasing problem in hospitals, because they are very resistant to disinfection 

techniques and tend to colonize a number of surfaces, such as indwelling medical 

devices. Hospitalized patients are also commonly colonized at burn wound sites and often 

become ill with pneumonia or urinary tract infections due to P. aeruginosa (15, 18, 21, 
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60, 66). Among immunocompromised patients commonly affected by this pathogen are 

those afflicted with acute leukemia, HIV, or patients who have received organ transplants 

(21). The impact of P. aeruginosa on patients at hospitals is also well illustrated by the 

20% increase in gastrointestinal carriage that occurs within 72 hours of admission (58).  

Pulmonary disease in CF patients is exacerbated by infections with several 

pathogens that predominantly involve P. aeruginosa biofilms. These lung infections are 

associated with an increase in the morbidity and mortality rates seen in patients suffering 

from CF. The genetic disorder CF is most prevalent in the Caucasian population (2). It 

affects the CF transmembrane regulator (CFTR), which is a protein that functions as an 

ion channel (32). Organs that depend on mucus homeostasis, such as the lung, are 

adversely affected by this mutation. The abnormal chloride and sodium transport in the 

upper respiratory tract epithelium encourages the reabsorption of water from the 

extracellular space. The thickened mucus overwhelms the normal beating function of 

lung epithelium and creates a suitable environment for increased microbial growth (38, 

43) . Upon establishment of infection, clearing of these organisms from the lung is very 

difficult and at times, impossible. Without proper management, these infections can lead 

to a rapid decrease in lung function, which is the primary cause of illness and death in CF 

patients. The vast majority of CF patients suffer from P. aeruginosa pulmonary infections 

by the time they reach adulthood (6, 23). These infections can be controlled by the use of 

antibiotic therapy, which reduces overt symptoms by decreasing the bacterial burden in 

the lung. Therapy does not completely clear the underlying biofilms, thus allowing them 

to act as reservoirs. Such treatments, in conjunction with other therapies for clearing the 
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airways and controlling inflammation, have remarkably prolonged the life expectancy of 

these patients (1, 30). 

The extracellular polysaccharide matrix embedding the cells of P. aeruginosa 

biofilms can enhance antibiotic resistance to troublesome levels (37). P. aeruginosa is 

able to secrete alginate, an extracellular polysaccharide that forms a thickened matrix in 

the strains that switch to a mucoid phenotype. This phenotypic switch correlates with the 

permanent establishment of P. aeruginosa in the lung (35, 50). Mucoid P. aeruginosa has 

been found in chronic infections of over 90% of CF patients who present increased 

inflammation, tissue destruction and a decline in pulmonary function, all of which are 

intimately related to the poor prognosis of CF patients (11, 22, 51, 35). Additionally, 

phenazine pigments have been shown to be very toxic toward the respiratory epithelium, 

inhibiting ciliary beating in vitro (70). Other extracellular products include elastases, 

alkaline protease, exotoxin A and protease IV, all of which degrade host 

immunoregulatory proteins such as surfactants, complement, immunoglobulin and 

bacterial peptides (21). Robust antibiotic production toward the Type III secretion system 

is detected in early P. aeruginosa infection of CF patients (39). The effector proteins 

secreted by this system are directly injected into the host cell cytosol, where they can 

alter immune responses, cause injury, and induce apoptosis (21).  Furthermore, 

membrane bound virulence factors such as lipopolysaccharide, flagella, and pili can 

exacerbate the immune response in the lung by interacting with cellular receptors of the 

lung epithelium (39).  
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 In their sequencing study, Stover et al. identified a large number of transport 

systems specialized in nutrient intake; of these, about 150 genes were classified as outer 

membrane proteins and over 30 as drug efflux systems (64). The intrinsic antibiotic 

resistance and advanced ecological versatility of P. aeruginosa can be partially attributed 

to the presence of four operons that encode multidrug resistance pumps. These are 

membrane transporter proteins that, when active, serve to export a number of antibiotics 

(41) and a variety of other substances, such as detergents, organic solvents, antiseptics, 

charged and neutral compounds, and heavy metal ions (46, 48, 57). In addition, ten per 

cent of this pathogen’s 5,570 open reading frames are dedicated to regulatory functions, 

enabling and/or enhancing host invasion upon sensing environmental clues (65).  

The switch of planktonic cells into sessile growth is accompanied by several 

important phenotypic changes.  These allow the pathogen to attach to a surface, form 

microcolonies, differentiate into mature biofilms, and encourage dispersal for 

colonization of new surfaces (15). During planktonic growth and the initial surface 

interactions necessary for attachment, flagella and Type IV pili are known to be 

important (49). In their biofilm development study, through a proteomic approach, Sauer 

and associates found that more than 50% of proteins undergo changes in expression when 

planktonic cells become surface associated and develop into a mature biofilm (56). 

Among these genes is a small portion of quorum sensing regulated proteins that 

underwent upregulation. It is worth noting that flagella are no longer made by these 

matured biofilms until the cells are ready for detachment. Others have also characterized 

the changes in expression profiles using global transcriptional approaches by taking 
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advantage of DNA microarray technology. One study found 73 genes differentially 

expressed in 5 day old biofilms (69). Among these genes, rpoS, a sigma factor that 

influences the transcription of other P. aeruginosa genes during stationary phase, was 

found to have profound roles in the suppression and regulation of biofilm thickness, 

antibiotic resistance to tobramycin, and in the expression of virulence factors (71). 

Following colonization, factors such as elastase, hemolysin, cytotoxins, siderophores, and 

pyocyanin aid in the establishment of infection (25). The severity of the infection, in 

terms of prognosis, recovery time, as well as long term implications, can also be affected 

by alginate, the production of toxins, the release of lipopolysaccharide, and the formation 

of small colony variants (21, 34, 25).  In the late stages of development, mature biofilms 

experience hollowing events while undergoing seeding dispersal. These cells exhibit 

increased motility and experience increased levels of prophage conversion to the 

superinfective lytic form; presumably as a mechanism that enhances biofilm dispersal. In 

addition, some clinical P. aeruginosa isolates stop producing quorum sensing signaling 

molecules and acute virulence determinants while undergoing detachment (34). 

 
Biofilms and their Enhanced Ability to Survive 

 
 

Biofilms are the predominant form in which earth’s microbial biomass exist; they 

participate in carbon and inorganic nutrient cycling (14, 26, 52). Because of their growth 

versatility, high microbial biomass, and other physical properties, biofilms are especially 

suitable for the bioremediation of toxic chemicals and for the production of chemicals in 

industrial settings (61, 63). Likewise, their ability to adapt, colonize, and persist in such 
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diverse settings affects aspects of everyday life. The presence of biofilms on surfaces 

instigates biofouling and biocorrosion, both of which affect the performance of many 

types of materials, including metals and plastics that are important to our food industry, 

water systems, marine equipment and medical devices (7, 8, 13, 68).  

Biofilms are difficult to eradicate from most environments, and in general, the 

response of planktonic cells to these eradication attempts is poorly correlated to the 

response of the same cells growing as biofilms (31). Sessile cells are better suited to 

overcome antimicrobial challenges by using several strategies. Penetration of biocides 

into the exopolysaccharide matrix encasing biofilm has been shown to be dependant on 

the properties of individual compounds and their affinity to the matrix (44). This 

protective layer can additionally serve as a barrier to attacks of the immune system by 

preventing the direct contact of  opsonizing antibodies and other protective processes of 

the host (15). Cells in the deep layers of a biofilm have been shown to experience nutrient 

and oxygen limitation. Therefore, they exist in a slow growing state that allows them to 

serve as a reservoir of live cells resistant to eradication techniques that target the 

metabolizing populations. Additional strategies that allow sessile cells to survive in the 

host following antibiotic therapy include traditional mechanisms of development of 

resistance to antibiotics, generally known to occur in planktonic cells as the result of 

intense selective pressure and the formation of colony variants, which has been described 

as a biofilm specific phenotype (15, 29, 30, 59). 
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Due to the importance of controlling and managing biofilms, there is a need to 

understand how local environments affect bacterial activities during colonization, growth 

and persistence on surfaces of medical, industrial and environmental relevance. 

 
The Heterogeneous Nature of Biofilms 

 
 

Heterogeneity in biofilms has been studied at the spatial and temporal levels 

whereby genotypically identical cells undergo differentiation depending on the forces 

driving the selection of specific traits. Phenotypic changes, related to the regulation of 

gene expression, and genotypic changes, as the result of mutations, have been observed. 

Regardless of the number of species living within a biofilm, the primary consequence of 

heterogeneous environmental conditions to each individual species is an increase in the 

diversity of the population, enhancing the potential of each species for survival (53).  

Perhaps the increase in antibiotic resistance seen in biofilms and their inherent ability to 

persist and adapt to changing environmental conditions can be in part explained by the 

population diversity contained within each biofilm.  

Population diversity can arise from the accumulation of mutations affecting a few 

members of the community. The mutation rate in biofilms appears to be in part driven by 

an increase in the oxidative stress of cells living in deep pockets (10).  In fact, in one 

study by Koh et al. (36) it was shown that biofilms of Serratia marcescens had 

significantly higher frequencies in the emergence of variant colonies as compared to 

planktonic cultures. Small colony variants (SCV) have been observed in biofilms of P. 

aeruginosa, Vibrio cholerae and Streptococcus pneumoniae (3, 10, 72). Spontaneous 
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mutations, single nucleotide polymorphisms, faulty repair of double stranded DNA 

breaks and gene transfer have all been associated with the emergence of SCV (10, 27, 33, 

47). These variants are characterized by a rough phenotype and generally form biofilms 

with antibiotic susceptibility profiles extensively different from those of their wildtype 

counterparts (3, 28, 33, 36, 72). 

The mutations seen in some members of the biofilm community can also be 

attributed to exposure to subinhibitory concentrations of drugs, leading to an increase in 

antibiotic resistance. This enhanced resistance to antibiotic treatment is often achieved by 

the subpopulations of cells directly exposed to subinhibitory levels of these drugs. In P. 

aeruginosa, an increase in antibiotic resistance seen in some biofilms starts as the result 

of a mutation that affects a repressor gene (either nalB or nfxB) of a multidrug (MDR) 

efflux pump, resulting in an increase in the expression of the mexAB-oprM or mexCD-

oprJ pumps, leading to an increase in antibiotic resistance at the biofilm substratum (16, 

55). Furthermore, genetic diversity in the population also results from ecological 

selection in multispecies biofilms, where the swapping of genes commonly takes place. 

The survival of a population is dependent on the level of genetic plasticity of an organism 

in the face of continuous changes in the environment in which it exists. 

Population diversity can also result from regulatory differences that govern the 

state of subpopulations of cells without the involvement of mutations. Metabolic 

heterogeneity is observed within micrometer scale distances in a biofilm due to the 

uneven distribution and penetration of nutrients and oxygen as well as gradients in 

osmotic pressure and pH (63). Availability of chitin can induce stratified levels of 
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chitinolytic gene expression in P. aeruginosa biofilms (5). Another example where 

nutritional sources regulate gene expression in biofilms is the repressor/anti-repressor 

system SinR and SinI of Bacillus subtilis (12). The gene expression of these genes is 

stratified and regulated differently, with sinI only being expressed by small 

subpopulations and sinR being expressed throughout the entire biofilm. Perhaps the 

discovery of a mechanism involving a shutdown in the expression of enzymes that confer 

protection against DNA damage under oxidative conditions may explain the increase in 

the emergence of SCV in biofilms seen as the result of oxidative damage (10, 20). 

Subinhibitory levels of antimicrobials can also induce the regulation of gene expression 

in addition to being a force that can drive the emergence of antibiotic resistant mutants. 

P. aeruginosa can regulate antimicrobial resistance through the transcriptional regulator 

PsrA, which responds to subinhibitory levels of cationic antimicrobial peptides (24). This 

organism can also respond to low concentrations of imipenem by upregulating the 

expression of beta-lactamase encoded by ampC in cells localized to the periphery of the 

biofilm (4). Many other genes involved in the regulation of antibiotic susceptibility and 

other biofilm associated traits have also been described. In some instances, the 

parameters under which these are most active have not been identified, yet they do show 

stratified activities within a biofilm. Among these regulatory genes is pvrR of P. 

aeruginosa, ascribed with the function of controlling the conversion between antibiotic-

resistant and antibiotic-susceptible variants (19). The production of periplasmic glucans 

by P. aeruginosa has been associated with increased resistance to three different classes 

of antibiotics; this phenotype is conferred by the gene ndvB (45). 



 
 

12

Assessing Biofilm Heterogeneity 
 
 
As described here, biofilms are heterogeneous communities that are actively 

interacting with the environment that surrounds them. The nature of this interaction is not 

only driven by the location of cells in a biofilm or the exposure to certain compounds, but 

also by the developmental process that occurs over time. The attachment, growth, 

maturation, and dispersal stages of a biofilm have been well documented through 

genomic and proteomic approaches. These studies have provided valuable information 

regarding the main phenotypic characteristics that differentiate these cells from 

planktonic cells (62). These studies are generally done at the global scale by harvesting 

biofilms in masse. Since biofilms have very specialized populations of cells, other 

investigators have taken advantage of the use of reporter genes and imaging tools, such as 

confocal scanning laser microscopy, to gain insights about the spatial and temporal 

contributions to the expression of genes in single and mixed species biofilms. 

In their review, Stewart and Franklin address in detail some of the techniques that 

are most commonly used for the characterization of biofilm heterogeneity (63). Stains, 

such as CTC, LIVE/DEAD BacLight, and the DNA synthetic activity assay, can 

elucidate the growth rate of cells at discrete locations in biofilms. The use of fluorescence 

in situ hybridization (FISH) probes can be very useful in identifying species distribution 

in multispecies communities. When combined with microautoradiography, the metabolic 

activity of different species can be assessed. FISH probes have also been used to assess 

the location of transcriptional activity of a gene with limited expression levels by 

combining this technique with in situ reverse-transcription amplification.  
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A more quantitative approach for the assessment of gene expression at the 

localized level in biofilms is discussed in the following chapters of this work.  The 

approach uses laser capture microdissection microscopy to assess the expression of 

several transcripts from one sample within a biofilm. This method allows for the isolation 

of cells from defined areas within any biofilm and does not require a priori genetic 

manipulation of the cells; therefore, it is suitable for studying biofilms directly from their 

natural environments. Like other methods, it is destructive, so the assessment of temporal 

aspects of biofilm growth needs to be done by sampling several time points from 

different biofilms. The quantitative aspect of this method involves the isolation of 

ribonucleic acids and their amplification using quantitative reverse transcription 

polymerase chain reaction (PCR).  Traditionally, a normalizer gene is needed to serve as 

a reference point in the comparison of the levels of mRNAs (67). Due to the remarkable 

changes in gene expression seen among different growth stages of bacterial growth, the 

use of internal RNA standards is questionable in such gene expression studies (67). In 

fact, known housekeeping genes are not stably expressed along the biofilm (40). 

Therefore, the quantitative aspect of this method is limited by the availability of internal 

controls. As an alternative to mRNA internal controls, the use of 16S rRNA or 16S rDNA 

is proposed.  

 
Concluding Remarks 

 
 

The clever phenotypic adaptation that microorganisms undergo to inhabit surfaces 

is advantageous in the colonization of a varied range of ecological niches. Similarly, such 
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adaptation enables these organisms to develop enhanced survival capabilities necessary 

for the successful preservation of the species in the environment. The opportunistic 

pathogen P. aeruginosa represents an organism with a wide range of adaptation strategies 

that enable it to thrive in soil, water and in many other environments. The unfortunate 

encounter with this organism, as well as other pathogens with similar adaptation 

capabilities (i.e. Acinetobacter baumannii), can result in the establishment of infections 

that are very difficult to manage. P. aeruginosa has intrinsic survival mechanisms that 

can concomitantly induce substantial tissue destruction. Often, the symptoms of these 

infections result from the secretion of extracellular factors, contact dependent tissue 

damage, and host mediated hyperinflammatory responses.  

Understanding the heterogeneous nature of biofilms has led to the development of 

treatment strategies that include the use of combined antibiotic therapy, where two or 

more drugs are used to treat certain infections, and the use of surgical procedures to 

mechanically remove biofilms from deep sites as well as from chronic wounds. 

Mechanical removal of biofilms, although highly effective, can not be performed on all 

sites where infections occur because it often requires surgery. New therapies are needed 

to reduce the length and severity of biofilm associated infections, and their development 

is dependent on our ability to continue to understand biofilm physiology. The benefits of 

characterizing biofilms elsewhere in nature include the (i) assessment of diversity, (ii) 

discovery of new enzymes or metabolic activities, (iii) discovery of new insights for the 

control of biofouling and (iv) elucidation of conditions that allow the optimization of 
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bioreactor performance.  These, among many other applications, will benefit from 

research that is sensitive to the dynamic nature of biofilm composition.  

In the following chapters, we use P. aeruginosa while we aim to grasp more 

insights about biofilm development and the relationship between structure and metabolic 

activity of localized cells. Specifically, in the second chapter we explore the potential for 

the study of stratified gene expression in biofilms by using a methodology that combines 

laser capture microdissection with quantitative reverse transcriptase polymerase chain 

reaction. By using this method, we observe that many transcripts, including the 

housekeeping gene acpP, have stratified gene expression that localize to the periphery of 

biofilm. The stratified nature of biofilms is further demonstrated in chapter three, where 

gene expression studies use the 16s rDNA as a normalization strategy to reveal 

expression levels of several transcripts including rpoS and rhlR at the cellular level. In 

this chapter, the elucidation of cellular ribosome content at discrete regions of the biofilm 

is also discussed. The last chapter of this dissertation contains a survey of the expression 

levels of various virulence factors during the initial stages of biofilm development. This 

chapter highlights the need for the development of the methods described in the 

preceding chapters and provides future directions for research of P. aeruginosa biofilms. 
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CHAPTER 2 
 
 

LOCALIZED GENE EXPRESSION IN PSEUDOMONAS AERUGINOSA BIOFILMS 
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Abstract 

 
 

Gene expression in biofilms is dependent on bacterial responses to the local 

environmental conditions.  Most techniques for studying bacterial gene expression in 

biofilms characterize average values over the entire population.  Here, we describe the 

use of laser capture microdissection microscopy (LCMM) combined with multiplex 

quantitative real time reverse transcriptase polymerase chain reaction (qRT-PCR) to 

isolate and quantify RNA transcripts from small groups of cells at spatially resolved sites 

within biofilms. The approach was first tested and analytical parameters determined for 

Pseudomonas aeruginosa containing an IPTG-inducible gene for the green fluorescent 

protein (gfp).  The results show that amounts of gfp mRNA were greatest in the top zones 

of the biofilms, and that gfp mRNA levels correlated with the zone of active GFP-

fluorescence.  The method was then used to quantify transcripts from wild-type P. 

aeruginosa biofilms for a housekeeping gene, acpP; the 16S rRNA; and two genes 
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regulated by quorum-sensing, phzA1 and aprA. The results demonstrated that the amount 

of acpP mRNA was greatest in the top 30 µm of the biofilm, with little or no mRNA for 

this gene at the base of the biofilms.  In contrast, 16S rRNA amounts were relatively 

uniform throughout biofilm strata. Using this strategy, the RNA amounts of individual 

genes are determined, and therefore results are dependent on both gene expression and 

the half-life of transcripts.  Therefore, the uniform amount of rRNA throughout the 

biofilms is likely due to the stability of the rRNA within ribosomes.  Levels of aprA 

mRNA showed stratification, with the greatest amounts localized to the upper 30 µm 

zone.   The results demonstrate that mRNA levels for individual genes are not uniformly 

distributed throughout biofilms, but may vary by orders of magnitude over small 

distances.  The LCMM/qRT-PCR technique can be used to resolve and quantify this 

RNA variability at high spatial resolution. 

 
Introduction 

 
 

Bacteria thrive in spatially defined microenvironments, and therefore are exposed 

to local environmental conditions that may vary at the micrometer scale (53).  When 

growing on surfaces in biofilms, bacteria are typically distributed in a heterogeneous 

manner.  The cell distribution reflects heterogeneities in the properties of the surface and 

the concentration gradients of chemicals dissolved in the interstitial fluid within the 

biofilm matrix (22, 27, 38, 54).  These physical and chemical heterogeneities in the 

biofilms promote differences in bacterial enzymatic activities at different regions (25, 61, 

64) and influence gene expression in different zones within biofilms (4, 9, 13, 14, 52, 55).  
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Most studies of gene expression by bacteria in biofilms report levels that reflect 

the average gene expression over the entire population (2).Techniques are often 

insensitive to the diverse range of activities that occur among cells at different locations 

within the biofilm, and therefore do not account for the contribution of specific 

parameters, such as the role of changing environmental conditions on the regulation of 

gene expression (2). However, due to the importance of understanding bacterial activities 

in situ, several approaches have been developed to evaluate local gene expression within 

biofilms. One approach uses fluorescent reporter genes fused to promoter regions of 

interest and epifluorescence microscopy (14, 33, 55, 65). Although useful, this technique 

requires prior genetic manipulation of the bacteria and reintroduction of the constructed 

strains back into the environment.  Expression of the reporter gene may induce 

physiological changes in the cells of the constructed strains that do not occur in the wild-

type cell.  Thus, this approach precludes the ability to study gene expression in the wild-

type strain in its native state.  Fluorescent in situ hybridization (FISH) has been used to 

detect specific RNA sequences in bacterial cells in their native assemblages (1, 15, 32).  

This approach is most useful for studying high abundance RNAs, such as rRNAs, but less 

useful for detecting mRNA transcripts in low abundance.  Measurements of cellular 

activity may be obtained by combining FISH with microautoradiography or Raman 

spectroscopy following uptake of labeled substrates into cellular material (26, 56).  To 

measure gene expression of cells in biofilms, in situ reverse transcription polymerase 

chain reaction (IS-RT-PCR) has been developed to amplify mRNA present in low copy 
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number (29).  The approach uses fluorescently labeled probes to detect individual cells 

expressing a gene of interest, but is limited by lack of mRNA quantification.   

Here, we developed a strategy based on advances in laser capture microdissection 

microscopy (LCMM) (7, 16-18, 39, 48, 49) and multiplex quantitative real time reverse 

transcriptase PCR (qRT-PCR) (10, 23, 24, 34) for quantitative assessment of any gene 

expressed by bacteria in their native environment.  The approach allows quantification of 

low abundance mRNA transcripts without the need to genetically manipulate the cells or 

expose cells to labeled substrates.  We used this strategy to study the vertical distribution 

of RNA transcripts in Pseudomonas aeruginosa biofilms.  In particular, we characterized 

the distribution of housekeeping gene, acpP, the 16S rRNA, and two genes regulated by 

quorum sensing, phzA1 and aprA.  The results demonstrate that RNA abundances for 

individual genes are not uniformly distributed throughout biofilms, and that cells in 

relatively close proximity to each other may have vast differences in abundances of 

individual RNA transcripts. 

 
Materials and Methods 

 
 

Bacterial Strains and Growth Conditions 

P. aeruginosa PAO1 and P. aeruginosa PAO1 (pAB1) were used for these 

studies.  Plasmid pAB1 allows IPTG-induction of the green fluorescent protein (GFP) 

(3).  Inocula of P. aeruginosa containing pAB1 were supplemented with 150 µg/ml of 

carbenicillin. Two biofilm growth conditions were used: colony biofilms and biofilms 

cultivation in drip-flow reactors (61, 64).  For colony biofilms, planktonic cultures of P. 
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aeruginosa  were incubated overnight at 370C in Luria-Bertani broth (LB) (6). Cultures 

were diluted in sterile LB to an optical density of 0.4 (600 nm, 1-cm path length) and 25 

µl was used to inoculate sterilized black, polycarbonate membrane filters (13 mm 

diameter, 0.2 µm pore size; GE Water & Process Technologies).  The filters were placed 

on LB agar (Difco Laboratories) and incubated for a total of 52 h at 370C.  The 

membranes containing the colonies were transferred to fresh LB agar every 12 h. For 

IPTG induction of the GFP in strains containing pAB1, membranes were transferred to 

LB agar containing 1.0 mM IPTG, and incubated for an additional 4 h.   

Biofilms were also cultivated on stainless steel coupons in continuous flow by 

using drip flow reactors (64). The reactor consisted of a once flow-through system 

containing a medium reservoir, pump, silicon tubing, drip flow chamber, and a waste 

container.  Biofilm minimal medium (BMM) (42) contained (per liter): 9.0 mM sodium 

glutamate, 50 mM glycerol, 0.02 mM MgSO4, 0.15 mM NaH2PO4, 0.34 mM K2HPO4, 

145 mM NaCl, 20 µl trace metals,  and 1 ml vitamin solution. Trace metal solution 

contained (per liter of 0.83 M HCl); 5.0 g CuSO4.5H2O, 5.0 g ZnSO4.7H2O, 5.0 g 

FeSO4.7H2O, 2.0 g MnCl2.4H2O.  Vitamins solution contained (per liter): 0.5 g thiamine, 

1 mg biotin. The pH of the medium was adjusted to 7.0. Prior to inoculation into the 

system, each strain was incubated in BMM for 18 h at 37oC.  The cultures were 

transferred to fresh BMM for 4 h to reach an O.D.600 of 0.2.  The inoculum was diluted 

20-fold in 0.85% NaCl, and 5 ml was used to inoculate steel coupons for 25 min.  BMM 

was then pumped through the reactors at 1.2 ml/min for 72 h.  Reactors were maintained 
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at 37oC throughout the incubation.  For biofilms where induction of the GFP was 

necessary, BMM was supplemented with 1.0 mM IPTG for the final 4 h of incubation.  

 
Cryoprocessing of Biofilms 

Following incubation, biofilms were cryoembedded by flash freezing the stainless 

steel slides containing drip-flow cultivated or colony biofilms on dry ice.  Biofilms were 

immersed in Tissue-Tek O.C.T. compound (Sakura Finetechnical Co.).  Vertical transects 

of the biofilms were obtained by sectioning the solidified O.C.T. containing biofilms with 

a cryomicrotome.   Thin sections (5 µm) vertical transects of the biofilms were placed 

onto membrane-coated microscope slides (P.A.L.M. microlaser technologies).  The 

microscope slides were maintained on dry ice until examination and sampling.   

 
Laser Capture Microdissection 
Microscopy (LCMM) 

LCMM (Zeiss/P.A.L.M. Laser-MicroBeam System) was used to dissect and 

capture sections from different regions within the biofilms.  Microscope slides containing 

the O.C.T.-embedded biofilms were thawed on the microscope stage for 5 sec.  The 

biofilms were then examined using 10x to 40x objective lenses.  Areas of the biofilms 

ranging from 500 to 100,000 µm2 were obtained using the laser catapult parameter 

(LCP), allowing dissected samples to be catapulted into 40 µl of lysis buffer (0.3 M 

sucrose and 0.02 M sodium acetate at pH 4.5) contained in the caps of 0.5 ml 

microcentrifuge tubes. 
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RNA Extraction 

RNA extraction followed the phenol-chloroform-based protocol of Chomczynski 

and Sacchi (11) as modified by Barton et al. (5).  The samples, obtained by laser 

catapulting in 40 µl lysis buffer, were mixed by inversion with additional buffer (160 µl 

of lysis buffer and 200 µl of 2% sodium dodecyl sulfate). An aliquot of luciferase (lucI) 

RNA (1.7x104 transcript copies) (Promega) was added as a spike-in control to assay for 

RNA loss during sample preparation.  Samples were centrifuged for 10 sec, then 

transferred to a 1.5 ml microcentrifuge tube containing water-saturated phenol (400 µl), 

then heated in a water bath at 650C for 5 min with frequent vortexing.  The aqueous layer, 

formed after 25 min of centrifugation was extracted with an equal volume of 

phenol:chloroform:isoamyl-alcohol (25:24:1) in a heavy Phase-Lock gel tube 

(Eppendorf).  RNA was precipitated by adding 3 µl of PolyAcryl Carrier (Molecular 

Research Center, Inc.), 32 µl of 0.25 µM sodium acetate and 1200 µl of absolute ethanol. 

Resuspended RNA was treated with DNase using the Turbo DNA-free kit (Ambion, Inc.) 

in 10 µl reactions for 20 min.  RNA was diluted to a final volume of 25 µl to reduce 

interference from possible PCR inhibitors.  Total RNA was quantified using a NanoDrop 

fluorescence spectrophotometer (NanoDrop Technologies, Inc) with Molecular Probes 

Ribogreen (Invitrogen). All samples were stored  at -800C until analysis by qRT-PCR.  

 
Primers and Dual-labeled Probes  

PCR primer and dual-labeled probe sequences are shown in Table 1.1.  The 

primers were designed using the Primer3 Program (41) or with Primer Express software v 

2.0 (Applied Biosystems).  Primers were assayed for melting temperature, primer dimers, 



 
 

30

and secondary structure using Mfold (30, 67) and Oligo Analyzer version 3.0 (Integrated 

DNA Technologies, Inc.).  Primers were purchased from Integrated DNA Technologies.   

 
InVitroTranscription  

RNA standards were generated by in vitro transcription (IVT) (19).  The gene of 

interest was amplified from P. aeruginosa PAO1 genomic DNA by using gene specific 

primers containing a T7 promoter (Table 1.1).  The PCR products were purified and used 

for IVT with the MEGAscript T7 kit (Ambion); which included a DNase treatment 

(TURBO DNase for 15 min at 370C).  IVT RNA products were purified using the 

RNeasy mini kit (QIAGEN), and analyzed by electrophoresis on a RNA Nanochip using 

the Bioanalyzer 2100 (Agilent Technologies). RNA standards were quantified using UV 

absorption at 260 nm, aliquoted, and stored at -800C. 

The copy number of RNA standards was calculated using the following formula: 

molecules/µL = (Xg/µL RNA/M.W.)*Avogadro’s constant.  Copy numbers per reaction 

were assigned to each standard using Rotor Gene software version 6.0 (Corbett 

Research).  For each standard, the concentration was plotted against the cycle number at 

which the fluorescence exceeded the background (CT- threshold cycle). The slope of the 

calibration curve was used to determine the reaction efficiency (E) of the CT according to 

the equation E = 10[-1/slope] – 1, where an E of 1 indicates an exponential amplification of 

the product. The efficiency of serially diluted samples was evaluated to determine assay 

sensitivity and to ensure assay compatibility with different probes in the multiplex 

reactions. 
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  Table 1.1.  qRT-PCR Primer and Probe Sequences and labels. 
 

 
 

 aFAM, 6-carboxyfluorescein; BHQ-1, black hole quencher 1; JOE, carboxy-4 ,5 -dichloro-2 , 
 7 -dimethoxyfluorescein; and ROX, carboxy-X-rhodamine. 
bAnnealing temperature for PCR reaction.   
cPrimer concentrations used in acpP, gfp, and lucI triplex reactions (nM). 
dPrimer concentrations used in acpP, aprA, and phzA1 triplex reactions (nM). 
ePrimers sequences used by Matsuda et al. (31). The acquisition step of the 16S rRNA assay  
 was performed at 720C. 
 
 
Quantitative Real Time Reverse  
Transcriptase PCR (qRT-PCR)  

One step qRT-PCR was used for all mRNA quantifications.  qRT-PCR reactions 

(25 µl) containing 2-3 µl of  template RNA were used according to the manufacturer’s 

instructions.  Three kits were used depending on the type of reaction.  QuantiTect Probe 
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RT-PCR and QuantiTect Multiplex RT-PCR NR kits (Qiagen) were used for dual-labeled 

probe analysis and multiplex dual-labeled probe analysis.  QuantiTect SYBR Green RT-

PCR kit was used for SYBR green labeling analysis. 

Primer and probe concentrations were determined by performing the optimization 

protocol recommended by the Rotor Gene system (Real time summary, Version 1.7).  

Every assay contained negative controls (samples lacking reverse transcriptase or 

template), and positive controls (samples with appropriate standards added).  Standard 

RNA, derived from IVT, and the external spike-in control RNA, lucI, were serially 

diluted in 8 µL/mL of PolyAcryl Carrier (Molecular Research Center, Inc.) to 

accommodate 101 - 106 molecules per reaction.  Cycling parameters were established 

according to kit instructions for single probe assays or for multiplex assays (Corbett 

Research).  Three replicates were used to generate standard curves.  Each sample was 

assayed in duplicate.  Primer specificity (single PCR product) was confirmed by 

electrophoresis using a Bioanalyzer 2100 and a DNA 500 chip (Agilent Technologies). 

Transcript amounts for acpP, gfp, aprA, phzA1 and lucI were calculated from 

calibration curves, with a normalization factor of x/1.7x104, since 1.7x104  lucI  RNA 

transcripts were added to each sample immediately after laser capture as a spike-in 

control.  To quantify relative amounts of 16S rRNA, CT values were log transformed 

(LT) using the following equation; LT = (amplification- Ct)*1010, where CT and 

amplification values were derived from the Rotor Gene software comparative 

quantitation analysis (40).  

 



 
 

33

Validation of qRT-PCR Efficiency,  
Linearity and Reproducibility 

qRT-PCR efficiencies were calculated from the slope of each calibration curve 

run in multiplex reactions. A qRT-PCR efficiency (E) of 1 indicates an exponential 

amplification of the product. We observed high efficiency for acpP (0.91), gfp (0.93) and 

lucI (1.02) when run in multiplex reactions using dual-labeled probes.  Standard curves 

for these transcripts exhibited linear responses from 50 to 500,000 transcripts (r2 > 0.98 

for each). The efficiencies for multiplex reactions were: aprA (1.04), phzA1 (1.04) and 

acpP (0.86), lucI (0.94).  These transcripts exhibited linear responses from approximately 

300 to 30,000 transcript copies (r2 > 0.96 for each).  

SYBR Green based qRT-PCR was used to measure 16S rRNA.  This assay had an 

efficiency of 0.95 and was linear from 10 and 100,000 transcripts (r2 > 0.99).  Inter-

experimental precision was approximately 16%, and intra-sample precision was 11%.   

These calculations were based on calculated copies per reaction and their variation from 

the mean. We chose to obtain the reproducible measure from calculated copies per 

reaction and not from CT values to avoid underestimating the true variability (28). 

 
Statistical Analysis  

Since data sets obtained from qRT-PCR do not have uniform distributions, difference 

between means were calculated using the two-tailed Mann-Whitney test.  
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Results 
 
 

GFP Fluorescence Correlates  
with gfp mRNA Amounts  

To quantify RNA levels from small groups of cells from within a larger 

surrounding biofilm population, we first developed a system where mRNA transcript 

numbers could be determined and compared to a spatially defined phenotypic trait.  For 

this we used a strain of P. aeruginosa with an IPTG-inducible gene for the green 

fluorescent protein (gfp).  GFP fluorescence was assayed by microscopy and gfp mRNA 

abundance was assayed by LCMM/qRT-PCR.  When biofilms of this strain are incubated 

for 52 h in the absence of IPTG, then induced with IPTG for the final 4 h of incubation, a 

band of green fluorescence is observed at the top 30  µm zone of the biofilm (Fig. 2.1, A) 

(8, 61).  This fluorescent band is observed whether the IPTG is applied from the bottom 

of the biofilm in the colony biofilm format (Fig 2.1, B), or from the liquid medium in drip 

flow-cultivated biofilms (Fig. 2.1, A). The LCMM was used to dissect and capture cells 

from the top fluorescent layer in the IPTG-induced biofilms, and from the equivalent top 

zone of control biofilms not amended with IPTG.  The captured dissects ranged from 500 

to 48,000 µm2 (Fig. 2.1, B).   Figure 2.1, C shows the gfp mRNA copy abundances for 26 

samples after normalizing to 60,000 um3 biofilm volume.  On average, in IPTG-induced 

biofilms, the copy number of gfp mRNA was 250-fold greater than from the biofilm 

samples not induced with IPTG (P < 0.001), where no fluorescent zone was observed.  Of 

the 12 samples taken from biofilms where no IPTG was added, nine had gfp mRNA 

levels below the detection limit, indicating little or no expression of this gene in the 
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absence of inducing agent.  The other three samples had transcript levels above the 

detection limits, but approximately 100-fold less than the IPTG-induced biofilms. Of the 

26 samples from the IPTG-induced biofilms, one sample showed no gfp mRNA 

transcripts.  The lack of gfp mRNA in this sample was not due to sampling error or 

mRNA degradation, since the lucI spike-in control was not anomalous and since the 

sample contained 16S rRNA (described below).   

 

Fig. 2.1.  Localized GFP Fluorescence of (A) Biofilm Cultivated in Drip-flow Reactor, (B) Colony 
Biofilm.  Biofilms were incubated without inducing agent for 72 and 52 h, respectively, then induced 
with 1 mM IPTG for the final 4 h.  (B) The LCMM was used to obtain microdissected samples from 
regions within the biofilm ranging from 500 to 60,000 µm2.  (C) qRT-PCR of gfp mRNA obtained 
from the top fluorescent zone of the IPTG-induced biofilms (n=26) and from the equivalent top zone 
of the non-induced biofilms (n=12).  Sections were normalized to 60,000 µm3 for comparison.  Each 
point represents an individual measurement.  *The points plotted at 101 are below detection limits 
(+IPTG - 1 sample, -IPTG - 9 samples). A two-tailed Mann-Whitney test between IPTG-induced 
and non-induced biofilm was used (P<0.01). The LCMM was also used to obtain biofilm sections 
from the middle (n=7) and bottom (n=13) of the biofilm.  #101 indicates below detection (middle, 7 
samples; bottom, 6 samples). 
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Stratified gfp Expression in  
IPTG-induced Biofilms  

Since GFP requires oxygen for activity, there is the possibility that it is expressed 

throughout the biofilm, but only shows fluorescence in the oxygen-exposed top layer.  To 

determine if gfp expression, as opposed to GFP activity, is greatest at the top of the 

biofilms, LCMM was used to sample the non-fluorescent zones of the IPTG-induced 

biofilms. The results show little gfp mRNA amounts in the underlying portions of the 

biofilm compared to the top 30 µm fluorescent zone (P < 0.001 top vs. middle or bottom 

layers) (Fig. 2.1, C).  No gfp expression was observed for any of the samples in the 

middle zone, and six samples in the bottom zone had no gfp expression.   Some of the 

samples in the bottom zones had low amounts of gfp expression, that were approximately 

1000-fold less than in the top fluorescent zone.  Therefore, in this system, the deeper 

biofilm zones are not fluorescent due to low levels of gfp expression, rather than to lack 

of GFP activation with oxygen.  These results demonstrate that it is possible to use 

LCMM and qRT-PCR to quantify RNA amounts of a regulated gene that is not 

homogenously distributed throughout a stratified biofilm. 

 
Localized Expression of the Housekeeping Gene acpP   

By using multiplex qRT-PCR, it is possible to assay RNA amounts of several 

genes simultaneously.  In addition to gfp and the lucI spike-in control, we chose to assay 

the gene for the acyl carrier protein, acpP, as an internal housekeeping gene control.  

AcpP is required for fatty acid biosynthesis, and therefore required for production of new 

cell membrane material.  Interestingly, acpP mRNA amounts are not uniform throughout 
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these biofilms.  In the colony biofilms (Fig. 2.2, A), acpP mRNA abundances reflected 

gfp amounts, with the greatest amounts in the top 30 µm zone of the biofilm (P < 0.001 

top vs. middle or bottom layers).   None of the samples isolated from the middle of the 

colony biofilms had acpP mRNA amounts that were above the detection limit by qRT-

PCR.  Similarly, most samples from the bottom of the biofilm had acpP mRNA that were 

below dection limit.  Several of the samples from the bottom of the biofilm had 

detectable levels of acpP, but each of these samples had approximately 100-fold less than 

the average amounts in the top 30 µm of the biofilm. The results indicate that in these 

biofilms, which averaged 200 µm thick, the top 30 µm contain cells with high abundance 

of acpP mRNA, suggesting that these cells are likely synthesizing new membrane 

material, whereas the deeper portions of the biofilms had much less expression of this 

gene. 

 

Fig. 2.2.  Stratified Expression of acpP mRNA in Biofilms.  qRT-PCR was performed on 
acpP obtained from the top (n=26 and 21), middle (n=8 and 11) or bottom (n=15 and 18) of  
colony biofilms and drip flow  biofilms. Two-tailed Mann-Whitney test results demonstrated 
significant differences in acpP expression (P<0.01 for values for the top layer compared to 
those for the middle or bottom layer).  The number of samples below the level of detection are 
shown as 101 for colony biofilms (top, 1 sample; middle, 8 samples; bottom, 11 samples) and 
drip flow biofilms (top, 0 samples; middle, 1 sample; bottom, 14 samples). 
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The drip-flow cultivated biofilms also showed greatest acpP abundance in the top 

30 µm zone of the biofilm.  However, these biofilms had greater variability in mRNA 

amounts than the colony biofilms (Fig. 2.2, B).  Most samples from the bottom of the 

drip-flow biofilm had acpP mRNA levels that were below detection (14 of 18 samples), 

and the average abundance of acpP was 100-fold less at the base of the biofilm compared 

to the top zone.  The middle of the biofilm showed a large range of variability in acpP 

mRNA amounts, with an average that was approximately tenfold less than at the top of 

the biofilm.  The drip flow biofilms have more structural features than the colony 

biofilms (as shown in Fig. 2.2 A, B), with increased amounts of water channels and 

mushroom-like features.  The increased variability observed in Fig. 2.2, B for the  middle 

of the biofilms likely reflects the proximaty of the dissected sample to adjacent water 

channels, which affects nutrient and oxygen availability. The results for acpP for both the 

colony biofilms and for the drip-flow biofilms indicate that there is signficant variability 

in expression of this housekeeping gene, that is dependent on location of the cells within 

a biofilm. The results also demonstrate that acpP may not provide a good internal 

housekeeping gene control for normalizing the activity of other genes, since its 

expression is not uniform throughout these biofilms. 
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Fig. 2.3.  Box Plot of 16S rRNA in  Biofilms.  Sections from the top (n=10 and 12), middle (n 
=11 and 8) or  bottom (n =12 and 17) biofilm layers from colony biofilms or drip flow biofilms 
respectively, were analyzed by SYBR Green-based qRT-PCR. CT  values were log transformed 
and adjusted to 60,000 µm3.  Line indicates the median; 50% of observations are within the box; 
bars indicate samples with the minimum and maximum value.  Two-tailed Mann-Whitney test 
for comparisons between top and bottom levels of 16S rRNA in colony biofilms showed no 
significant differences (P > 0.5). In addition, no significant difference was observed for the 
different layers of the drip flow biofilms. 

 
 
Uniform Amounts of 16S rRNA throughout Biofilms   

In contrast to the heterogeneous pattern observed for acpP and gfp, the 16S rRNA 

amounts were relatively constant in the different biofilm layers (Fig. 2.3).  No statistically 

significant difference was observed for the 16S rRNA gene product at the top versus the 

middle or bottom of the biofilms, cultivated in either the colony biofilm or the drip-flow 

biofilm format (P > 0.1 for each analysis).  In addition, the average amounts of 16S 

rRNA was fairly consistent among all of the biofilms and biofilm zones.  Although the 

expression of rRNA varies with cell growth (35, 43), the homogenous distribution of 16S 

rRNA is likely due to the higher stability of rRNA contained within ribosomes.  The 

abundance of individual RNAs measured here by qRT-PCR is dependent on both 

expression and half-life of the transcript.  Whereas the half-life of the acpP and gfp 
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mRNAs is short, the rRNA contained within ribosomes is more stable.  These results are 

consistent with visual observations of the 16S rRNA using FISH probing, which showed 

relatively constant amounts of 16S rRNA throughout a biofilm (63).  The results also 

suggest that the 16S rRNA may be used as an internal control for comparison of 

induction of genes that are differentially regulated through the biofilms.  However, rRNA 

must be used with caution as an internal control, since the abundance of rRNA is often 

much higher than that of any mRNA species. 

 

Stratified Expression of Quorum  
Sensing-regulated Genes   

Bacterial cells within biofilms communicate through small diffusible chemical 

signals by quorum sensing (QS) (20, 21, 36, 37). We assayed the localized expression of 

two genes, aprA (encoding alkaline protease) and phzA1 (necessary for pyocyanin 

biosynthesis) known to be regulated by QS (46, 57), and that have been shown by 

proteomics to be upregulated in P. aeruginosa biofilms (42).  P. aeruginosa PAO1 

biofilms, cultivated in drip flow reactors were cryoembedded and thin-sectioned for 

LCMM, then assayed for aprA and phzA1 expression along vertical transects of the 

biofilms.  Amounts of aprA mRNA showed a similar trend to that observed for gfp and 

acpP, with the greatest expression in the outermost 30 µm portion of the biofilm (P < 

0.001) (Fig. 2.4, A).  Expression of aprA averaged 1000-fold higher than in the bottom of 

the biofilms, where most samples had expression that was below detection limit.  The 

middle of the biofilms had intermediate aprA expression, that averaged approximately 

100-fold less than the top of the biofilms. In contrast, phzA1 amounts, although greater at 
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the top of the biofilm, were more uniformly distributed at the different levels (P > 0.1) 

(Fig. 2.4, B), possibly due to the lower overall expression of phzA1 compared to aprA.  

The 16S rRNA gene product was used as an internal control and showed uniform 

amounts throughout these biofilms (P > 0.5).  The differences observed between the 

expression patterns of aprA and phzA1 demonstrate that  factors other than QS, such as 

the physiological status of the cells, may also influence expression of genes that are 

regulated by QS. 

 

Fig. 2.4.  Expression of Quorum-sensing Regulated Genes aprA and phzA1 in P. aeruginosa 
PAO1 Biofilms that were Cultivated in Drip-flow Reactors.  (A) aprA mRNA obtained from the 
top (n =20), middle (n =11) and bottom (n =17) of biofilms.  The mRNA levels in some samples 
were below the level of detection (top, 1 sample; middle, 4 samples; bottom, 13 samples). (B) 
phzA1 mRNA from the same samples. The mRNA levels in some samples were below the level 
of detection (top, 8 samples; middle, 4 samples; bottom, 11 samples). Two-tailed Mann-
Whitney test results demonstrated significant differences in aprA expression (P < 0.01 for 
values for the top layer compared to those for the middle or bottom layer).  Two-tailed Mann-
Whitney test results demonstrated no significant differences in phzA expression expression (P > 
0.1 for values for the top layer compared to those for the middle or bottom layer.  

  

Limits of Detection for Localized mRNA  
and rRNA Amounts in Biofilms 

To determine the range of detection limits for LCMM/qRT-PCR, biofilm samples 

were dissected from the top zone of IPTG-induced colony biofilms.  The amounts of gfp, 
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acpP, and 16S rRNA were quantified and plotted against sample volume.  Since samples 

were taken from cryoembedded biofilms, viable cell counts could not be determined.  

However, assuming a cell volume of approximately 1 µm3 (51), a 500 µm2 area of a 5µm 

thick section contains approximately 2,500 cells. For acpP and gfp, a linear relationship 

was observed between the sample volume and the number of mRNA transcripts, ranging 

from 1x103 to 1x105 µm3 (r2 = 0.94 for acpP, r2 = 0.90 for gfp) (Fig. 2.5, A, B).  

Therefore, this technique is useful for quantifying mRNA transcripts from approximately 

2,000 cells.  Similarly, log transformed CT values of 16S rRNA also correlated with 

sample size (r2  = 0.90) (Fig. 2.5, C).  Due to the higher cellular amounts of 16S rRNA, 

the detection limit for rRNA is much less than 1,000 cells.  

 

 

Fig. 2.5.  Limits of Detection for Microdissected Biofilm Samples and for Planktonic Cultures for 
(A) gfp, (B) acpP, and (C) 16S rRNA. Detection limits were based on biofilm volume using 5 µm 
thick sections of the top zones of the biofilms.  Detection limits for planktonic cells were based on 
the number of CFU of serially diluted cultures. Dual-labeled probes were used in multiplex reactions 
for gfp (r2=0.89 biofilm cells and r2=0.99 for planktonic cells), and for acpP (r2=0.94 biofilm cells 
and r2=0.99 for planktonic cells). Levels of 16S rRNA were measured using the SYBR Green based 
chemistry of qRT-PCR (r2=0.87 for biofilm cells and r2=0.99 for planktonic cells). 

 



 
 

43

The detection limits of qRT-PCR for gfp, acpP, and 16S rRNA were also 

determined for exponentially growing planktonic cells, allowing comparison of the 

mRNA transcripts with viable cell counts.  RNA was extracted from serially diluted 

planktonic P. aeruginosa (pAB1) cultures containing from 1 to 109 cells, determined as 

colony forming units (CFU) (Fig. 2.5, A, B, C).  Linear responses were observed for cell 

numbers and mRNA transcripts,  gfp (r2 = 0.97) and acpP (r2 = 0.99).  A linear response 

was also observed for the 16S rRNA (r2 = 0.99).  According to the regression analysis, 

there are approximately 40 gfp and 900 acpP mRNA transcripts per cell growing in 

planktonic culture.   

These results allowed comparison of the gene expression levels of exponentially 

growing planktonic cells and of cells growing in the top zone of the IPTG-induced colony 

biofilms (Fig. 2.5, A, B, C).  Planktonic cells had mRNA levels of gfp and acpP per cell 

that were higher than the expression in the equivalent volume of the biofilm. RNA 

amounts were approximately 40-fold, 250-fold, and 33-fold greater in planktonic cells for 

gfp, acpP and 16S rRNA, respectively, than in the top biofilm zone. Therefore, although 

mRNA amounts are highest at the top zone of these biofilms, the amounts in biofilms are 

less than for exponentially growing planktonic cultures.  

 
Discussion 

 
 

The goals of this research were twofold; (i) to develop methodology to quantify 

bacterial gene expression from small groups of bacterial cells isolated from biofilms, 

without prior genetic manipulation of the cells, and (ii) to use the method to determine if 
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local conditions found within biofilms result in spatial variation of bacterial gene 

expression.  By using cryosectioning of biofilms and LCMM, we were able to isolate and 

extract RNA from small groups of bacterial cells isolated from different regions within 

biofilms.  Multiplex qRT-PCR allowed quantification of gene expression of up to four 

genes simultaneously from these small groups of cells.   

The approach was validated using an artificially induced tracer gene (gfp), a 

housekeeping gene (acpP), an RNA spike-in control (lucI), an internal control (16S 

rRNA), and two genes regulated by quorum sensing.  For gfp and acpP, the qRT-PCR 

approach using dual-labeled probes was sensitive for detecting less than 1,000 mRNA 

transcripts.  For exponentially growing planktonic cells, where transcripts ranged from 

100 to 400 copies per cell (Fig. 2.5, A, B, C), the qRT-PCR approach may be useful for 

estimating mRNA abundances from less than 10 cells.  At the oxygen interface of these 

biofilms, we estimate that the number of transcripts for gfp and acpP is approximately 40 

to 250-fold less per cell than for exponentially growing planktonic cells (Fig. 2.5).   We 

measured expression of these genes for approximately 2,000 biofilm-associated cells.  

However, based on the detection limits obtained for planktonic cultures, it should be 

possible to investigate gene expression from even smaller numbers of biofilm cells by 

using this approach.  

The GFP-fluorescent zone of the biofilm correlated with gfp mRNA amounts 

(Fig. 2.1, A, B, C).   GFP amounts were significantly greater when comparing IPTG-

induced biofilm cultures with non-induced samples, and when comparing the GFP-

fluorescent zone with the non-fluorescent deeper areas of the biofilms.  Variation in gfp 
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mRNA at different regions of the biofilms was expected given the localized nature of the 

fluorescent zone.  Interestingly, a similar active zone of acpP mRNA amounts was also 

observed (Fig. 2.2, A, B).  Housekeeping genes, such as acpP, often serve as internal 

controls in qRT-PCR experiments to normalize expression of regulated genes (45). In 

biofilms, gradients of pH, oxygen, nutrients, and waste products are established at 

different depths in biofilms (53, 54).  These variable environmental factors contribute to 

varying metabolic activity of the bacteria. Since the AcpP analyzed in this study is 

required for the synthesis of fatty acids and new membrane material, the results suggest 

that the cells in the upper 30 µm of these biofilms are likely the most active in membrane 

synthesis.  The cells in the deeper portions of the biofilm are likely in slow-growth state. 

These results are consistent with other studies that indicate that P. aeruginosa cells in 

deeper portions of the biofilm are less metabolically active (60). In the prior study, 

transmission electron microscopy was used to demonstrate that P. aeruginosa cells 

located in the top layer of a biofilm, at the air/biofilm interface, are more susceptible to 

antibiotic killing than those in the deeper portions (60), even though the antibiotics 

penetrate through biofilms (3, 60, 66). The prior study suggested that the cells in the 

deeper portions of the biofilm are more tolerant to the antibiotics, due primarily to their 

slow growth rate. The results here, showing localized expression of acpP, further 

supports that cells in deeper portions of these P. aeruginosa biofilms are not as 

metabolically active as those at the top of the biofilm. 

Due to the differential expression of acpP throughout the biofilms, acpP may not 

be used as an internal control for normalizing activity of genes differentially expressed in 
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biofilms.  Using FISH probing, 16S rRNA showed a fairly uniform distribution in P. 

aeruginosa biofilms (63).  The qRT-PCR results here confirm those results by 

demonstrating little variability in 16S rRNA amounts along vertical layers of the biofilm 

(Fig. 2.3, A, B).  These results were similar in all conditions tested including, colony 

biofilms, drip-flow-cultivated biofilms, as well as biofilms supplemented with IPTG.   

Expression of ribosomal RNAs is highly regulated in bacteria (35). 16S rRNA has been 

shown to vary according to cellular activity, with slower metabolisms having lower levels 

of 16S rRNA (43).  Although the top portion of these biofilms may be most active in 

membrane biogenesis, the cells at the top of the biofilm are not equivalent in growth to 

exponentially growing planktonic cells (Fig. 2.5, A, B, C). The final abundance of rRNA 

per cell, as measured here, was approximately 33-fold less for cells at the top of the 

biofilm compared to exponentially growing planktonic cells.  Reduced growth of these 

cells (as indicated by the lower acpP and rRNA amounts) combined with the stability of 

rRNA within ribosomes of cells in the deeper protion of the biofilms may explain the 

relative uniformity in rRNA abundance throughout the biofilm layers observed here and 

in the previous study (63).   

The results indicate rRNA may be used as a technical control, for determining if 

cell material is captured by the laser catapult method and retained during RNA sample 

preparation.  However, the abundance of 16s rRNA (which is much higher than any of 

the mRNA species tested) is a drawback to using it as an internal control for quantify 

relative expression of other genes. In order to identify an appropriate alternative 

transcript that combines an average level of abundance with a uniform distribution along 
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the biofilm layers it may be necessary to develop genome wide approaches that look at 

global distributions of gene expression throughout subpopulations within the biofilm. 

Genes regulated by quorum sensing are responsive to small diffusible molecules, 

such as acyl homoserine lactones, whose concentration increase with increasing cell 

density (20, 21, 36, 37).  Since cells in biofilms are at high density, quorum sensing is 

one factor that plays a role during biofilm development (12, 47).  Here, we assayed 

expression of two genes regulated by QS, and found differences in their expression 

patterns.  Amounts of aprA mRNA showed stratification and were from 100 to 1000-fold 

greater at the top of the drip-flow biofilms, compared to the middle or bottom layers (Fig 

4). In contrast, phzAl amounts, although slightly higher at the top of the biofilm, had 

more equivalent average amounts throughout the biofilms compared to aprA.  The results 

demonstrate genes that are regulated by high cell density may show stratification and 

heterogeneity of expression in response to growth in biofilm microenvironments. The 

results for aprA are in contrast to a previous study using reporter genes to characterize 

local expression of other QS-regulated gene, lasI and rhlI  (13).  The prior studies 

demonstrated that the greatest percentage of cells expressing lasI and rhlI  were near the 

biofilm substratum.   Difference between the QS-regulated genes shown here and those in 

the prior study are likely due to the difference in biofilm cultivation systems.  Whereas 

the lasI/rhlI study used flow-through biofilms, we used drip-flow biofilms that resulted in 

much thicker biofilms.  The thicker biofilms likely resulted in steeper chemical gradients 

of oxygen and nutrients (53, 54), thereby possibly reducing the metabolic activity of 
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bacteria in the deeper portions of the biofilms.  QS may be affected by cell density, as 

well as other factors such as the metabolic status of the cells. 

Global proteomic and transcriptomic studies have been performed to characterize 

physiological differences of P. aeruginosa growing in biofilms versus cells growing in 

planktonic cultures (44, 50, 58, 59, 62).  Studies have also compared changes in protein 

profiles and gene expression during biofilm developmental processes (44).  Those studies 

have been useful for identifying genes uniquely expressed in biofilms. Here, we 

demonstrate that gene expression differences occur not only between planktonic and 

biofilm-associated cells, but also for cells at different locations within biofilms.  The 

results may help explain some of the differences observed between global transcriptional 

and proteomic data.  Since proteins in general have a longer half-life than mRNA, 

proteomic data would represent the accumulation of protein and cell material in biofilms 

up to the time of sampling (i.e. from all layers of the biofilms). However, due to the short 

half-life of the mRNA, the transcriptional studies would assay only those genes actively 

transcribed at the time of sampling. The results here suggest transcription of individual 

genes may vary dramatically in different regions of the biofilms. Combining LCMM and 

qRT-PCR will be useful for characterizing the spatial and temporal aspects of these 

localized gene expression events. 
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CHAPTER 3 
 
 

STRATIFIED GROWTH RATE AND TRANSCRIPTIONAL ACTIVITY IN 

PSEUDOMONAS AERUGINOSA BIOFILMS  

 
The cultivation and cryoprocessing of biofilm samples was carried out by Kerry 

Williamson. The laser capture microdissection microscopy was carried out by Dr. 
Michael J. Franklin. Statistics were performed under the advice of Dr. Marty Hamilton. 
The SYBR Green reagent was kindly provided by Sue Broadaway.  Equipment and other 
resources were kindly shared by Dr. Jim Burrit’s and Dr. Al Jesaitis’ laboratory crews. 
 

 
Abstract 

 
 

The generation of gradients from nutrients and waste products, and other localized 

environmental conditions along biofilm depths drive a diverse array of cellular activities 

within a biofilm.  By combining qRT-PCR with laser capture microdissection microscopy 

(LCMM) we can target defined regions within a biofilm for gene expression studies. Here 

we evaluate the use of 16S rRNA to rDNA ratio of planktonic samples as a predictive 

tool in assessing the growth state of cells isolated from discrete regions of a biofilm. 

Following the determination of growth rate for biofilm samples, 16s rDNA content per 

cell is assigned using the corresponding 16S rDNA content for cells growing 

planktonically at such growth rate.  Since quantificiation of 16S rDNA can be used to 

estimate cell numbers, we additionally have a normalization method for biofilm samples. 

We used this normalization strategy to estimate the cellular rpoS, rhlR, and acpP mRNA 

and ribosome content in biofilms.  We determined that biofilm cells growing at the top 

layer (air interphase) have a growth rate that falls between the logarithmic and stationary 
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phase of planktonic cells. In contrast, cells in the deeper portions of the biofilms, 

represented by the middle and bottom layers, have a growth rate that is not significantly 

different from the growth rate of planktonic cells during stationary phase (P > 0.5). The 

cellular rpoS, rhlR, and acpP mRNA and ribosome content was highest in the top layer. 

The content was dependant on whether the biofilm was grown in a drip flow reactor or on 

a polycarbonate membrane as a colony biofilm. Colony biofilms had 10 to 20 fold more 

transcripts than drip flow biofilms, which had an average of 7 transcripts for rpoS, rhlR, 

and acpP mRNA at the top layer. Most cells at the bottom and middle layers had less 

than one transcript per cell. The average 16S rRNA amount was slightly higher at the top 

of the biofilms as compared to the levels found in the other layers. The combination of 

qRT-PCR with LCMM and the presently described 16S nucleic acid assays provide a 

new methodology and normalization strategy for the study of biofilm physiology and 

composition. These methods can now be incorporated to study environmental samples of 

medical and ecological relevance. 

 
Introduction 

 
 

Bacterial biofilms are inhabited by populations of cells that respond differentially 

to the heterogeneous conditions formed along the interstitial solution (5, 12, 16, 34).  

Since gradients of nutrients, waste products, and signaling compounds are established in 

the biofilms (19, 25, 34), the physiological responses of the biofilm-associated bacteria 

depend not only on the impinging solution and the nature of the substratum, but also upon 

the location of the cells within the biofilm (18).  Metabolic activities associated with 
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multispecies biofilm communities generate additional chemical gradients that may 

overlap or intersect along the biofilm depths.   Therefore, bacteria in biofilms are exposed 

to many unique environmental conditions that may not be adequately replicated by cells 

growing in planktonic culture.   

The chemical gradients formed within biofilms result in heterogeneous levels of 

gene expression, and therefore biofilm-associated cells are different from planktonic cells 

and from cells in close proximity to other cells (1, 8, 9, 18, 33, 36, 50). When analyzing 

physiological responses of biofilms, approaches must be used that can spatially resolve 

cellular activities.  Quantitative reverse transcriptase real time PCR (qRT-PCR) allows 

sensitive quantification of RNA transcripts from very low numbers of cells, possibly 

down to the single-cell level.  We recently used laser capture microdissection microscopy 

(LCMM) in combination with qRT-PCR to isolate subsets of bacterial cells from 

biofilms, and analyzed how expression of individual genes was affected by the location 

of the cells within the biofilms (18).  Those studies demonstrated that mRNA abundances 

for individual genes may vary by several orders of magnitude over relatively short 

distances within biofilms.    

In typical qRT-PCR experiments genes whose expression levels are relatively 

uniform over a variety of different growth conditions are used as internal controls  to 

normalize the expression levels of other genes whose expression is responsive to changes 

in conditions (37, 39, 40). It was apparent from our LCMM/qRT-PCR studies, that it 

would be difficult to identify an mRNA transcript that could be used as an internal 

control, since even a commonly used housekeeping gene, acpP, had vastly different 
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expression levels at different regions in the biofilms (18).  Since the differential 

expression of acpP may have been due to different growth rates of the cells in the 

different biofilm zones, it is likely that other housekeeping genes will also vary in 

expression levels.   However, the prior studies indicated that 16S rRNA had relatively 

uniform abundances throughout P. aeruginosa biofilms cultivated using two different 

approaches (18, 49).  The relative uniformity of the rRNA was likely due to the non-

optimal growth rate of the most active cells at the biofilm periphery (43), and the stability 

of the rRNA within ribosomes of cells in deeper regions of the biofilms (11, 48), 

compared to the short half-life of mRNA (26). 

Studies directed toward ribosomal RNA, particularly 16S rRNA, have been 

particularly useful in environmental microbiology. 16S rRNA is used as a taxonimic 

indicator to understand species distribution in populations (10, 44), and as a target for 

fluorescent in situ hybridization (FISH) (48).  The relative abundances of rRNA in cells 

have been assessed using FISH as an indicator of bacterial growth rate in biofilms (4). 

Since regulation of rRNA synthesis has been shown to be dependent on the growth status 

of cells during planktonic growth  (6, 14, 20, 27, 29, 31), we hypothesized that rRNA 

levels can also be an useful indicator of the growth states of biofilm associated bacteria.  

To test this, we used the rRNA to rDNA ratio obtained from planktonic cells growing at 

logarithmic or stationary phase as a predictive tool in the assessment of the growth state 

of cells isolated from discrete regions of a biofilm. Furthermore, we evaluated the extent 

to which growth rate differences may influence rRNA and mRNA relative abundances in 

biofilms. From biofilm associated cells growing at various depths, we quantified the 
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mRNA content of rpoS, rhlR and acpP, and normalized these values to 16S rDNA copies 

per cell. Using this approach we corroborated the stratification of growth rates among 

cells growing in biofilms, in which highest cellular rRNA and mRNA levels were found 

near the air interphase.  

Since primers may be directed against rDNA and rRNA for any bacterium or 

archaea, this approach is useful for defining the taxonomy and the growth status of 

organisms inhabiting multispecies biofilms of medical or environmental importance. 

 
Materials and Methods 

 
 

Strains and Conditions  

P. aeruginosa PAO1 cultures were grown to logarithmic or stationary phase at 37 oC in 

Luria-Bertani broth (LB) (2) in an orbital shaker incubator at 220 rpm.  Colony biofilms of P. 

aeruginosa were inoculated with planktonic cultures grown overnight at 37 oC in LB.  Inocula 

were adjusted to an optical density of 0.4 by dilution in LB (600 nm; 1-cm path length), and 25 

µl was used to inoculate pre-sterilized (by UV treatment), individual, black polycarbonate 

membrane filters (13 mm diameter, 0.2 µm pore size; GE Water & Process Technologies)  

placed on LB-Miller agar (Difco Laboratories) supplemented with 4.5 g/L of NaCl.  Plates were 

incubated at 37oC for 72 h, and membranes were transferred to fresh LB-Miller agar every 12 h. 

The final transfer was 4 h prior to LCMM analysis. Biofilms were also cultivated on stainless 

steel coupons placed in a drip flow reactor under continuous flow of Biofilm minimal medium 

(BMM) (49, 30).  Prior to inoculation into the system, cells were incubated in BMM for 18 h at 

37 oC and transferred to fresh BMM for 4 h to reach an O.D.600 of 0.2.  The inoculum was diluted 
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20-fold in BMM, and 5 ml was used to inoculate steel coupons for 25 min under static 

conditions. The flow rate at which BMM was pumped through the reactors was set at 1.2 ml/min 

for 96 h.  Reactors were maintained at 37oC throughout the incubation.   

 
Cryogenic Processing and LCMM 

Biofilms were cryoembedded on dry ice using Tissue-Tek O.C.T. compound 

(Sakura Finetechnical Co.).  The embedded biofilms were thin sectioned (5 µm) using a 

cryomicrotome at - 20 oC.  Thin sections were placed onto membrane coated microscope 

slides (P.A.L.M. Microlaser technologies) and maintained on dry ice until observation 

and laser microdissection.  Laser capture microdissection microscopy (LCMM) was 

performed using the Zeiss/P.A.L.M. Laser-MicroBeam System using the 20x objective 

lens. LCMM was used to dissect and capture 24,000 µm2 areas of the biofilm from the 

top, middle, and bottom sections of the biofilms. 

 
Nucleic Acids Extraction 

Overnight planktonic cultures were grown from frozen stocks of P. aeruginosa 

PAO1 at 37 oC in LB in an orbital shaker incubator at 220 rpm for 10 – 12 h. Cultures 

were diluted 1:50 in LB and allowed to grow for another 2 h as described above. These 

cultures were then diluted to an O.D.600 of 0.3, and 1:100 volume of inoculum was used 

for to grow logarithmic phase (grown for 4 h) and stationary phase (grown for 10h) 

planktonic cultures. These were serially diluted over four orders of magnitude and 10 µL 

of the diluted culture were mixed with 1 mL of TriReagent for the nucleic acid 

extractions.  Microdissected areas of the biofilms were captured by laser catapult into 30 
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µL of TriReagent TM (Molecular Research Center, Inc.) contained in the caps of 

microcentrifuge tubes.    Samples obtained by LCMM were added to 0.5 ml of 

TriReagent.  An aliquot of PolyAcryl carrier (Molecular Research Center, Inc.) 3 µl of 

1:10 dilution, was added to each sample.  As a spike-in control to account for RNA 

degradation and loss, 1.7x104 copies of luciferase RNA (lucI) (Promega, Corp.) was 

added to the TriReagent just prior to the extraction. The extraction mix was heated to 65 

oC for 5 minutes with occasional vortexing.  Samples were cooled prior to adding 

bromochloropropane to separate the layers.  RNA isolation proceeded as described by the 

TriReagent manufacturer. Purified RNA was treated with DNase to remove 

contaminating genomic DNA, using the Turbo DNA-free kit (Ambion, Inc.).  The 

organic layer was maintained on ice until the DNA extraction could be resumed. 

PolyAcryl carrier (3 µl of 1:10 dilution) was added to the organic layer to facilitate DNA 

precipitation.  DNA extraction proceeded according the TriReagent manufacturer’s 

instructions. RNA and DNA were stored at -80 oC. For further details regarding these 

methods see Pérez-Osorio and Franklin (23).  

 
In vitro Transcription and PCR Standards  

 To generate standard curves for qRT-PCR and qPCR, target RNA and DNA were 

generated by in vitro transcription (IVT) (18) and PCR, respectively. Primers were 

designed using Primer3 (28) and were purchased from Integrated DNA Technologies.  

For IVT, The forward primer, 5’-

TAATACGACTCACTATAGGGGGTGGTTCAGCAAGTTGGAT-3’ and the reverse 

primer, 5’-TAAGGTTCTTCGCGTTGCTT-3’ were used to amplify an internal fragment 
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of the16S rRNA gene. RNA standard for lucI and acpP were generated by IVT using 

primers described previously (18). To make the RNA standards necessary to quantify 

rpoS, the forward primer, 5’- 

TAATACGACTCACTATAGGGTCGACCTGGATCTGACGAA-3’ and the reverse 

primer, 5’-TGACCACGATGATGAAGTGC-3’, were used; and to quantify rhlR, the 

forward primer, 5’-TAATACGACTCACTATAGGGCTGGATGTTCTTGTGGTGGA -

3’and the reverse primer, 5’-CTGGGCTTCGATTACTACGC-3’ were used. Following 

IVT, products were analyzed by electrophoresis using a Bioanalyzer 2100 using an RNA 

Nano chip (Agilent Technologies). RNA standards were aliquoted, stored at -80 oC and 

quantified using UV absorption at 260 nm prior to each assay. DNA standards were PCR 

amplified from genomic P. aeruginosa PA01 DNA using the same primers used for 

generating the RNA IVT standards. DNA standard were purified using phenol:chloroform 

and analyzed by gel electrophoresis. The DNA standards were aliquoted to small 

volumes and stored at -80 oC. DNA standards were quantified using the Rotor-Gene 6000 

(Corbett Research) instrument using the PicoGreen nucleic acid quantification kit 

(Molecular Probes) prior to each assay. Standard curves were generated by qRT-PCR or 

qPCR of serially diluted RNA or DNA in 8 µL/mL of polyacryl carrier (Molecular 

Research Center, Inc.) to accommodate 102 - 108 molecules per reaction. 

 
Real Time qRT-PCR  

 The one step QuantiTect Probe RT-PCR kit (Qiagen) was used to measure 16S 

rRNA and lucI mRNA in a duplex 25 µL reaction, using the dual-labeled probe approach 

(24).  Primers and probes for16S RNA were forward primer, 5’-
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CAAAACTACTGAGCTAGAGTACG-3’ (20), reverse primer, 5’-

GCCACTGGTGTTCCTTCCTA-3’ and probe, 5’-JOE- 

TCTACGCATTTCACCGCTACACAGGA-BHQ1-3’ . Primers and probes for lucI and 

acpP were described previously (Lenz, 2008). The QuantiTect SYBR Green RT-PCR kit 

was used for SYBR Green labeling analysis of rpoS and rhlR in 25 µL reactions (24). 

Primers for rpoS were forward primer, 5’- CGATCATCCGCTTCCGACCAG -3’ and 

reverse primer, 5’- CTCCCCGGGCAACTCCAAAAG-3'. Primers for rhlR were forward 

primer, 5’- CTCAGGATGATGGCGATTTC-3’ and reverse primer, 5’- 

AATTTGCTCAGCGTGCTTTC-3’. Reactions were assembled using a CAS1200 liquid 

handling system (Corbett Research). 

 Final primers and probe concentrations for 16S rRNA and lucI duplex reactions 

were: 16S rRNA forward and probe, 100 nM; 16S rRNA reverse, 300 nM; lucI forward 

and reverse, 400 nM; and lucI probe, 200nM. The acpP primers and probe were adjusted 

to a final concentration of 400 nM each primer and 200 nM, for the probe.  All rpoS and 

rhlR reactions were performed with primers at a final concentration of 300 nM.  We used 

the Rotor-Gene 6000 (Corbett Research) instrument for all of our assays. The following 

parameters were used for the reactions with dual-labeled probes: hold cycle at 50 °C for 

30 minutes; followed by a denaturation step at 95°C for 15 minutes, then 45 cycles at 

94°C for 15 seconds and 59°C for 60 seconds. Data were acquired during the 59oC 

annealing step. The combined annealing and acquisition step for acpP was 60°C. For 

SYBR Green reactions the parameters used were: hold cycle at 50 °C for 30 minutes; 

followed by a denaturation step at 95°C for 15 minutes; then 45 cycles at 94°C for 15 
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seconds, 60°C for 30 seconds, 72°C for 30 seconds and an additional step during the 

cycling for data acquisition at 84°C for 15 seconds, which allows measurements to be 

taken at a temperature where non-specific amplification products do not contribute to the 

fluorescence signal. Three technical replicates were performed for each standard, and two 

technical replicates were performed for each experimental sample.  Primer specificity 

was confirmed by electrophoresis using a Bioanalyzer 2100 and a DNA 500 chip 

(Agilent Technologies). Reverse transcriptase negative controls, non-template controls 

and a mix of appropriate standards (positive controls) were included in each assay.  

Transcript copy numbers were calculated for each standard, using the formula, 

molecules/µL = (Xg/µL RNA/M.W.)*Avogadro’s constant. Using the Rotor Gene 

software version 1.7, Build 75 (Corbett Research), each standard was plotted against the 

cycle number at which the fluorescence exceeded the background (CT- threshold cycle). 

The slope of the calibration curve was used to determine the reaction efficiency (E) of the 

CT according to the equation E = 10[-1/slope] – 1. An E of 1 indicates an exponential 

amplification of the product.  The slope of the calibration curve was also used to calculate 

transcript copies per reaction. Levels of lucI recovered after RNA extraction, were used 

to control for samples where significant RNA loss was observed. 

 
qPCR  

 The QuantiTect Probe PCR kit (Qiagen) was used to measure 16S rDNA levels. 

Primer concentrations for 16S rDNA assays were; 100 nM for the forward primer, 300 

nM for the reverse primer and 100 nM for the dual-labeled probe. Reactions conditions 

were: hold cycle at 95 °C for 15 minutes; followed by 45 cycles of 94°C for 15 seconds 
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and 59°C for 60 seconds. Data were acquired during the 59 oC anneal step.  DNA copy 

number was determined using the calibration curve generated qPCR of known amounts 

of 16S rDNA. Non-template and positive standards were included in every assay as 

negative and positive controls, respectively.  

 
Statistical Analysis 

To determine if the duplex reactions could be used quantitatively, we evaluated 

several aspects of their performance.  The linear range of standards had an excellent 

correlation coefficient of 0.999 between 1x101 and 1x108 copies of 16S rRNA and 

between 1x102 and 7x108 copies of 16S rDNA. The lucI assay was also linear between 

1x102 and 1x107 copies (R2= 0.999).  Similar linear results were observed in duplex 

reactions when the 16S rRNA assay was multiplexed with the lucI. The efficiency for 

these assays was 0.94 for the 16S qRT-PCR and qPCR; and 0.99 for both 16S rRNA and 

lucI qRT-PCR assays in the duplex reactions. The acpP qRT-PCR assay had a linear 

range between 5x101 and 5x105 (R2= 0.999) and an efficiency of 0.94. The evaluation of 

the characteristics of the SYBR Green assays indicate a correlation coefficient of above 

0.995 between 2x102 and 2x106copies of rpoS and rhlR, and an efficiency of 0.91 for 

each one of these assays. The variability within all assays (technical replicates within an 

assay) and between replicate assays (technical replicates from separate assays) averaged 

5%.  

 The geometric mean of the 16S rRNA to rDNA ratio of planktonic and biofilm 

samples was used in the estimation of 16S rDNA copies per cell in biofilm samples. The 

significance of the difference between the median of the 16S rRNA to 16S rDNA ratio 
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from the top, middle and bottom samples from biofilms and from planktonic cells 

harvested during stationary and exponential growth was assessed using a Mood’s test 

followed by the Fisher’s Exact test; allowing us to determine the appropriate ratio and 

16S rDNA copy number per cell to use from planktonic cultures for the estimation of 16S 

rDNA copies per cell in biofilm samples. When reporting the average level of expression 

of mRNA transcripts the geometric mean of all measurements was used. The significance 

of the difference between the medians was calculated using a Mood’s test followed by the 

Fisher’s Exact test. 

 
Results 

 
 

Simultaneous Recovery of DNA and RNA  
or qRT-PCR and qPCR 

To quantify the number of 16S rRNA molecules and 16S rDNA copies present in 

a P. aeruginosa cell, we first needed to evaluate an appropriate method to extract both 

RNA and DNA from samples with low cell numbers. To this end, we tested the 

TriReagent for its effectiveness in the simultaneous isolation of DNA and RNA from 

planktonic cultures of P. aeruginosa. Extractions were performed on serially diluted 

cultures ranging from 2 x 103 to 1x108cells, as determined by direct microscopic counts. 

The qRT-PCR and qPCR measurements were made quantitatively using a dual-labeled 

probe assay for 16S rRNA or 16S rDNA. The 16S rRNA assay was used as a stand alone 

assay and as a multiplexed assay where both 16S rRNA levels and the spike-in lucI 

control RNA were measured from the same reaction. We used this spike-in control to 

check for the possibility of RNA loss during the nucleic acid extraction steps. We found 
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DNA and RNA extractions combined with qPCR and qRT-PCR analyses to be linear 

over a range of four orders of magnitude (R2 > 0.93) (Fig. 3.1).  In addition, the recovery 

of RNA and DNA was effective for simultaneous analysis of RNA and DNA from as few 

as 2,000 cells, validating the sensitivity and efficiency of the qRT-PCR and qPCR assays 

for use with small samples obtained from biofilms by laser microdissection. 

 

Figure 3.1. Dynamic Range and Sensitivity of qPCR and qRT-PCR from P. aeruginosa 
Planktonic Cells. RNA and DNA simultaneously obtained from 2 x 103 to 2 x 108 cells as 
determined by direct microscopic counts had a linear range that extended from 5 x 103 to 5 x 108 
copies of 16S rRNA (r2 > 0.94), and between 1 x 102 and 1 x 107 copies of 16S rDNA (r2 > 
0.97). The results of qRT –PCR and qPCR showed high efficiency (E > 0.97) and high linearity 
(r2 > 0.99) for all assays. 16S rRNA was isolated from logarithmic phase (●) and stationary 
phase (▲). 16S rDNA was isolated from logarithmic phase (■) and stationary phase (♦). 

 
 

Quantification of 16S rRNA and 16S rDNA  
from Planktonic Cultures and from Biofilms   

Bacteria growing in biofilms are often organized into dense communities of cells 

that are difficult to quantify.  Generally, quantification of cells is performed 

computationally, following fluorescently staining and scanning confocal laser 
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microscopy (SCLM), or by biofilm dispersal and microscopic direct counts (DC) or 

colony forming unit (CFU) counts.  Our goal was to quantify cells from LCMM samples, 

so that gene expression could be evaluated on a per cell basis in biofilms.  Since CFU and 

microscopic counts are not possible on these cryoembedded samples, we chose to use 

qPCR as a sensitive approach to measure the number of genome copies per sample, 

allowing an estimate of cell numbers.  Genome copy number often varies depending on 

the growth rate of the bacteria.  Therefore, we first measured the number of genome 

copies in planktonic cells growing in logarithmic and stationary phase, by qPCR of the 

16S rDNA.  P. aeruginosa PAO1 has four copies of the 16S rDNA gene, and therefore if 

each cell contained one copy of the genome, we predict a copy number of four for the 

16S rDNA.  Planktonic cells growing in log phase had on average eleven copies of 16S 

rDNA per cell (Fig. 3.2), while stationary phase cells averaged seven copies of 16S 

rDNA per cell, indicating that log phase cells had between two to three genome copies 

per cell, in good agreement with multiple genomic initiation events that occur in rapidly 

growing bacteria.  Stationary phase cultures had one to two genome copies per cell.  

16S rRNA was also measured for planktonic cells growing in log and stationary 

phase to determine the ribosome copy number for these cells.  In agreement with 

previous observations, log phase cells had on average, 7.3x104 copies of 16S rRNA per 

cell, as measured by qRT-PCR (Fig. 3.2), while stationary phase cultures had on average 

seven-fold less 16S rRNA levels, at 1.2x104  copies per cell (21).    

 
 



 
 

70

 

Figure 3.2. Quantification of 16S Ribosomal RNA and DNA from Planktonic Cells.  
 
 
The values for rRNA and rDNA from planktonic cells allowed us to estimate the 

ribosomal copy number on a per cell basis for bacteria growing at defined locations in 

biofilms.  Laser microdissection was used to capture subsections of P. aeruginosa 

biofilms and qRT-PCR and qPCR experiments were performed to quantify 16S rRNA 

and 16S rDNA.  For these experiments, colony biofilms were incubated for 72 h at 37oC 

with change in medium every 12 h.  We also evaluated drip flow biofilms that were 

grown for four days. These biofilms reached an average thickness of 400 µm2. Biofilms 

were cryoembedded and thin-sectioned to obtain vertical transects (5 µm width).  Areas 

of 2.4 x 104 µm2 were obtained from the top (air interphase), middle, and bottom of 

biofilms (in colony biofilms, this region is in close proximity to the membrane that sits on 

top of the substratum and in drip flow biofilms, the bottom was adjacent to the steel 

slide). Therefore, the final volume of the samples was approximately 1.2 x 105 µm3.  

Using qPCR the 16S rDNA amounts averaged 2 x 105 copies per sample for the top, 
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middle, and bottom of the biofilms (Fig. 3.3), indicating that the cell spacing was 

relatively uniform throughout these colony and drip flow biofilms. 

 

  

Figure 3.3. Quantification of 16s Ribosomal DNA from Biofilms. The LCMM was used to 
obtain 120,000 µm3 volume biofilms from the top, middle and bottom of colony biofilms 
(CB) and drip flow biofilms (DFB). 16s rDNA levels were investigated by qPCR. 

 

The average 16S rRNA amounts was slightly higher at the top and midle of 

colony biofilms as compared to their bottom portion (Fig. 3.4) (P < 0.05), while in drip 

flow biofilms, the ribosomal content along the biofilm is relatively uniform, in agreement 

with previous studies (49).  

 
Biofilms are Populations of Cells whose  
Growth Rate Differ at the Micrometer Scale 

To estimate the relative growth status of cells in the different regions of the 

biofilm, we compared their rRNA to rDNA ratio with that of planktonic cells in log or 

stationary phase (Fig. 3.5).  In colony biofilms, cells growing at the top and middle layers 

have a 16S rRNA to 16S rDNA ratio that falls between the ratio of log and stationary 
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phase planktonic cells.  This observation, suggests that cells at the top or middle of the 

biofilm are not replicating as quickly as log-phase planktonic cultures.  In contrast, cells 

located at the bottom layer of these biofilms have a lower 16S rRNA/rDNA ratio that is 

not significantly different from planktonic cells in stationary phase (P > 0.1).  The 

rRNA/rDNA ratio of cells at the bottom of the biofilm is significantly different from 

planktonic cells in log phase (P < 0.05).  Therefore, the cells in the deep portion of 

colony biofilm are in a stationary-phase-like growth state.   

 

 
 

Figure 3.4 . Quantification of 16s Ribosomal RNA from Biofilms. The LCMM was used to 
obtain 120,000 µm3 volume biofilms from the top, middle and bottom of colony biofilms 
(CB) and drip flow biofilms (DFB). 16s rRNA levels were investigated by qRT-PCR. 

 

We also examined the growth rates of biofilm cells growing in the drip flow reactor. 

These cells receive their nutrients through the top layer or air interphase by a continuous 

flow of minimal media. These biofilms are generally more structured with channels and 

mushroom like structures (18). The rRNA/rDNA ratio of these cells indicates a growth 

rate that is between log and stationary phase in planktonic cultures for all layers. These 



 
 

73

biofilms also display stratification of their growth rates with cells isolated from the top 

growing at a rate that is significantly higher than cells found at the middle and bottom 

layers (P < 0.05).  

 

 
Figure 3.5. 16s rRNA to rDNA ratio used in the estimation of growth rates. The 16s rRNA/rDNA ratio 
from planktonic cells grown to logarithmic and stationary phase can be compared to the ratio of cells 
isolated from the top, middle and bottom of colony biofilms and drip flow biofilms to estimate the growth 
rate of these cells. Differences between logarithmic phase and stationary phase are significant. Cells in the 
top and middle layer of colony biofilms have a higher growth rate than cells growing at the bottom or 
during growth as planktonic stationary cells. Cells in the top of drip flow biofilms are characterized by a 
growth rate that exceeds the growth rate of cells at the middle and bottom layers as well as the growth rate 
of planktonic stationary cells. All differences were considered significant with a P-value < 0.05. 
 
 
 Since we know the 16S rRNA content in planktonic cells at log and stationary 

phase we can use these numbers as a basis for comparing biofilm samples that are 

growing at analogous growth rates. To determine the number of 16S rDNA copies 

present in biofilm samples, we compared the 16S rRNA/rDNA ratio of planktonic cells 

growing at log phase to colony biofilm cells growing at the top and middle layer, and to 

drip flow biofilm cells growing at the top layer; and calculated that these cells have 6.9 

(top CB), 4.7 (middle CB) and 7.6 (top DFB) copies of 16S rDNA per cell. The 16S 
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rRNA/rDNA ratio of stationary phase cells served as an indicator that allowed us to 

estimate that in the bottom layer of colony biofilms, cells contain approximately 5 copies 

of 16S rDNA, and in the middle and bottom layers of drip flow biofilms, cells contain 8.8 

and 8.5 copies of 16S rDNA respectively. These biofilms have cells that contain on 

average between one to two chromosomes.  

 Cells in colony biofilms were found to occupy a volume of 4 µm3 at the top of 

these biofilms and at the deeper layers these were more densely packed to about 2 µm3. 

This is in agreement with a decrease in cell size that has been observed during stationary 

growth. Since colony biofilms grown by Walters et al. appear to be more densely packed 

and cells occupy between 1-2 µm3 less volume than our biofilms (43), we speculate that 

our DNA extraction may not be 100% efficient in biofilm samples. We do not see this 

problem with our planktonic extraction. In drip flow biofilms, we also observe low DNA 

yields because our calculations show that each cell occupies approximately 6 µm3. We 

expect drip flow biofilms to allow for more spacing between cells since they are more 

structured communities that have channels and other structural formations, yet these 

observations seem slightly high.  

 
Relative Abundances of mRNA Vary along 
the Biofilm Strata 

 Cells isolated from subsections of biofilms using the LCMM technique have been 

shown to contain varying concentrations of mRNA depending on the location from which 

the samples were obtained (18). Currently there are no known appropriate reference 

genes that show little or no variation across the biofilm strata, making this normalization 
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method inappropriate for its use on reverse transcription PCR quantitative studies. 

Normalization of mRNA data obtained from these samples can be more easily achieved 

by estimating the cell quantities obtained from a biofilm subsection.  As we have already 

shown, this is possible by simultaneously isolating RNA and DNA from cells and using 

the ratio between these two parameters to calculate cell numbers based on known 

quantities of rDNA from planktonic cells. By applying this normalization technique to 

biofilm samples we were able to determine the expression levels of rpoS, rhlR and acpP 

as well as the ribosomal content in each cell. 

 

Figure 3.6. Copies of rpoS mRNA transcripts per cell in biofilms. Copies per cell (Y axis) are 
approximate numbers calculated as described in the text. Samples were obtained from biofilm  
sections isolated from the top (T), middle (M) and bottom (B) of colony biofilms and drip flow 
biofilms. The geometric mean ( ─ ) of the measured mRNA levels is denoted. Below the red line are 
samples with very low or undetectable levels of mRNA. The significance of the difference between the 
medians was determined by using a Mood’s median test followed by the Fisher’s Exact test. *** (P < 
0.005), ** (P < 0.01), * (P < 0.05). 

 

During stationary phase, the sigma factor RpoS has been shown to regulate genes 

that respond to environmental challenges and to induce the production of pathogenic 
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determinants (35).  In colony biofilms, the expression of rpoS was localized to the top 

layer and the concentration of this transcript in each cell significantly exceeded the levels 

present in planktonic cells during the stationary state by 10 fold in a manner that is 

consistent with previous observations (Fig. 3.6) (42, 47). This pattern was also observed 

in drip flow biofilms, where the cells growing at the top layers bore most of the 

expression, with the caveat that expression levels were analogous to the levels observed 

in the planktonic cultures. These cells had 5 and 10 transcripts per cell during log and 

stationary phase, respectively (not shown).  

 The transcriptional regulator RhlR coordinates the expression of pathogenic 

determinants and a plethora of other genes upon activation through autoinducer signals of 

the quorum sensing system. Its expression is density dependent, since quorum sensing 

does not occur until the population of cells reaches a threshold density, and it has been 

shown that its expression is maximal during the transition from logarithmic phase into 

stationary phase in planktonic cultures. In biofilms, expression of rhlR was mostly 

detected at the top layer. The top of colony biofilms had 20 times more rhlR transcripts 

than planktonic cells, while the middle and bottom layers had cells with little or no rhlR 

transcripts (Fig. 3.7). Drip flow biofilms had lower levels of rhlR expression that peaked 

at approximately 5 transcripts per cell in the top layers, analogously to the rhlR levels 

found in planktonic cells under non inducing conditions (Fig. 3.7 and not shown).   
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Figure 3.7. Copies of rhlR mRNA transcripts per cell in biofilms. See Figure 3.6 for details. 

 

 In addition, we measured the concentration of housekeeping gene acpP in cells 

collected from drip flow biofilms and found approximately 10 acpP mRNA transcripts 

per cell at the top layer, while the other layers did not contain more than one copy of 

acpP mRNA (Fig 3.8).  

 

Figure 3.8. Copies of acpP mRNA transcripts per cell in drip flow biofilms.  
See Figure 3.6 for details. 
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 Ribosomal RNA was also quantified using the same methodology from colony 

and drip flow biofilms and cellular content was found to vary between the depths 

examined, and therefore, form subtle spatial patterns (Fig 3.9). The top of colony 

biofilms and drip flow biofilms had between 3x104 and 4x104 copies of 16S rRNA, 

respectively. In the middle layer, cells had between 1x104 and 2x104 copies, respectively. 

And in the bottom layer, cells from colony biofilms had 6x103 copies and cells from drip 

flow biofilms had on average 2x104 copies. 

 

Figure 3.9. Copies of 16s rRNA per cell in biofilms. See Figure 3.6 for details 

 
Discussion 

 
 

Chemical gradients in biofilms result in discrete localized microenvironments 

(34).  Bacteria respond to these local environmental conditions with diverse 

transcriptional and enzymatic activities (18, 34).  Techniques such as fluorescent in situ 

hybridization (FISH) combined with microautoradiography (MAR) have been developed 

to localize bacteria and to characterize their enzymatic activities in situ (13, 15, 17, 22, 
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41).   In addition, fluorescent reporter genes combined with SCLM have been used to 

characterize localized transcriptional activities of the biofilm bacteria (33, 36, 45). With 

improvements in the sensitivity of techniques such as qRT-PCR for gene expression 

studies, it is now possible to analyze gene expression levels from very small numbers of 

bacterial cells isolated from any biofilm. This method offers the advantage of not 

requiring prior genetic manipulation to insert reporter genes or the use of in-vitro grown 

biofilms.  Therefore, it is applicable to study any microbial community, including 

multispecies biofilms from anywhere in nature. In a previous study, we combined qRT-

PCR with laser capture microdissection microscopy (LCMM) to study gene expression 

(in terms of mRNA abundances) for cells captured from local sites within biofilms (18).  

The results of that study indicated that expression levels of genes, including 

housekeeping genes, may vary by orders of magnitude over relatively small distance 

within biofilms.   

Since RNA isolation must be performed quickly to avoid degradation, cell 

enumeration is difficult from the LCMM sample.  In addition, sharp differences in 

housekeeping transcript levels along biofilm strata (18) have created a need to select 

appropriate internal controls for normalization of genes in the qRT-PCR studies.  

Therefore, the goals of the present study were to: (i) determine if genome copy number 

could be used as an estimate of cell numbers from biofilm samples, and (ii) determine if 

16S rDNA and/or 16S rRNA could be used to normalize expression of genes responsive 

to the local environmental conditions.  By generating data on genome copy number and 

16S rRNA amounts it was also possible to use the ratio of rRNA to rDNA to estimate the 
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growth status of cells at different regions in the biofilms, as previously done for 

planktonic cells (29), and to determine the relative rpoS, rhlR and acpP mRNA copy 

number as well as ribosome copy number for cells within biofilms.  

We first established that both RNA and DNA can be efficiently extracted from the 

same sample containing as few as 2,000 planktonic cells of P. aeruginosa. Secondly, we 

evaluated the design of the quantitative assay for the sensitive detection and 

quantification of 16S rDNA, 16S rRNA, rpoS, rhlR and acpP.  The assays were validated 

to have excellent efficiency, a broad dynamic range exceeding four orders of magnitude, 

and sensitivity.  The uniform distribution of 16S rDNA in different regions of these 

biofilms in addition to the increased precision, compared to 16S rRNA levels, suggests 

that rDNA may provide the most useful internal control for transcriptional studies of cells 

isolated from a biofilm by LCMM.  This assumes that the growth rate of the cells in the 

biofilms is fairly uniform, and that there are between one and two genome copies per cell. 

Normalization by qPCR of 16S rDNA in planktonic cells was similar to normalizing by 

DC or CFU counts, with cells growing in log phase having sevenfold more 16S rRNA per 

cells than cells in stationary phase.  Given that the methods (qPCR, DC, and CFU counts) 

of normalization yielded similar results, we conclude that normalization by 16S rDNA is 

a reliable option for transcriptional characterization of samples with limited quantities of 

cells.  The qPCR method offers the advantage that cell cultivation is not required, and 

that it is more sensitive than direct microscopic counts (7, 38). 

The 16S rRNA assay was developed as a quantitative strategy to validate its 

applicability as an internal control. We had previously identified this assay as a plausible 
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normalization option, but only evaluated the results by the use of a comparative approach 

(18). Here, the quantitative assay was based on TaqMan chemistry allowing multiplex 

assays with the lucI analysis.  The quantitative 16S rRNA assay was confirmed to have 

excellent characteristics in all aspects of its performance, including sensitivity and 

reproducibility (low coefficient of variation between technical replicates and between 

assays).   

By using these assays, we were able to quantify levels of 16S rDNA and 16S 

rRNA from planktonic cells and from biofilm sections. We found that planktonic cells 

had between 7 and 11 copies of 16S rRNA representing between one or two and a half 

genomes per cell of P. aeruginosa growing at stationary or exponential phase, 

respectively.   

Although 16S rRNA can be easily detected from samples with limited nucleic 

acids due to its high abundance, DNA is a preferred internal control because bacterial 

DNA content is constant among cells growing at the same rate.  The abundance of DNA 

does not pose a problem when normalizing mRNAs whose expression levels are often 

several orders of magnitude under the levels found for 16S rRNA (32, 38, 39). We have 

demonstrated in the present study that 16S rDNA normalization of biofilm localized gene 

expression studies serves as an accurate, sensitive, and feasible alternative that represents 

a preferred internal control to other less appropriate alternatives as such as normalization 

using 16S rRNA and using housekeeping mRNAs.  

We consider important to take into account the growth phase of cells, since 

differences in DNA content may introduce bias in RNA to DNA ratios.  When we applied 
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16S rDNA normalization to 16S rRNA levels and to rpoS, rhlR and acpP mRNAs 

obtained from localized areas within biofilms, we were able to demonstrate that the top 

biofilm layer have growth rates that fall between exponential phase and stationary phase. 

The middle and bottom layer of these biofilms have a growth rate that resembles a 

stationary phase planktonic culture. The difference in rRNA/rDNA ratio between top and 

bottom layers is likely not due to differences in cell density nor to uneven distribution of 

structural extracellular DNA.  The measured mRNA levels of rpoS, rhlR and acpP in 

biofilms show stratification between the top, middle and bottom of colony and drip flow 

biofilms and indicate that the top layer contains the majority of active cells. Small 

differences in 16S rRNA content were observed in these biofilms, where cells growing at 

the top had twice as many 16s rRNA copies as cells growing at the middle and bottom 

layers. 

For studies where global transcriptional activities from biofilms are evaluated, an 

approach that involves homogenizing the whole biofilm is often used. Here we show that 

results from such studies can be attributed to the cells localized at the air interphase, 

where the population of cells that contribute to most of the transcriptional activity can be 

found. In addition, the increased concentrations of rpoS and rhlR transcripts in biofilms, 

provide further insight into the notion that in biofilms there are cells undergoing a 

transition from log to stationary phase (47). Furthermore, the stratification of mRNA 

expression along the biofilm, particularly the increased transcriptional levels observed in 

cells living near the top of the biofilm serves to identify the cells living near the air 
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interphase as the population of cells that is transitioning from log to stationary phase (46, 

47).  

Overall, levels of mRNA obtained from P. aeruginosa planktonic cells and from 

both biofilm systems appear to be in agreement with a few mRNA copies being produced 

by each bacterial cell (3, 39).  

The stratification in the overall cellular activity in biofilms provides an adaptation 

advantage to cells that exist in a slow metabolic state. These cells are protected from 

direct environmental challenges by the cells living in the air interphase of the biofilm, 

since outer cells can not only provide a protective barrier to these challenges but can also 

attempt to metabolize harmful substances before they penetrate to deeper layers. In 

addition, because of their metabolic state, cells living deeper than 30 µm within the 

biofilm have assumed a living style that enables their survival upon encountering 

stressful conditions, since they are already living under nutrient and oxygen deprivation.  

P. aeruginosa cells living in the outer layer of the biofilm may also have their 

own physiological strategies to overcome exposure to certain challenges. We show that 

these cells have an increased level of rpoS and rhlR; both of which are important 

transcriptional regulators. This opens the possibility that these cells may also have 

increased transcriptional activities of pathogenic determinants known to be regulated by 

rpoS and rhlR such as alginate, exotoxin A and elastase (35).  

Transcriptional studies provide invaluable insights to our understanding of 

biofilm heterogeneity. Biofilms grow in many different environmental settings and may 

display several phenotypic traits depending on the conditions that allow them to grow. 
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Therefore, to enhance our understanding of biofilm physiology and its relevance to 

biofilm associated infection processes, biocontrol, or bioremediation, it is important to 

emulate the conditions in which the biofilm is found in its original form. The use of 

LCMM in combination with qRT-PCR provides an alternative to growing in-vitro 

biofilms, allowing us to investigate the contribution of any environment to biofilm 

architecture and growth patterns as we are now able to study gene expression in biofilms 

directly isolated from environmental sources.  
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 CHAPTER 4 
 
 

RESPONSES TO CALCIUM IN DEVELOPING PSEUDOMONAS AERUGINOSA 

BIOFILMS: A GENE EXPRESSION SURVEY 

 
The hybridization of microarrays and microarray data processing were carried 

in part by Kate McInnerney.  
 
 

Abstract 
 
 
 Pseudomonas aeruginosa is an opportunistic pathogen able to form biofilms 

on pulmonary tissue of cystic fibrosis patients. These biofilm-associated bacteria are 

characterized by their ability to secrete a wide array of virulence factors that inhibit 

the immune response and contribute to the chronic nature of the pulmonary 

infections. Calcium concentration influences virulence-factor production including 

enzymes and toxins secreted by the Type II and III secretion systems.  Here, we used 

microarrays to identify factors expressed during biofilm-associated growth at low (0 

mM) and high (10 mM) Ca2+ concentrations.  The results were then compared to 

planktonically-cultivated cells.  We identified genes for exotoxins ExoS, ExoT, and 

ExoY, as having increased expression during early biofilm formation.  Quantitative 

RT-PCR was used to verify the expression of these genes in continuous-flow biofilms 

over time.  At low [Ca2+], the expression of exoS and exoT showed a tenfold increase 

in biofilms during the first day of growth as compared to planktonic cells; exoY  had 

100-fold increased expression. As the biofilms developed the expression of these 

genes decreased and by the third day of growth had similar expression levels to 
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planktonic cells.  When the biofilms were exposed to calcium, exotoxin expression in 

biofilms had levels comparable to that of planktonic cells. The results suggest that 

biofilm matrix material may chelate available calcium, causing increased expression 

of exotoxin genes during the early stages of biofilm development.  The lipoxygenase 

encoding gene loxA and the exotoxin A gene were also found to be expressed 

significantly higher in these biofilms as compared to planktonic cells. Therefore, 

temporal and spatial factors as well as secretion of exotoxins and lipoxygenase may 

all take part in the lack of effectiveness seen by neutrophils and other immune 

responses in the clearing of P. aeruginosa PAO1 biofilms associated with lung 

infections.   

 
Introduction 

 
 

Pseudomonas aeruginosa is an opportunistic pathogen able to form biofilms 

on pulmonary tissue of cystic fibrosis (CF) patients (18, 27). These biofilm-associated 

bacteria are characterized by their ability to secrete a wide array of virulence factors 

that inhibit immune responses and contribute to the chronic nature of the pulmonary 

infections (4, 26). An important factor regarding the CF lung environment is the 

abnormal chloride transport in and out of upper respiratory tract epithelium (15, 18). 

The defective cystic fibrosis transmembrane regulator (CFTR) induces a thickening 

of lung epithelial secretions, which in turn provide an enriched environment suitable 

for microbial growth. The CFTR defect also affects available ion concentrations, 

including calcium ions, in the extracellular environment of the lung (8, 13). Models 
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using planktonic P. aeruginosa have demonstrated that calcium can influence 

virulence factor production, including enzymes and toxins secreted by the Type II and 

III secretion systems (21, 24, 20, 33). The Type III secretion system (T3SS) operates 

by using a syringe-like structure that is activated by the host cell in a contact-

dependent manner. Upon activation, the T3SS “injects” its effectors directly into the 

host cell cytosol (7). The T3SS-secreted toxins, ExoS, ExoT and ExoY can inactivate 

host cell function by disturbing the cytoskeleton of the cell, and by inducing 

inflammatory and apoptotic pathways that ultimately result in host cell death (7, 9, 

15, 16, 28, 32, 33). Since the T3SS-toxins inhibit cytoskeletal remodeling, they are 

likely involved in the lack of neutrophil polarity observed in previous studies (12).  

A secretable 15-lipoxygenase (LO) was characterized in P. aeruginosa. It is 

encoded by the loxA (PA1169) gene, which is homologous to other LOs found in 

eukaryotes (29). LOs are important mediators of the immune response; some LOs 

participate in the catalysis of lipoxin precursors while others catalyze the conversion 

of arachidonate into leukotrienes (1, 29). Lipoxins can stop the action of neutrophils 

as well as promote the resolution of inflammation, whereas leukotrienes are often 

involved in the pro-inflammatory response  (1, 29). LoxA, specifically, produces an 

active enzyme able to catalyze the conversion of arachidonate to lipoxin precursors 

(29). Since some P. aeruginosa infections have an altered inflammatory response and 

the predominant infections in these patients are biofilm associated; it is of interest to 

study the activity of lipoxygenases during biofilm development and their role as 

modulators of the immune response. 
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Studies have shown that bacteria growing in biofilms are physiologically 

different from the same cells growing in planktonic culture (21).  Proteomic analyses 

have demonstrated that as much as 50% of the P. aeruginosa proteome differs 

between planktonic cells and biofilm cells (21).  Using microarray analysis and 

quantitative real-time PCR, we show that P. aeruginosa exotoxins as well as exotoxin 

A are upregulated in the early stages of biofilm development. The activation of the 

transcription of exoS, exoT and exoY appears to diminish as the biofilm matures and 

by the third day of growth, the expression of these genes returns to planktonic like 

levels. This series of events follow previously described patterns of T3SS activity in 

CF patients with P. aeruginosa lung infections, in which microbial isolates fail to 

produce T3SS effectors during chronic infections, while being readily detected in 

patients with acute infections (3, 11). Secondly, through the present study we identify 

a 10-fold increased expression of PA1169 in P. aeruginosa biofilms. Identifying for 

the first time a condition where PA1169 may be actively translated. Biofilm growth is 

an important hallmark of P. aeruginosa infections. Therefore, characterization of the 

programmed activities used by this microorganism during the initial stages of biofilm 

formation may lead to a better understanding of the molecular events involved in the 

establishment of acute and/or chronic infections and provide new alternatives for 

prevention and early treatment. 
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Materials and Methods 
 
 
Strains and Conditions 

P. aeruginosa PA01 strain was grown in biofilm minimal medium (BMM) 

(24). When used, CaCl2 • 2H2O was added to a final concentration of 10.0 mM. 

Biofilms harvested for microarray analysis were grown on the walls of silicone tubing 

(0.3 m length, size 18 tubing with interior volume of 15 ml), following details 

outlined by Sauer et al. (25). The tubing biofilms were maintained inside a 37 oC 

incubator for 24 hours. Biofilms harvested for qRT-PCR experiments were grown on 

glass slides in a drip flow reactor placed inside a 37 oC incubator. Cultures for both 

biofilm systems were first grown for 18 hours in BMM, diluted 1:100 and allowed to 

reach an approximate OD600 of 0.2 after four hours at 37 oC, shaking in an orbital 

shaker incubator set at 220 rpm. Inocula were diluted to an OD600 of 0.02, and either 5 

ml or 12 ml aliquots were transferred to each chamber of the drip-flow reactor or 

tubing biofilm, respectively. Cells were allowed to attach for 25 minutes before 

resuming the flow. Following inoculation, sterile BMM was pumped through the 

tubing at a rate of 1.5 ml/min. Drip flow biofilms were grown for 24 hours intervals 

for up to five days. Planktonic cultures were diluted 1:100 from a culture grown for 

22 hours and allowed to grow for 18 additional hours in an orbital shaker incubator 

set at 37 oC.  Subsequently, another 1:100 dilution was used to inoculate cultures that 

were allowed to reach early logarithmic (EL), mid logarithmic (ML), late logarithmic 

(LL) and stationary (SS) growth phases. Criteria used to determine each of these 

growth phases was approximately 4 hours of growth and an OD600 < 0.1 for EL, 6 
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hours of growth and an OD600 at around 0.3 for ML, 8 hours of growth and an OD600 

at or below 0.4 for LL, and a 24 hour culture with an OD600 > 0.4.        

 
RNA Extraction  

Biofilms grown in the silicone tubing were harvested either by slicing open 

the biofilm containing section and scraping the biomass or by using a 3 ml syringe 

plunger adjusted to a 1 ml glass pipette to push the biomass out of the interior of the 

tubing. Biofilms from the drip-flow reactors were scraped off the glass slides. The 

biomass was directly deposited into lysis buffer (0.3 M sucrose, 0.02 M Na acetate, 

pH 4.5) and subsequently mixed with 2 % SDS 1:1. Planktonic cultures were 

centrifuged for 10 min at 7,000 g at 4 oC to pellet the cells prior to resuspending in 

lysis buffer and mixing with 2 % SDS 1:1. RNA was extracted by further mixing the 

lysis buffer and SDS solution with an equal volume of water saturated phenol and 

heated for 5 min at 65 oC. RNA was precipitated from the aqueous layer formed after 

centrifugation using a final concentration of 0.25 M sodium acetate and 3 volumes of 

ethanol. Precipitation was carried out at -80 oC for 18 hours. Total RNA was treated 

with DNase I (Invitrogen, Corp.) to remove contaminating genomic DNA and further 

purified using an RNeasy mini kit (Qiagen). RNA was assessed for quality on a 

Bioanalyzer RNA chip (Agilent). 

 
Microarray Analysis 

RNA from cultures grown under low and high calcium conditions from 24 

hours old tubing biofilms or from stationary phase planktonic cultures was obtained. 
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10 µg of total RNA were used for cDNA synthesis. Two biological replicate assays 

were used to represent each condition. In vitro transcribed sequences corresponding 

to the Bacillus Subtilis genes dap, thr, phe, lys and trp were used as spike in controls 

and added to the cDNA synthesis reaction. cDNA was purified, fragmented and biotin 

labeled following Affymetrix recommendations (Affymetrix, Inc.). cDNA was 

hybridized to Affymetrix  P. aeruginosa Gene Chip genome, midi format, for 16 

hours. Washing, staining and scanning were done with Affymetrix fluidic station and 

the Affymetrix GeneChip Scanner 3000. All arrays had hybridization to over 80 % of 

the genes represented. Spot intensities were normalized by GC-RMA and by genes to 

median normalization using GeneSpring 7.1 (Silicon Genetics).  A two-way ANOVA 

test was used to determine the significance of the difference between the means of the 

genes at the fifth percentile level (P < 0.05). Clustering analysis was done using the 

MultiExperimentViewer: MeV. 

 
Quantitation of mRNA by Realtime  
Reverse-Transcription PCR 

Messenger RNA measurements were performed with a QuantiTect Sybr 

Green RT-PCR Kit (Qiagen) or with the iScript™ cDNA Kit together with the iQ™ 

SYBR  Green SuperMix (Bio-Rad)  using a Rotor Gene 3000 (Corbett Research). 

Aliquots of 2-4 µl representing 100 ng of total RNA were used for qRT-PCR assays. 

Primer sequences outlined in Table 4.1 were used at a final concentration of 0.5 µM. 

Reverse transcriptase negative controls and non-template controls were included in 

every assay. Positive controls were included in some assays and consisted of in vitro 
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transcribed RNA transcripts specific for acpP, exoS, exoT, exoY, and PA1169. These 

transcripts were prepared using Ambion’s Megascript T7 Kit (Applied Biosystems). 

Ten-fold serial dilutions of positive controls ranging from 2 to 20,000 approximate 

copies were used as standards to determine qRT-PCR calibration curves. Cycling 

conditions used were: hold cycle at 50 °C for 30 minutes; followed by a denaturation 

step at 95°C for 15 minutes; then 45 cycles at 94°C for 15 seconds, 60°C for 30 

seconds, 72°C for 30 seconds. The specificity of the primers was checked during an 

additional cycling step where the temperature was increased gradually between 72 oC 

and 99 oC to obtain a melting curve for each amplicon. In order to obtain the cycle 

measurement for the exponential amplification of each product, amplification curves 

generated during the 60 oC annealing step were evaluated by using the same threshold 

for all qRT-PCR assays. Each sample was measured by at least one assay in which 

three technical replicates were included. Measurements from technical replicates were 

combined using their geometric mean. All the primers had excellent linearity between 

2 and 20,000 transcript copies with an R2 of 0.99 or higher and an efficiency of 

amplification between 0.9 and 1.0.  

 
Table 4.1.  Primers used for qRT-PCR. Sequences Given in the 5’-3’ Direction. 

Gene name Forward Reverse 
acpP ATCGTCGCTGAACAACTCG CCTGAACGGTGGTGATCTTT 
exoS AGAGAGCGAGGTCAGCAGAG ATGCCGGTGTAGAGACCAAG 
exoT ATGCGGTAATGGACAAGGTC CTGGTACTCGCCGTTGGTAT 
exoY GGTTGAAAGAATCGTCACCACGCT CAGCCAGGTTCAGCTTGCGTATTT 
toxA GGAGCGCAACTATCCCACT TGGTAGCCGACGAACACATA 
PA1169 GCGGAACAACAGCGATCTAT CCTTTGACATTGCCGAAGTT 
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Results 
 
 
Global Evaluation of Gene Expression  
in Biofilms 
 
 

T3SS Secreted Factors: Models using planktonic P. aeruginosa have 

demonstrated that calcium concentrations influence virulence factor production, (21, 

24, 20, 33) we therefore, examined factors expressed during growth at low (0 mM) 

and high (10 mM) Ca2+ concentrations ([Ca]2+) in cells cultivated in a biofilm reactor 

for 24 hours or grown planktonically to stationary phase using microarrays. We 

identified the genes encoding the T3SS and the exotoxins, exoS, exoT, and exoY, as 

having increased expression in the biofilms grown with low [Ca]2+ (Fig. 4.1).  

Quantitative real time polymerase chain reaction (qRT-PCR) was used to verify the 

expression of the exotoxin genes in continuous-flow biofilms over a period of five 

days of growth.  At low [Ca2+], exoS and exoT showed tenfold increased expression in 

biofilms compared to planktonic cells, during the first day of growth.  These biofilms 

also had a 100-fold increased levels of exoY transcription as compared to planktonic 

conditions. As the biofilms developed, the expression of these genes decreased and by 

the third day of growth had similar levels to those found in planktonic cells at any 

point in their growth phase (Fig. 4.2).  When the biofilms were exposed to calcium, 

exotoxin expression levels in biofilms were comparable to levels found in planktonic 

cells (Fig. 4.1).  
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Figure 4.1. Genes induced in biofilms grown with low [Ca2+]. Cluster analysis of P. aeruginosa 
PA01 grown in BMM with (10 mM) and without calcium supplementation (0 mM). Biofilms 
(BF) were harvested after growing for 24 hours. Planktonic cultures (Pk) were harvested during 
stationary phase. Color coding: Green, down regulated genes; black, no change; red, up 
regulated genes. 
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            Biofilm                                      Planktonic 

 
 

Figure 4.2. Relative mRNA expression levels of exoS, exoT, and exoY in biofilms and planktonic 
cultures of P. aeruginosa. Each curve represents a single qRT-PCR experiment normalized to the 
median of an experiment were a quantitative analysis based on a standard curve was done. 
Therefore, graphs have arbitrary units that are very similar to actual mRNA copies per 100 ng of 
total RNA. Values are comparable between biofilm and planktonic experiments.  Abbreviations: 
Biofilms harvested after growth for 24 hours (D1), 48 hours (D2), 72 hours (D3), 96 hours (D4), 
and 120 hours (D5).  Planktonic cultures harvested at early log (EL), mid log (ML), late log (LL) 
and stationary phase (SS).   
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In order to test if exotoxin expression is down regulated due to intracellular 

toxin accumulation during later stages of biofilm growth, we exposed mature biofilms 

to neutrophils and after a period of exposure analyzed gene expression using qRT-

PCR. Biofilms were grown in a drip-flow reactor using BMM with 0 mM [Ca 2+] for 

24 or 72 hours prior to neutrophil treatment. In control experiments, RNA was 

extracted from biofilms following addition of Hank’s Balanced Salts. Biofilms were 

exposed to neutrophils diluted in Hank’s Balanced Salts for 60 minutes. Contact 

between the biofilm cells and the neutrophils did not induce additional exotoxin 

expression than what we measured under the control condition (not shown). We 

attributed these results to our inability to measure exotoxin expression from the cells 

in direct contact with the neutrophils. Further experiments await more appropriate 

methodology.     

 
Other Genes: Among the genes with known virulence activity induced during 

the first day of biofilm growth is exotoxin A (toxA), a pathogenic determinant whose 

activity targets protein synthesis to bring it to a halt and ultimately kill, in this 

manner, the host cell (6). In the biofilms, its expression was ten times that of the cells 

growing planktonically, remaining at steady levels throughout the growth stages 

examined (Fig. 4.3).  
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Figure 4.3. Exotoxin A and PA1169 relative mRNA expression levels induced during biofilm 
growth. toxA and PA1169 expression in biofilms are tenfold upregulated as compared to planktonic 
cells. See Figure 4.1 legend for details. Expression of toxA remains constant as the biofilm matures. 
Each curve represents a single qRT-PCR experiment normalized to the median of one of the 
experiments. Values are in arbitrary units. Abbreviations: Biofilms harvested after growth for 24 
hours (D1), 48 hours (D2), 72 hours (D3), 96 hours (D4), and 120 hours (D5).   

 
 

From our microarray results as well as our qRT-PCR experiments we 

observed a 10-fold induction in the expression of PA1169 in P. aeruginosa during the 

first day of biofilm growth that is not seen during planktonic growth or during later 

stages of biofilm development (Fig. 4.3, Fig. 4.4). Prior to our studies, no 

documentation was available regarding inducing conditions for PA1169. This gene 

encodes a secretable 15-lipoxygenase with functional activity in mediating the 

biosynthesis of lipoxins, a family of important immunomodulators (29). 

          Biofilm        Planktonic 

  
Figure 4.4. Relative mRNA expression levels of PA1169 in biofilms and planktonic 
cultures. Details: See Figure 4.2 legend. 
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Another interesting finding from our initial microarray survey was the 

increased expression of PA3552-59 in low [Ca2+] (Fig. 4.5). This operon has been 

attributed with the function of supplying biofilms with an exopolysaccharide matrix 

that is distinct from alginate (19). These results were obtained regardless of growth in 

biofilms or in planktonic cultures. While low calcium levels favor the expression of 

this operon, high [Ca2+] appears to repress its activation (Fig. 4.5).  

 

 

Figure 4.5. Genes induced by low [Ca2+] independently of mode of growth. Details: See 
Figure 4.1 legend. 
 

The calcium response appears to be modulated by PA2656-57 during 

planktonic growth. This operon has the characteristics of a two component system 

that is closely related to other two component systems involved in the regulation of 

essential divalent cations or anions (22). Even though its function has not been 

ascribed, preliminary data from our lab indicates that it is involved in regulating the 

response to very high [Ca2+] (Fig. 4.6). This type of response is only observed only 

when the media has a [Ca2+] of at least 10 mM (not shown).  
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Figure 4.6. Genes induced by planktonic growth at high [Ca2+]. Details: See Figure 4.1 legend. 
 
 

 
In addition, the housekeeping control acpP was monitored through these 

experiments and showed little variation during growth associated with biofilms. Its 

activity did vary as the planktonic cells reached stationary phase, when its expression 

had an approximate decrease of 10-fold as compared to cells in the early stages of 

exponential growth (Fig. 4.7).  

 

Figure 4.7. acpP relative mRNA expression levels in biofilms and planktonic cultures. Each curve 
represents a single qRT-PCR experiment normalized to the median of one of the experiments. 
Values are in arbitrary units. Abbreviations: Biofilms harvested after growth for 24 hours (D1), 48 
hours (D2), 72 hours (D3), 96 hours (D4), and 120 hours (D5). Planktonic cultures harvested at 
early log (EL), mid log (ML), late log (LL) and stationary phase (SS).  
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Discussion 
 
 

Biofilms are known to be physiologically different from their planktonic 

counterparts with respect to their pathogenesis during infection processes (2). Since 

calcium plays a role in biofilm structure by augmenting its thickness and allowing for 

a larger reservoir of extracellular virulence factors (24, 14), we examined gene 

expression of the P. aeruginosa strain PA01, grown under low and high [Ca2+], by 

using microarrays as a tool to identify mediators of biofilm related pathogenesis. 

At low [Ca2+], an increase in expression level of the T3SS and the exotoxins S, 

T and Y was observed in cells cultivated in biofilm reactors (Fig. 4.7). Generally, 

while working with planktonic cells, it is necessary to chelate calcium from the low 

calcium media in order to see a small increase in the expression of these genes (33). 

These results applied only to biofilms that were only one day old (Fig. 4.2). 

Therefore, induction of the T3SS and its effectors appears to be closely related to 

early stages of biofilm development during growth in environments with low [Ca2+]. 

The lungs of patients with CF have increased [Ca2+] in their sputum as compared to 

asthmatic patients, with levels approaching 1 mM (8). Yet, during the initial stages of 

lung infections, the T3SS effectors are actively synthesized, even though increased 

levels of  [Ca2+] completely abrogate their expression in vitro, an observation that was 

previously reported (33). 

Therefore, a few possible explanations remain to be examined; either the 

biofilm matrix - which may or may not include extracellular DNA- formed in the lung 

is chelating available calcium and keeping it away from the cells, or the calcium 
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measured from the lung secretions is not readily available as free calcium but instead 

exists bound to calcium binding proteins such as calmodulin and calcitonin (31). 

Alginate is known to bind calcium, and such phenomenon results in the 

thickening of the extracellular matrix (24). Most P. aeruginosa strains isolated from 

early lung infections in CF patients have not undergone the phenotypic switch that 

allows them to make alginate (17). Is there another, yet unidentified 

exopolysaccharide matrix that may bind available calcium during infections with non-

mucoid strains?  

Our finding in regards to the putative exopolysaccharide operon PA3552-59 

also preclude the possibility of a calcium binding role for its products; this operon is 

predominantly active during planktonic growth, not biofilm growth; and high [Ca2+] 

represses its expression (Fig. 4.1). 

In the present study, we also corroborate a decreased exotoxin expression in 

mature biofilms by doing experiments in vitro. The temporal patterns observed may 

be the result of several factors including intracellular accumulation of toxins, a 

change in overall metabolism of the cells or accumulation of mutations that alter the 

T3SS expression (5, 16, 23).  

To explore the first of these possibilities, we attempted to induce exotoxin 

expression in biofilms by activating the T3SS, using direct bacteria to host cell-

interaction with human neutrophils. We were unable to measure any significant 

changes in the expression of exotoxins S, T or Y. Because we observed that the 

decrease in exotoxin expression is directly correlated with the increase in biofilm 
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biomass obtained by prolonged periods of biofilm growth, we suspect that our results 

could be attributed to a localized response in the exotoxin activity, where those cells 

coating the edge of the biofilm may be the most transcriptionally active population. 

Since we did not have the ideal methodology to answer this question, nor for 

exploring if the only cells that come into contact with neutrophils are the ones 

experiencing a significant increase in the expression of T3SS effectors, further 

research is needed. Yet, it is plausible that T3SS and its effectors become activated as 

an adaptation strategy for initial colonization and switch off soon after, until 

additional cues such as dispersal and reattachment induce their expression. 

Characterization of exotoxin expression in response to neutrophil exposure and in 

response to variations in calcium concentrations has the potential to provide new 

approaches to treatment as a deeper understanding of the molecular events involved 

in the establishment of chronic infections with P. aeruginosa is developed.  

The tenfold upregulation in biofilms as compared to cells growing 

planktonically observed in the expression of toxA (Fig. 4.3), was shown to be yet 

another environmental cue that serves to induce its expression among the many other 

signals known to have this type of effect (6). 

The upregulation of PA1169 in early biofilms implies a potential involvement 

of this gene in the modulation of the immune system during the stages when P. 

aeruginosa is getting established in its new host. In CF patients, active infections with 

this pathogen are characterized by a rapid decline in lung function that results from 

the strong inflammatory response that it induces (10, 30).  Our observations indicate 
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that P. aeruginosa may use immunomodulatory enzymes such as the PA1169 

encoded LoxA to quiet initial attacks by the immune system while it forms a 

protective barrier, such as the one provided by a robust exopolysaccharide matrix that 

forms as the biofilm develops. 

The role of PA2657-59 as a two component system able to respond to very 

high levels of calcium ions during planktonic growth remains to be further 

investigated. PA2665 encodes a putative two-component sensor that is homologous to 

both PhoQ and PmrB; histidine kinases in P. aeruginosa involved in the response to 

conditions of limiting phosphate and magnesium, respectively. The response 

regulator PA2657 is also closely related to the PhoP and PmrA response regulators 

(22). Together, these form a tight cluster of highly homologous two-component 

systems that may be functionally related in the response to divalent cations or anions.  

Together these findings indicate that spatial as well as temporal changes occur 

in the biofilms of P. aeruginosa that allow it to form robust biofilms by taking 

advantage of several with immunnomodulatory strategies. The mechanisms guiding 

these phenotypic characteristics may have important implications to models of 

infection and in particular to the lung infections seen in CF patients. Future work 

include the verification of activity of the LO protein in biofilms, mutational studies of 

the LO gene and exotoxins and more ample examination of the effects of T3SS 

exotoxins to neutrophil behavior. In addition, there is a need for studies where the 

spatial characterization of biofilms can be done while allowing us to peek at their 

macromolecular composition from a global viewpoint. These will aid in our ability to 
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discern the range of functions performed by populations of cells that may experience 

distinct environmental conditions, within short distances, and in turn, provide insights 

for the design of new treatment options. 
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CHAPTER 5 
 
 

THESIS SYNTHESIS 
 

 
The goal of the present work was to develop methods to assess heterogeneity in 

biofilms from the gene expression perspective. It is recognized that chemical gradients 

and other localized environmental conditions, along biofilm depths, direct a diverse array 

of cellular activities. These result in the formation of sub-populations that represent a 

complex system, whose characterization is far from over. The first chapter of this 

dissertation addressed the implications of the heterogeneity found in biofilms. The 

medical implications of such complexity are highlighted in this chapter as well.  

A method for the measurement of gene expression in small groups of cells 

localized to the various strata of biofilms was described in chapter 2. This method uses 

LCMM to collect cells from a biofilm that has been cryoembedded and thinsectioned to 

allow the collection of samples from spatially resolved sites. The LCMM technique was 

complemented by quantifying RNA extracted from the collected samples by the use of 

qRT-PCR. The method was then validated by using a strain of Pseudomonas aeruginosa 

containing an IPTG-inducible gene for the green fluorescent protein (gfp). Its biofilms 

display a zone of active GFP- fluorescence at the periphery. Fluorescence was correlated 

with the distribution of gfp mRNA. By using the validated methods described in chapter 

2, several discoveries were made. Highest gene expression was observed in the top 30 

µm stratum of the biofilms; this was determined by quantifiying the expression of the 

housekeeping gene, acpP and two genes regulated by quorum-sensing, phzA1 and aprA. 
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Additionaly, quantification of 16S rRNA amounts indicated that it is distributed relatively 

uniformmly throughout biofilm strata. Through the studies described in chapter 2, it was 

demonstrated that mRNA levels for individual genes are not uniformly distributed 

throughout biofilms, but may vary by orders of magnitude over small distances. Since 

16S rRNA levels were found to be homogeneously distributed throughout the biofilms, it 

is likely that such distribution is a consequence of the stability conferred by the formation 

of rRNA/ribosome complexes. As demonstrated in chapter 2, the LCMM/qRT-PCR 

technique can be used to resolve and quantify RNA variability at high spatial resolution.  

The evaluation and validation of the use of 16S rRNA to rDNA ratio as a 

predictive tool in assessing the growth state of cells was described in chapter 3. The 

growth rate of planktonic cells was used to determine the growth rates from biofilm 

samples. Using this information, allows the application of 16S rDNA as a normalizing 

control. Subsequently, cellular rpoS, rhlR, and acpP mRNA and ribosome content in 

biofilms was determined. Through the study presented in chapter 3 it was found that cells 

growing at the biofilm periphery have a growth rate that falls between the logarithmic 

and stationary phase of planktonic cells. Cells living deeper in the biofilms have a 

relatively slower growth rate. The cellular rpoS, rhlR, and acpP mRNA was highest in 

those cells collected from the outermost layer near the air interphase, which had an 

average of 7 transcripts of rpoS, rhlR, and acpP mRNA. Most cells at the bottom and 

middle layers had less than one transcript per cell. By subjecting 16S rRNA to the 16S 

rDNA normalization strategy, it was found that the average 16S rRNA amount was 

slightly higher at the top of the biofilms as compared to the middle or the bottom layers. 
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Chapter 3 provides normalization strategies in addition to the ones suggested in chapter 2 

and solidifies the observation that differences in growth rates and mRNA transcription 

along spatially related sites occur in biofilms.  

The methods presented in chapters 2 and 3 can be incorporated to study 

environmental samples of medical and ecological relevance, since they do not require a 

priori  genetic manipulation of the strains nor their in vitro cultivation.   

In chapter 4, a genome wide approach for the characterization of biofilms was 

used. Genes encoding the exotoxins ExoS, ExoT, and ExoY were identified as having 

between 10 and 100 fold increased expression during early biofilm formation under 

calcium limiting conditions. Their expression was verified using qRT-PCR on samples 

from biofilms grown in continuous-flow reactors over time.  As the biofilms developed, 

the expression of these genes decreased, and by the third day of growth, they had 

expression levels similar to those of planktonic cells.  When the biofilms were exposed to 

calcium, exotoxin expression in biofilms had levels comparable to those of planktonic 

cells, suggesting that the biofilm matrix may chelate available calcium, allowing for an 

increased expression of exotoxin genes during the early stages of biofilm development. 

The lipoxygenase encoding gene loxA and the exotoxin A gene were also found to be 

expressed at significantly greater levels in these biofilms as compared to planktonic cells. 

The study presented in chapter 4, highlights that temporal factors, in addition to the 

spatial factors observed through the studies addressed by chapters 2 and 3, affect the 

development of P. aeruginosa biofilms. In addition, this chapter stresses that secretion of 

immune mediating factors during early biofilm formation may impede the timely clearing 
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of infections by the host’s the immune system. Such clearing is crucial in the prevention 

of the establishment of difficult to treat biofilm associated infections.   

 
Future Directions 

 
 

To develop a clear picture of biofilm complexity, it is necessary to create new and 

more sophisticated methodologies. In addition, more research is needed to fully 

comprehend the implications of the intricate details of sessile growth in the microbial 

world. Various levels of understanding are needed to fully characterize biofilm 

physiology. The genetic makeup of an organism, including the function of the products 

encoded, is an important element that can not be studied in isolation from the context in 

which these functions become relevant. In some cases, this context can be represented by 

planktonic growth under various environmental parameters. In others, biofilm growth is 

more appropriate. Yet, as biofilms are recognized as heterogeneous populations, the 

context in which some of these genetically encoded functions are driven becomes 

relevant only when considered from the spatial and temporal perspective.  

Global gene expression studies are great resources for elucidating the effects of 

environmental parameters. Current methodologies can not measure the state of global 

gene expression from limited quantities of bacterial mRNA. The development of a 

technique that combines the LCMM approach with global gene expression profiling will 

provide a more complete description of the transcriptional state of most genes in cells 

localized to specific strata within biofilms. Amplification strategies for bacterial mRNA 

that allow tandem application with microarray technology are being evaluated in the 
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Franklin lab as an extension to the presently described work. Following the development 

of this method, questions regarding the localization of specific activities of many genes in 

response to antibiotic treatments, or to interaction with cells of the innate immune system 

or to many other parameters of medical and ecological relevance can begin to be 

addressed. To address the temporal aspects of biofilm localized activities through the use 

of this technique, it will be necessary to design time course studies where biofilms are 

harvested from reproducible environments. Alternatively, studies may be performed in 

environments where all other parameters can be accounted for, in their correlation with 

the progression of time. 

The complete appreciation of the physiological states of these complex microbial 

communities is the first step towards the development of improved biofilm managing 

solutions. The research is, therefore, not over; the problem is still at hand and the daily 

struggle against biofilm associated infections, the effects of biocorrosion and the need for 

more effective bioreactor designs is a constant reminder of this. 
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APPENDIX A 

ISOLATION OF RNA AND DNA FROM BIOFILM SAMPLES OBTAINED BY 

LASER CAPTURE MICRODISSECTION MICROSCOPY 
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Isolation of RNA and DNA from Biofilm Samples Obtained by Laser Capture 

Microdissection Microscopy 

 
 

Original publication reproduced with permission from Perez-Osorio, A. C., and 
M. J. Franklin. 2008. Isolation of RNA and DNA from Biofilm Samples Obtained by 
Laser Capture Microdissection Microscopy. Cold Spring Harb. Protoc. 
2008:pdb.prot5065.-. 
 
 

Introduction 
 

 
 The metabolic activities of bacteria growing in biofilms result in spatial gradients 

of oxygen, nutrients, and waste products. Because bacteria respond to local 

environmental conditions through changes in gene expression, mRNA levels of 

individual genes may vary spatially among bacteria within the biofilm. This article 

describes an approach to isolate RNA for quantification from cells at localized sites 

within biofilms. Biofilm thin sections are generated by embedding biofilms in 

cryoembedding resin, freezing the embedded biofilms on dry ice, and cutting with a 

cryomicrotome. The sections are placed on membrane coated microscope slides and 

maintained on dry ice. Laser capture microdissection microscopy (LCMM) is used to 

dissect small subsets of cells at different regions within the biofilms, and RNA is 

extracted from the samples using either hot phenol or TRIreagent. A TRIreagent-based 

DNA extraction method is also presented. 
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Materials 
 
 

Reagents:   
 
All reagents to prepared in this protocol are to be made with DEPC-treated H2O 
 
Tissue-Tek O.C.T. compound (Sakura Finetechnical Co.) 

Membrane-coated microscope slides (P.A.L.M. microlaser technologies) 

DEPC-treated water 

Lysis buffer (0.3 M sucrose and 0.02 M sodium acetate at pH 4.5) 

2% sodium dodecyl sulfate (SDS) 

Luciferase RNA diluted to 1E+04 molecules per µL (Promega) 

H2O-equilibrated phenol (Acros Organics) 

1.5 mL heavy Phase-Lock gel tubes (Eppendorf) 

H2O-equilibrated phenol:chloroform:isoamyl alcohol (25:24:1) 

PolyAcryl carrier (MRC, Inc.) 

Sodium Acetate 3 M 

Ethanol, 75% and 100% 

TRI Reagent (MRC. Inc) 

Bromochloropropane (BCP, MRC. Inc) 

Sodium Hydroxide 0.08 M 

HEPES 0.1 M 

TURBO DNA-free DNase Treatment (Ambion, includes TURBO DNase Buffer,  
 
TURBO DNase and DNase Inactivation Reagent) 
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Equipment: 

Water bath, prewarmed to 65oC 

Table top microcentrifuge cooled to 4 oC 

Optional: Speed vacuum 

 
Methods 

 
 
Cryoprocessing of Biofilms   

Maintain samples in RNAse-free zones on dry ice at all times. 

1. Cultivate the biofilm using an appropriate system designed by the investigators, 

preferably on a heat-conducting surface or on a membrane that can be placed on a 

heat-conducting surface. If the biofilm has been cultivated on a membrane, place it 

on a stainless steel slide.Place biofilms cultivated on membranes on a stainless steel 

slide. 

2. Cover biofilms with O.C.T. compound at room temperature. 

3. Freeze biofilms and embedding resin by pressing the stainless steel slide onto a 

block of dry ice. 

 Keep track of the orientation of the biofilm. 

4. Once frozen, remove the biofilm and resin from the slide (by twisting the slide), 

invert the biofilm on the dry ice, and cover the opposite side of the biofilm with 

O.C.T. compound.   

 Mark the O.C.T. to remember the orientation of the biofilm. 
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5. Use a cryomicrotome to obtain thin sections (generally vertical transects) of the 

biofilm. 

  Thin sections may be any width, but sections ranging from 5 to 20 µm work well 

with the laser microdissection microscope. 

 All cryomicrotome surfaces should be clean and RNAse free. 

6. Place biofilm thin sections on membrane-coated microscope slides.  

 Keep the microscope slides on a block of dry ice until examination and sampling. 

 
Laser Capture Microdissection Microscopy (LCMM) 

Because RNA half-life is short and the samples are at room temperature, all 

microscopic steps must be performed quickly. Generally, only one sample is 

obtained per microscope slide. A micrograph of a biofilm processed by 

cryosectioning and LCMM is shown in Figure A1.  

 

Figure A1 
Combined light and epifluorescence micrograph of a 
Pseudomonas aeruginosa biofilm cryosectioned and 
processed by laser capture microdissection 
microscopy. The strain was engineered to express 
the green fluorescent protein along the top of the 
biofilm (4). Following biofilm growth in a drip-flow 
reactor (9) on a stainless steel slide, the biofilm was 
cryoembedded and thin-sectioned as in Steps 3-8. 
The laser capture microdissection microscope was 
then used to obtain microdissected samples from the 
top (T), middle (M), and bottom (B) of the biofilm 
as in Steps 7-11. 
 

7. Thaw microscope slides containing the O.C.T.-embedded biofilm sections for ~5 

sec on the microscope stage. 
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8. Examine the sections using any of the objective lenses, depending upon the 

dissection area desired (generally 10X to 40X). 

9. Use the dissecting laser to outline areas of the sections for sampling, generally 

ranging from 50 to 100,000 µm2. 

10. Use the microscope microcentrifuge swinging arm to position the cap of a 1.5-mL 

microcentrifuge tube containing 40 µL of LCMM lysis buffer ~1 mm above the 

microscope slide. 

Alternatively, 30 µL of TRI reagent may be used instead of LCMM lysis buffer. See 

Discussion. 

11. Obtain the samples by using the laser pressure catapult (LPC), which catapults the 

dissected sample into the LCMM lysis buffer contained in the microcentrifuge tube 

cap. 

 
RNA Extraction from LCMM-captured Samples 

 If LCMM lysis buffer was used during the microdissection in Step 10, extract the 

RNA using the hot phenol method (Steps 12-29). If TRI reagent was used, extract 

the RNA with the TRI reagent method (Steps 30-42). After RNA extraction, proceed 

to DNAse treatment (Step 43). 

RNA Extraction with Hot Phenol 

12. Mix 160 µL of LCMM lysis buffer with 200 µL of 2% SDS. 
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13. After LCMM, immediately add the 360 µL of LCMM lysis buffer/SDS mixture 

from Step 12 and 1.5 µL of luciferase control RNA to the microcentrifuge tube 

containing the sample in the cap. 

  The control RNA is used to quantify RNA loss during sample preparation. 

14. Cap the tube, mix by inversion, and quickly vortex for 1 sec. Repeat the mixing and 

vortexing three times. 

15. Centrifuge the tube in a microcentrifuge at maximum speed for 10 sec at room 

temperature, and transfer the sample to a new tube containing 400 µL of H2O-

equilibrated phenol. Vortex for 5 sec. 

16. Incubate for 5 min in a water bath at 65ºC. Vortex again every minute during this 

incubation step. Transfer the tube to ice. 

17. Centrifuge the tube in a microcentrifuge at maximum speed for 25 min at 4ºC.  

18. Centrifuge a 1.5-mL Phase-Lock Gel tube in a microcentrifuge for 30 sec at 12,000-

16,000g. 

Perform this step immediately before use in Step 19. 

19. Transfer the upper layer from the tube in Step 17 to the pelleted Phase-Lock Gel 

tube. 

20. Add 400 µL of phenol:chloroform:isoamyl alcohol (25:24:1) and mix by inversion. 

21. Centrifuge in a microcentrifuge at maximum speed for 5 min at 4ºC. Transfer the 

aqueous (upper) phase to a 1.5-mL tube. 

 Discard the organic phase. 

22. (Optional) Add 1.5 µL of 1:10 diluted PolyAcryl carrier. 
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Use a carrier substance whenever possible to aid in the precipitation of samples 

with very little RNA. See Discussion. 

23. Add 30 µL of 3 M sodium acetate (pH 4.5) and mix. Add 1.1 mL of 100% ethanol 

and vortex for 5 sec. 

24. Incubate for 10 min at room temperature to precipitate the RNA. Store the sample 

overnight at –80ºC. 

25. Centrifuge the sample in a microcentrifuge at maximum speed for 10 min at 4ºC. 

Carefully decant the supernatant. 

26. Add 1.4 mL of 75% ethanol to the pellet and vortex for 5 sec. Centrifuge the 

samples in a microcentrifuge at maximum speed for 10 min at 4ºC. Carefully decant 

the supernatant. 

27. Repeat Step 26. 

28. Air-dry the pellet for 5-10 min. 

29. Alternatively, use a vacuum concentrator to dry the samples for 7 min. 

Samples may be frozen and stored at –80°C. 

 
RNA Extraction with TRI Reagent 
 
30. Aliquot 470 µL of TRI reagent to a 1.5-mL tube. Just before Step 31, add 3 µL of 

1:10 diluted PolyAcryl carrier and 1.5 µL of luciferase control RNA. 

  This method does not work well for LCMM applications without a carrier 

compound. The control RNA is used to quantify RNA loss during sample 

preparation. 
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31. Add 150 µL of the TRI reagent mixture made in Step 30 to the 500-µL tube 

containing the LCMM sample from Step 11. 

32. Cap the tube. Mix by inversion and quickly vortex for 1 sec. Repeat three times. 

33. Centrifuge the tube in a microcentrifuge at maximum speed for 10 sec at room 

temperature. Transfer the sample into the tube containing the remainder of the TRI 

reagent mixed in Step 30 and vortex for 5 sec. 

34. Incubate for 5 min in a water bath at 65ºC. Vortex every minute during this 

incubation step. Transfer the tube to ice. 

35. Add 50 µL of BCP and vortex for 15 sec. Incubate for 10 min at room temperature. 

36. Centrifuge in a microcentrifuge at 12,000g for 15 min at 4ºC. Transfer the top, 

aqueous phase to a new tube. Keep the interphase and organic phase on ice while 

finishing the RNA protocol. 

  The interphase and organic phase contain the DNA, which can be isolated by 

continuing with Step 48. 

37. Add 250 µL of isopropanol and vortex for 5 sec. Incubate for 10 min at room 

temperature. 

38. Centrifuge in a microcentrifuge at 12,000g for 15 min at 4ºC. Carefully decant the 

supernatant. 

39. Add 1.4 mL of 75% ethanol to the RNA pellet and vortex for 5 sec. Centrifuge in a 

microcentrifuge at maximum speed for 10 min at 4ºC, and carefully decant the 

supernatant. 

40. Repeat Step 39. 
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At this point in the protocol, samples may be frozen and stored at –80°C. In this 

case, centrifuge the sample in a microcentrifuge at maximum speed for 10 min at 

4°C just before Step 41. 

41. Air-dry the pellet for 5-10 min. 

42. Resuspend the RNA in 5 µL of DEPC-treated H2O and keep on ice. 

  Samples may be frozen at this point and stored at –80°C. 

 
DNAse Treatment 

43. Make a mixture of 3 µL of DEPC-treated H2O, 1 µL of 10X TURBO DNase 

Buffer, and 1 µL of TURBO DNase in a 500-µL tube. 

44. Add the 5 µL RNA sample from Step 42 and mix gently. Incubate for 20 min in a 

water bath at 37ºC. 

45. Add 2 µL of DNase Inactivation Reagent and mix well. Incubate for 2 min at room 

temperature, mixing two to three times during this incubation period. 

46. Centrifuge in a microcentrifuge at maximum speed for 2 min at 4ºC. 

47. Transfer the RNA to a new tube and keep on ice until it is used for qRT-PCR (see 

qRT-PCR of Microbial Biofilms [Pérez-Osorio and Franklin 2008]). 

  Samples may be frozen at this point and stored at –80°C. 

 
DNA Extraction 

 In certain experiments, it may be necessary to isolate DNA from LCMM-

generated biofilm samples. The method here describes the TRI reagent approach for 

isolating DNA from the interphase and organic phase of the TRI reagent protocol. 
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48. Remove any remaining aqueous phase from the DNA sample generated in Step36. 

  The DNA is in the underlying interphase and organic phase. 

49. Add 3 µL of 1:10 diluted PolyAcryl Carrier and mix well. Add 150 µL of 100% 

ethanol and mix samples for 30 sec by inversion. 

50. Incubate for 2-3 min at room temperature. 

51. Centrifuge in a microcentrifuge at 2,000g for 5 min at 4ºC. Decant the supernatant. 

52. Add 1.4 mL of 75% ethanol and vortex for 5 sec. Incubate for 10 min at room 

temperature. 

53. Centrifuge in a microcentrifuge at maximum speed for 5 min at 4ºC. Carefully 

decant the supernatant. 

54. Repeat Steps 52 and 53. 

55. Air-dry the sample for 5-10 min. 

56. Resuspend the DNA pellet in 23 µL of 8 mM NaOH. 

  Samples can be stored overnight at 4°C. 

57. Centrifuge in a microcentrifuge at maximum speed for 10 min at room temperature. 

Transfer the supernatant to a new tube, and discard the cell debris that is left behind. 

58. Adjust the pH of the DNA by adding 6.9 µL of 0.1 M HEPES. 

 
Discussion 

 

 Bacteria growing in biofilms are physiologically distinct from cells growing 

planktonically.  Global proteomic and transcriptomic studies have revealed extensive 

difference in protein abundances and gene expression profiles of cells cultured in 
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biofilms versus their planktonic counterparts (e.g. 5, 7).  The global studies generally 

analyze entire homogenized biofilm population.  However, environmental conditions 

such as oxygen and nutrient concentrations may vary depending on the distance of the 

cells within the biofilm from the oxygen or nutrient source.  Therefore, the physiological 

responses of bacteria to the local environmental conditions within biofilms may vary 

greatly even for cells in close proximity to each other (6).  

 LCMM allows investigators to separate and isolate individual cells or small group 

of cells from surrounding tissue or matrix material (1, 3).  LCMM has now been applied 

to biofilm studies (4), where biofilms are cryoembedded and thin-sectioned Bacterial 

cells are then isolated by LCMM from different regions of the biofilm, and RNA is 

extracted from the cells. An advantage of this approach is that it does not require genetic 

manipulation of the cells (as is the case for reporter gene studies) and therefore may be 

used on wild-type cells isolated from their native environment. A drawback of this 

approach is that it is destructive, and therefore only endpoint analyses are possible.  

This article describes two methods for extracting RNA from the microdissected 

samples. The hot-phenol method (2, 8) is an inexpensive approach that provides excellent 

RNA recovery. It can be used when only RNA is needed. The TRI reagent method allows 

isolation of both RNA and DNA, but it requires a carrier compound if very small 

amounts of RNA are isolated (e.g., with laser microdissected biofilm samples). It should 

not be used when the carrier interferes with downstream techniques. An advantage to 

extracting both DNA and RNA from individual samples is that quantitative PCR may be 

performed on the DNA, providing an estimate of the number of DNA copies per sample. 
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This in turn may be used as a normalization factor to estimate the number of bacterial 

cells obtained by LCMM for each sample. 

 LCMM and Quantitative RT-PCR have revealed orders of magnitude differences 

in gene expression of bacteria at different positions in biofilms (4). Lenz et al. (4) discuss 

details regarding the analytical parameters of this approach, including reproducibility and 

limits of detection for individual genes.  The LCMM/qRT-PCR approach may now be 

used to better understand why certain subsets of cells within biofilms are more resistant 

to antibiotics and host defenses, based on their gene expression patterns.  It may also be 

used to localize the bacteria within biofilms with the greatest metabolic response toward 

certain substrates. 

 
Acknowledgements 

 
 
  We would like to thank Kerry Williamson, Betsey Pitts, and Paula J. Wilderman 

for their assistance in developing these protocols. This work was supported by Public 

Health Service grant AI-065906 (M.J.F.) from the National Institute of Allergy and 

Infectious Diseases, and the American Society for Microbiology Robert D. Watkins 

Graduate Research Fellowship (A.P.L.). We acknowledge the Montana State University 

INBRE Functional Genomics Core Facility supported by NIH grant P20-RR16455. 



 
 

133

References Cited  

 
1. Bonner, R. F., M. Emmert-Buck, K. Cole, T. Pohida, R. Chuaqui, S. Goldstein, 

and L. A. Liotta. 1997. Laser capture microdissection: molecular analysis of 
tissue. Science 278:1481-1483. 

 
2. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation by 

acid guanidinium thiocyanate-phenol-chloroform extraction. Analytical 
Biochemistry 162:156-159. 

 
3. Emmert-Buck, M. R., R. F. Bonner, P. D. Smith, R. F. Chuaqui, Z. Zhuang, S. R. 

Goldstein, R. A. Weiss, and L. A. Liotta. 1996. Laser capture microdissection. 
Science 274:998-1001. 

 
4. Lenz, A. P., K. Williamson, B. Pitts, P. S. Stewart, and M. J. Franklin. 2008. 

Localized gene expression in Pseudomonas aeruginosa Biofilms. Appl Environ 
Microbiol. 74:4463-4471 

 
5. Sauer, K., A. K. Camper, G. D. Ehrlich, J. W. Costerton, and D. G. Davies. 2002. 

Pseudomonas aeruginosa displays multiple phenotypes during development as a 
biofilm. J Bacteriol 184:1140-1154. 

 
6. Stewart, P. S., and M. J. Franklin. 2008. Physiological heterogeneity in biofilms. 

Nat Rev Microbiol 6:199-210. 
 
7. Waite, R. D., A. Papakonstantinopoulou, E. Littler, and M. A. Curtis. 2005. 

Transcriptome analysis of Pseudomonas aeruginosa growth: comparison of gene 
expression in planktonic cultures and developing and mature biofilms. J Bacteriol 
187:6571-6576. 

 
8. Wilderman, P. J., N. A. Sowa, D. J. FitzGerald, P. C. FitzGerald, S. Gottesman, 

U. A. Ochsner, and M. L. Vasil. 2004. Identification of tandem duplicate 
regulatory small RNAs in Pseudomonas aeruginosa involved in iron homeostasis. 
Proc Natl Acad Sci U S A 101:9792-9797. 

 
9. Xu, K.D., P.S. Stewart, F. Xia, C.T. Huang, and G.A. McFeters (1998) Spatial 

physiological heterogeneity in Pseudomonas aeruginosa biofilm is determined by 
oxygen availability. Appl Environ Microbiol. 64:4035-4039. 

 
 

 



 
 

134

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX B 

qRT-PCR OF MICROBIAL BIOFILMS 
 
 



 
 

135

qRT-PCR of Microbial Biofilms 
 
 

 
Original publication reproduced with permission from Perez-Osorio, A. C., and 

M. J. Franklin. 2008. qRT-PCR of Microbial Biofilms. Cold Spring Harb. Protoc. 
2008:pdb.prot5066-. 
 
 

Introduction 
 

 
 Bacteria growing in biofilms often express a different subset of genes compared 

to the same strains growing planktonically. Quantitative reverse transcriptase real time 

PCR (qRT-PCR) can be used effectively to quantify the number of RNA transcripts of 

specific genes from bacteria growing in biofilms. qRT-PCR has a large dynamic range 

and may be used to verify gene expression data obtained from microarrays. In addition, 

qRT-PCR is sensitive, and therefore may be used to quantify gene expression from 

biofilm samples where only a small amount of biological material is available, as in 

samples obtained by laser capture microdissection microscopy (LCMM). The most 

commonly used qRT-PCR methods are the SYBR Green and dual-labeled probe 

(Taqman) approaches. Both approaches use reverse transcription to convert mRNA to 

cDNA, followed by PCR amplification of the cDNA. This article describes steps 

involved in aspects of qRT-PCR including (1) primer design, (2) primer and probe 

performance testing, (3) qRT-PCR using the Corbett Rotor-Gene system, and (4) data 

export and analysis. 
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Materials 
 
 

Reagents 
 
Primers, forward and reverse, sequence-specific (25X; 7.5 µM) 

Primer-probe mix 

 To make the primer-probe mix, adjust primers and dual-labeled probe to a 75X 

concentration. For example, if it has been determined by optimization that the primers 

work best at a final concentration of 300 nM, their concentration in the stock solution 

should be 22.5 µM. Likewise, for a final 200 nM probe concentration, adjust its stock 

solution to 15 µM. Mix equal volumes of each of the primers and probe just prior to each 

assay. 

 
QuantiTect SYBR Green RT-PCR kit (QIAGEN) 

QuantiTect RT Mix (includes Omniscript Reverse Transcriptase and Sensiscript Reverse 

Transcriptase) 

2X QuantiTect SYBR Green RT-PCR Master Mix (includes HotStarTaq DNA pol, 

QuantiTect SYBR Green RT-PCR Buffer, dNTP mix, including dUTP, SYBR 

Green I, ROX passive reference dye, 5 mM MgCl2) 

RNase-free H2O 

QuantiTect Multiplex RT-PCR Kit (QIAGEN) (optional; for multiplex reactions with 

three or more primer-probe sets) 

RNA diluted to less than 5 ng/µl 

RNA (diluted to <5 ng/µL) that has been isolated from microdissected biofilms 
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Target gene DNA (positive control template for qRT-PCR; see Steps 19, 21, and 23) 

 
Equipment: 

Computer (Internet-connected) 

Ice 

Microcentrifuge tubes and caps, 100 µL (Corbett Life Science) 

Real-time PCR system 

Rotor-Gene 3000 or 6000 (or equivalent) (Corbett Life Science) 

PC 

Software 

 
Internet Resources: 

The following web resources are particularly useful for designing qRT-PCR primers and 

probes: 

Primer3Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) 

(Rozen and Skaletsky 2000); mfold (http://frontend.bioinfo.rpi.edu/applications/mfold/) 

(Zuker 2003); IDT OligoAnalyzer (http://www.idtdna.com/scitools/scitools.aspx); and 

BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi). 

For additional information regarding qRT-PCR using the Corbett Rotor-Gene 

system and data analysis software, see the Corbett Life Science website 

(http://www.corbettlifescience.com). A useful source of information from other qRT-

PCR users is the discussion group QPCR listserver (http://tech.groups.yahoo. 
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com/group/qpcrlistserver/?v=1&t=search&ch=web&pub=groups&sec=group&slk=1) 

and the qPCR reference website http://www.gene-quantification.info/). 

 
Method 

 
 
Primer and Dual-labeled Probe Design 
 
  Primer and dual-labeled probe specificity and performance are crucial to accurate 

qRT-PCR. Test the properties of primers and probes in silico before purchase. Then 

evaluate the primer-probe combinations for performance in qRT-PCR. 

 
In Silico Design of PCR Primers and Dual-Labeled Probes 
 
1. Paste the sequence name and gene sequence of interest into the appropriate boxes 

within the "Main" tab of Primer3Plus. 

2. In the "General Settings" tab, modify the following parameters: 

i. Specify product size. 

The recommended product size for SYBR Green analysis is between 190 bp 

and 250 bp, optimally 225 bp. The recommended product size for dual-labeled 

probe analysis is between 70 bp and 120 bp, optimally 80 bp. 

ii.  Specify primer G+C content of 45%-55%. 

This parameter should be relaxed if a primer sequence cannot be found under 

this restriction. 

iii.  Use the default settings for other parameters in General Settings. 

3. In the "Advanced Settings" tab, modify the following parameters: 

i. Set "Max Poly-X" = 3. 
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ii.  Set "Number to return" = 10. 

iii.  Set "Max 3' Stability" = 8. 

iv. (Optional) For additional design stringency, set "Max Self 

Complementarity" = 3. 

v. (Optional) For additional design stringency, set "Max 3' Self 

Complementarity" = 0. 

vi. The default settings may be used for other parameters in Advanced 

Settings. 

The parameters may also be modified or relaxed to obtain primers and 

probes for difficult gene sequences. 

4. Use the "Internal Probe" tab when designing a dual-labeled hybridization probe. 

Modify internal probe settings as follows: 

i. "Hyb Oligo Size" = minimum 20, optimum 26, maximum 30. 

ii.  "Hyb Oligo Tm" = minimum 67, optimum 68, maximum 70. 

iii.  "Hyb Oligo Max Poly-X" = 3. 

 
Virtual Evaluation of Primers 
 
5. After the primers have been designed, check them for the following characteristics: 

i. Primers should have a G+C content close to 50%. 

ii.  Primers should not contain strings of the same base longer than 3 

nucleotides. 

iii.  Each primer should not have more than two to three Gs or Cs in the last 

five bases of its 3' end. 
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iv. Primers should not contain a T at the 3' end. 

v. Primers should not fold into secondary structures, including high-energy 

hairpins (test with mfold or IDT OligoAnalyzer). The melting temperature 

(Tm) for secondary structures that do form should be lower than the 

temperatures used during reverse transcription and cycling. 

vi. Primers should be specific for their target. Run a computer search (e.g., 

with BLAST) against the genome of the target DNA sequence to verify 

that each primer and particularly the 8-10 bases of their 3' end are unique. 

vii.  Primers should be near the 3' end of the cDNA to avoid RNA degradation 

problems. 

6. Evaluate the target gene sequence. 

i. The melting temperature (Tm) for secondary structures that form should 

be lower than the temperatures used during reverse transcription and 

cycling. 

ii.  The G+C content should be ~50%. 

iii.  There should be no strings with more than five identical bases in the 

sequence. 

 
Virtual Evaluation of Dual-labeled Probes 

7. After the probe has been designed, check it for the following characteristics: 

i. The probe should have a 3' phosphate group to eliminate the possibility of 

the probe acting as a primer and extending. 
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ii.  The probe-template hybrid should have a Tm that is 8°C -10°C higher than 

the Tm for the primer-template hybrids. 

iii.  The 5' end of the probe should not have a G residue. 

iv. The probe sequence should not have more G than C residues. If it does, 

switch the template strand to which the probe hybridizes. 

8. After evaluating the primers in silico, test their performance in a SYBR Green-

based qRT-PCR using each primer at 300 nM (see Steps 19 and 20). The reaction 

should produce significantly increased fluorescence (as much as 50-fold higher than 

baseline fluorescence) and a low threshold cycle (CT) value. 

See Troubleshooting. 

9. Evaluate amplicon characteristics by melt curve analysis (see Step 20ii). It is 

important for the melt curve profile to have only one peak. 

The melt curve is a measure of the change in fluorescence of the PCR products as 

temperature increases; a melt curve of a reaction that produces a single amplicon 

will have only one peak, at the Tm of the specific PCR product. 

10. Check the specificity of RT-PCR product(s) by agarose gel electrophoresis. A 

single band, representing the specifically amplified product, should be visible. Use 

a gel that can resolve this band from nonspecifically amplified bands. 

11. Check the reaction efficiency. Create a standard curve by performing qRT-PCR 

with template that has been serially diluted over five to seven orders of magnitude. 

Use the slope of the standard curve to calculate efficiency: 

i. Efficiency = 10(-1/slope)-1 
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ii.  The resulting efficiency should fall between 90% and 110%. 

12. Ensure good assay linearity and sensitivity. Linearity is measured by the r2 value 

derived from the standard curve regression analysis. Sensitivity refers to the last 

standard that retains linear characteristics, giving a measure of the detection and 

quantification limits of the assay. 

13. Optimize and/or redesign primer pairs that fail to perform as desired. 

 
Dual-Labeled Probe Performance 

14. After evaluating the primers and probe in silico, test primer performance in the 

absence of the probe by using the SYBR Green-based assay (Steps 19 and 20). 

15. Select a primer pair with good performance characteristics, and use them to test the 

probe in dual-labeled probe-based qRT-PCR using the probe at 200 nM (Steps 21 

and 22). The reaction should produce a two- to fivefold increase in fluorescence and 

a low CT value. 

See Troubleshooting. 

16. Optimize and/or redesign primer-probe sets that fail to perform well. 

 
Multiplex Assay Performance 
 
17. To determine if primer-probe sets can be used together in multiplex reactions, select 

two or more primer-probe sets with excellent performance characteristics in 

singleplex reactions (see Steps 14-16). Test their performance in a multiplex 

reaction using dual-labeled probe-based qRTPCR as described in Steps 21 and 22. 
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Ensure that all primer-probe sets have similar reaction efficiencies in singleplex 

reactions before using them together in a multiplex reaction (see Step 11). 

18. Check the performance of the primer-probe sets in the multiplex reaction; their 

reaction characteristics should be similar to those obtained in singleplex reactions. 

They should each produce a two- to fivefold increase in fluorescence and a low CT 

value. Each primer-probe set should show good reaction efficiency (see Step 11). 

See Troubleshooting. 

 
qRT-PCR 

 
 

 Three methods for qRT-PCR are described here: the SYBR Green method (Steps 19 

and 20), the duallabeled probe approach (Steps 21 and 22), and the multiplex dual-

labeled probe approach (Steps 23 and 24). Use the primers and probes designed in Steps 

1-7, and follow the steps below in combination with the recommendations from the 

thermal cycler’s manufacturer. 

 
SYBR Green Based qRT-PCR 

19. Assemble the following 25-µL reaction in a 100-µL microcentrifuge tube on ice: 

  If the RNA volume is changed, ensure a final reaction volume of 25 µL by adjusting 

the amount of RNAse-free H2O. 

 In addition to the samples to be analyzed, include a negative control reaction 

without RNA, a DNA contamination control reaction for each sample without RT 

mix, and a positive control reaction in each assay. 
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RNAse-free water 5.25 µL 
2x QuantiTect SYBR Green RT-PCR mix 12.5 µL 
25x Forward primer 1 µL 
25x Reverse primer 1 µL 
QuantiTect RT mix 0.25 µL 
RNA 5 µL 
Total 25 µL 

 
20. Perform the RT-PCR. 

i. Program the thermal cycler to perform the following reverse transcription 

and PCR cycles. Acquire fluorescence data during the 72ºC extension. 

No. of 
cycles 

Reverse 
Transcription 

Denaturation Annealing Extension 

1 30 min at 
50ºC 

   

1   15 min at 
95ºCa 

  

45  15 sec at 
94ºC  

30 sec at annealing 
temperature (ideally 
60ºC)b 

30 sec at 72ºC 

 
aThe initial 15 min at 95ºC is to activate the HotStarTaq DNA polymerase. 
bAnnealing temperature depends on primer melting temperatures. 

 
ii.  Verify the specificity and identity of the RT-PCR products by performing 

a melt curve analysis: Add a melting step that ramps from 72ºC to 99ºC, 

rises by 1ºC in each step, and waits for 30 sec on the first step and 5 sec 

each step afterward. 

iii.  Set the gain of the SYBR Green channel at 10 and do not perform a gain 

optimization. 

21. Assemble the following 25-µL reaction in a 100-µL microcentrifuge tube on ice: 

If the RNA volume is changed, ensure a final reaction volume of 25 µL by adjusting 

the amount of RNAse-free H2O. 
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 In addition to the samples to be analyzed, include a negative control reaction (one 

without RNA), a DNA contamination control reaction (one without RT mix), and a 

positive control reaction in each assay. 

RNAse-free H2O 6.25 µL 

2X QuantiTect Probe RT-PCR Master Mix 12.5 µL 

Primer-probe mix 1 µL 

QuantiTect RT mix 0.25 µL 

RNA 5 µL 

 

22. Perform the RT-PCR. 

i. Program the thermal cycler to perform the following reverse transcription 

and PCR cycles. Acquire fluorescence data during the annealing step. 

No. of 

cycles 

Reverse 

Transcription 

Denaturation Annealing/Extension 

1 30 min at 50ºC   

1  15 min at 95ºCa  

45  15 sec at 94ºC 60 sec at annealing temperature 

(ideally 60ºC)b 
 

aThe initial 15 min at 95ºC is to activate the HotStarTaq DNA polymerase. 
bAnnealing temperature depends on primer melting temperatures. 

 

ii.   Perform a gain optimization on the tube position with highest template 

concentration before the first acquisition. 
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Multiplex Dual-Labeled Probe-Based qRT-PCR 

23. Assemble the following 25-µL reaction in a 100-µL microcentrifuge tube on ice: 

If the RNA volume is changed or more primer-probe mixes are used, ensure a final 

reaction volume of 25 µL by adjusting the amount of RNAse-free H2O. 

In addition to the samples to be analyzed, include a negative control reaction 

without RNA, a DNA contamination control reaction for each sample without RT 

mix, and a positive control reaction in each assay. 

For multiplex reactions that use three or more primer-probe sets, the QuantiTect 

Multiplex RTPCR kit is available. 

RNAse-free H2O 5.25 µL 

2X QuantiTect Probe Master Mix  12.5 µL 

Primer-probe mix A  1 µL 

Primer-probe mix B  1 µL 

QuantiTect RT mix  0.25 µL 

RNA  5 µL 

 

24. Perform the RT-PCR. 

i. Program the thermal cycler to perform the following reverse transcription 

and PCR cycles. Acquire fluorescence data during the annealing step. 
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No. of 

cycles 

Reverse 

Transcription 

Denaturation Annealing/Extension 

1 30 min at 50ºC   

1  15 min at 

95ºCa 

 

45  15 sec at 

94ºC 

30 sec at annealing temperature 

(ideally 60ºC)b 
 

aThe initial 15 min at 95ºC is to activate the HotStarTaq DNA polymerase. 
bAnnealing temperature depends on primer melting temperatures. 

 

ii.  Perform a gain optimization on the tube position with highest template 

concentration before the first acquisition. 

 
Data Analysis 

 
 

Two methods for analyzing the qRT-PCR data with Corbett’s Rotor-Gene 

software are presented here. For the Standard Curve Analysis (Steps 25-32), a standard 

calibration curve must be included in the assay. In Comparative Quantitation Data 

Analysis (Steps 33-38), the relative concentrations of samples are determined without a 

calibration curve and without threshold lines. Consult the help menu of the Rotor-Gene 

software for more information about these analysis methods. 

 
Standard Curve Analysis 

25. Determine the starting amounts for each dilution of the standard curve. Assign a 

concentration to each standard within the "Edit Sample" menu of the Rotor-Gene 

software. 
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These assigned concentrations can be arbitrary, following the dilution pattern of 

the sample (i.e.100, 10, and 1 ng/µL, for a 10-fold dilution series). They can also be 

relative concentrations derived from transcript-calculated copies when using 

transcript-specific standards. 

26. Identify and label unknown samples within the "Edit Sample" menu. 

27. When acquiring data from multiple channels (i.e., in multiplex assays), assign a 

page to each channel within the "Edit Sample" menu; this will allow a separate 

analysis per channel. 

28. Under the "Analysis" window, select the "Quantitation" tab. Select the appropriate 

channel and choose a page to analyze. 

29. Ensure that all standards have been selected for analysis, and then use the 

"Autofind" feature located on the right side of the screen to calculate the position of 

the threshold line. 

30. When running a series of assays over a period of time, select the threshold from an 

assay with good linearity and low variability (<12%) among standards. 

31. Select all samples and export the data from the "Quantitative Result" window into 

spreadsheet program. 

32. Combine technical replicates by calculating the geometric mean or by using the 

"replicate calculated value" given by the Rotor-Gene software. 

 
Comparative Quantitation Data Analysis 

33. Under the "Analysis" window of the Rotor-Gene software, and under the "Other" 

tab, select the "Comparative Quantitation" tool. 



 
 

149

34. Select the appropriate channel and choose a page to analyze. 

35. Select all samples and export the data from the "Comparative Quantitation" window 

into a spreadsheet program. 

36. Combine technical replicates by calculating the geometric mean or by using the 

"replicate calculated value" given by the Rotor-Gene software. 

37. Consider using samples with reaction amplification above 1.6, and screen for 

unusually low takeoff numbers. 

A 100% efficient reaction has a reaction amplification value of 2. 

38. Log-transform (LT) the threshold cycle (CT) values using the following equation: 

LT = (amplification-takeoff)*1010, where 1010 is an arbitrary value. 

 
Troubleshooting 

Problem: Primers do not perform well at 300 nM. 

[Step 8] 

Solution: Optimize the working concentrations of the primers. 

1. Develop a matrix in which one primer is tested at various concentrations while 

the other primer is kept at one concentration. Do this for both primers. 

2. Final primer concentrations to test are: 50 nM, 100 nM, 300 nM, 600 nM, and 

900 nM. 

3. Choose primer concentrations that result in the highest increase in fluorescence 

and the lowest CT value. 

Problem: Primer-probe set does not perform well. 

[Step 15] 
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Solution: Optimize the working concentration of the probe. 

1. Develop a matrix in which both primers are kept at a constant concentration 

while the concentration of the probe is modified. 

2. Final probe concentrations to test are: 50 nM, 100 nM, 200 nM, and 300 nM. 

3. Select the primer-probe combination that results in the highest increase in 

fluorescence and the lowest CT value. 

Problem: Primer-probe sets perform worse in multiplex reactions than in singleplex 

reactions. 

[Step 18] 

Solution: Optimize the multiplex reaction by varying the ratios between primer sets. To 

do this, keep primer and probe concentrations constant but alter the ratio between sets 

until all sets have reaction characteristics similar to those obtained in singleplex 

reactions. 

 
Discussion 

 
 

Because qRT-PCR is an important approach for studying gene expression of 

bacteria in their native environments, it has been applied to many studies in 

environmental microbiology (2, 5, 7). qRT-PCR is very sensitive (it can detect as few as 

100 RNA transcripts), so it is particularly useful for biofilm research, where gene 

expression can be quantified directly from very little starting material, as in subsections 
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of biofilms obtained by LCMM (3). For such quantitation to be accurate, it is important 

that appropriate protocols be used (1, 4, 6).   

This article describes two qRT-PCR methods: the SYBR Green and dual-labeled 

probe approaches. In SYBR Green-based qRT-PCR, a fluorescent dye binds to double-

stranded DNA in the PCR, and a CT value is obtained during exponential increase in the 

number of amplicons. In the dual-labeled probe approach, a probe specific for the PCR 

product, containing a fluorescent label and a fluorescencequenching molecule, is 

degraded by Taq polymerase as the amount of PCR product increases. This degradation 

results in an increase in fluorescence intensity from which a CT value may be obtained. 

Although the SYBR Green approach is cost-effective, the dual-labeled probe 

approach allows analysis of multiple genes simultaneously (multiplexing), because 

different fluorescently labeled probes can be used for different genes.  
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